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A paper presented at the 24th Annwal Coiventson e
of the American Institute of Electrical Engse
neers. Nsagara Falls. N. Y., June 25, 1907.

Copyright 1907. By A. L. E. E.

THE PROPERTIES OF ELECTRONS

PRESIDENT’'S ADDRESS
BY SAMUEL SHELDON ;

{

Imtroductory. © The physical properties of electroms form -the
basis of electrical engmeermg, and a thorough understandmg
of them is essential for successful investigation in some depaﬂ-
ments of research. No specific treatment of the subject-has
appeared in the printed publications of the, Instrtute It fs
therefore hoped that what fqllows .will be <1f Servme to the
membership. No attempt has been made to treat of the on-
duction of electnc1ty through gases, of the phenomena of radm-
activity, or of electrolytic conduction, in 4ll of Whlch thf:
electron plays an important part.

The Electron. Electrons, which are called corpuscles by
some physicists, are the smallest particles of matter that have
been isolated. They are considered by some (Larmor) to be
constituted of ether. Their shape is unknown, but it is fre-
quently assumed as spherical. At ordinary velocities the mass
of an electron is 6.3 X 10-® grams; at rest, its mass may be zero;
and at velocities approaching closely to that of light it becomes
nearly infinite. Each electron carries an invariable negative
electric charge of 1.1 10 [=¢] coulombs, = 1.1 10 [=e¢,,]
electromagnetic units, = 3.4 10'° [=e¢,] electrostatic units.
Some writers use the term to designate particles carrying posi-
tive charges and having other properties. Such use is not
common nor desirable.

Electrons in a free condition are present in metallic conductors,
in gases, especially at low pressures, and to a limited degree

in ordinary solid dielectrics. They are not present in free
937
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ether or space. Combined with. other electrons and with an
unknown something or condition, that gives under certain
conditions evidences of positive electrification, electrons are
present in all matter. Their properties are in nowise dependent
upon the properties of the matter with which they are asso-
ciated, and they are considered to be indestructible by any
agent within the command of man. Every electron is in some
manner entangled with the luminiferous ether.

The ether is a fluid plenum or continuum, endowed with the
properties of inertia and rotational elasticity, and is.the medium
through which all forces are exerted. It fills all space between
electrons and the bounds of the universe; it is supposed by

Stationary. Moving to the left.
Fi16. 1.—Distribution of electric flux from an electron.

some to penetrate the electrons, and (Lorentz) remains stag-
nant during the passage of electrons through it.

Each electron, when isolated and at rest, produces at every
point in the ether an elementary electrostatic field, corre-
sponding in direction and intensity to its charge. All electro-
static fields are due to the resultant superpositions of such ele-
mentary fields. The force exerted upon an electron in a field
of intensity E, produced by a plurality of electrons, is Ee; dynes,
both quantities beizg expressed in electrostatic units. An
electron moving with uniform velocity in a straight line at a
velocity v cm/sec produces at every point both an electsic field
and a magnetic field, and carries them with it. If the motion
be in the direction of the Z axis of coordinates. and the velocity
be small as compared with that of the propagation of ether
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disturbances, at a point whose codrdinates are x, ¥, 3, the elec-
tric field will be radially directed, and have a magnitude E, in
electrostatic units, the same as when at rest. With the elec-
tron at the origin and with a medium of unit permeability, the
equation for E is

rs 1

E=y e ®

and the intensity components a«, 8, y, of the magnetic field
parallel to the X, Y, and Z axes, respectively, are given by the
equations;!

M e

x ©)
oot
vr=0

For large velocities, the velocity of light being ¢ cm/sec,

Eol ¢ l 2497 42 ¥
47 (c— )i l(xz+y:+ 23%83)'}

emCU

« a

- y
@—v)3 (x’+y' + m_zi)i ®

€ CV x

b= -1 (x,+y3+ czf,,z*’)'

r=0
An electron, with its charge g,,, moving with uniform ve-
locity v cm/sec at an angle 6 to the direction of a magnetic
field of intensity H, is acted upon by the field with a force
whose magnitude is

F = He,, vsin 8 dynes. )

1. Heaviside, Phil. Mag., p. 324, April, 1889; J. J. Thomson, Cond. of
Elect. Through Gases, p. 531.
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If an electron, moving with a velocity small compared with
¢ cm./sec. that of light, suffer a change, either in the magnitude
of its velocity or in its direction, a radiation of energy between
it and the surrounding ether will take place whose magnitude is?

e’ a°

J=1 erg/sec )

c

where a is the acceleration in cm/sec?

Charge of the Electron. J. J. Thomson® and others have de-
termined the magnitude of the charge carried by a negative
gaseous ion, which is the same as that carried by an electron.
The method employed for measuring the charge depends upon
the discovery* that if a dust-free ionized gas, saturated with
water vapor, be adiabatically expanded so that the ultimate
volume bears to the initial volume a ratio of 1.25, droplets of
water will form about the negative ions, but condensation will
not occur around the positive ions until this ratio reaches the
value 1.31. when droplets will form about both ions. Using an
expansion of ratio 1.25, the charge on a negative ion can be
found from a determination of the number of droplets and of the
total charge on all the droplets. The number of dropletsis ob-
tained from a determination of the size of each droplet and the
weight of all of them. The total weight can be obtained from
the known properties of gases that are saturated with water
vapor. The size of the droplets can be obtained from the rate at
which the cloud, that they form in the enclosing receiver,
settles. According to Stokes’ law, the terminal velocity # cm/sec
of a sphere of radius r cm and excess of density d, falling through
a gas of which the coefficient of viscosity is 7, is expressed
by the equation

w2 dgr
9 7'
Onu
yhmw 7 = m. (6)

3 Larmor, ZAther and Matter, p. 227; Phil. Mag., Dec., 1897, p. 512.
4J. J. Thomson, Phil. Mag., Dec., 1898, Dec., 1899.
4C. T. R. Wilson, Phil. Trans., A., 1897, p. 265.
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g cm/sec? being the acceleration due to gravity. From observa-
tion of # and a determination of 5 the value of r is obtained.

The droplets upon falling are allowed to collect in an insulated
receptacle connected with an electrometer. H. A. Wilson®
checked the determination of the size of the droplets by observ-
ing their rate of movement in a strong electric field arranged to
act against or with gravity.

The total charge was determined by Thomson by impressing
a small potential difference v volts upon two parallel horizontal
electrodes so placed as to include between them all the ionized
gas, and by measuring the current-density I ampere/cm? which
flowed through the gas. Let N = total number of ions per
cubic cm, positive as well as negative, ¢ = charge on each ion
in coulombs, #’ = sum of velocities under a gradient of one
volt/cm, of positive and negative ions (determined by a special
method), and ! the distance between the electrodes, then the
charge on each ion is

Iz
¢ = ATV coulombs. ()

Thomson’s latest value for e, is 3.4 10"°, using an expansion
ratio of 1.31 and thereby obtaining the total number of positive
and negative ions.

Mass of the Electron. Many determinations of the ratio of
the charge on an electron to its mass m have been made, from
which, knowing the charge, the mass can be obtained. One
method, used by Thomson, was to pass a stream of electrons,
projected from a cathode in a highly exhausted tube, through a
magnetic ficld of uniform intensity H and perpendicular in
direction to the path of the electrons. If the electrons be moving
with a velocity v cm/sec, the field will exert a force e,, v H dynes
upon them, and they will move in a circular path whose radius
can be determined from the observed deflection of the stream;
and has a value, as in any case of centripetal acceleration, of

$H. A. Wilson, Phil. Mag., April, 1903.
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whence m = Q%E grams. - (8)

To obtain v the electrons must simultaneously be subjected to
the influence of an electric field of intensity E in electrostatic
units, whose direction is perpendicular to the lines of force of
the magnetic field and also to the original path of the electrons.
By adjusting the intensity and sign of the electric field until
the force it exerts upon each electron, E ¢;, is equal and op-
posite to that exerted by the magnetic field, it follows that

Ee;,=He,v, 9)
' o= Eé
or . H e,
rem H* em
and m=—pF— o grams. (10)

Another method of obtaining an expression for v, involving
m and measurable quantities, used by Thomson, was to allow
the electrons to bombard the face of a thermopile whose rate
of increase of temperature could be determined from the rate
of increase of the thermoelectromotive force. If the face of
the thermopile be bombarded by N electrons per second, moving
with a velocity v cm/sec, heat will be communicated to it at
such a rate dk/dt that

K = dk/dt = § N m . (11)

If the charges of the electrons be allowed to pass to an insulated
conducting system connected -with an electrometer, the rate
of increase of negative charge can be obtained, and is

e =de/dt = Ne.
2¢K
Therefore V= "e (12)
rPeHe

and m= o (13)
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Another method of obtaining an expression for v, used by
Kaufmann® and by Simon,” is based upon the assumption that
all the kinetic energy of the electrons is represented by the
energy that would be required to transfer their charges between
two points having a difference of potential V equal to that ex-
isting between the cathode and the anode of the containing tube.

In this case INmv* =V Ne, (14)
and substituting the value of v in (8),

reH?
2V °

m =

(15)

This method gives too large values because it does not take
account of the energy lost in collisions, and that required to
detach the- electron® from the cathode. ’

Many other methods of determining m have been employed;
all yielding values of the same order of magnitude, but differing
considerably from one another. The first determination of the
ratio e, /m was made by Zeeman in connection with his ex-
periments on the influence of the magnetic field upon the spectra
of gases. The values obtained by various methods, and upon
electrons obtained in various ways are given in the following
table® from Lorentz:

Method. 107 v/c
m

Zeemaneffect........covvinnniniiinnenennnens 1.6to 3
Rotation of plane of polarized light............ 0.9to.1.8
Cathode rays (Simon)..........ccoveevunenann, 1.86 0.1t0 0.3
Cathode rays (other observers)................ 07to 1.4
Ultra violet rayS on 2iNC.......ovvveveveeenan 0.7
Radium B rays.......oovivneiiineiiiiannn 1.75 Small.

The differences between the values obtained are probably
due to some of the electrons being loaded with matter, and to
the various velocities with which they were moving.

The influence of velocity upon mass has been determined

¢ Kaufmann, Wied. Ann., 61, p. 544; 62, p. 596; 65, p. 431
?Simon, Wied. Ann., 69, p. 589.
® Lorentz, Electrotechnische Zeits., June 15, 1905, p. 558.
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by Kaufmann in the case of electrons ejected from radium
preparations in the form of B rays.

Suppose a charged electron to be moving in a curvel path,
and to be accelerating both tangentially and radially. Let
the tangential acceleration be a, and the radial be a,. Inas-
much as a moving electron produces a magnetic field, whose
lines are circular and lie in a plane perpendicular to the direc-
tion of motion and whose intensity at any point is proportional
to the velocity of the electron, the acceleration must be accom-
panied by an increasing strength of field. As this increase
requires that work be performed upon the ether, part of the
force which causes the acceleration must be used in performing
this work.

Let m, and m, represent two coefficients, which, when multi-
plied, respectively, by the accelerations a, and a,, give the
forces required to perform this work represented by the in-
creasing intensity of the two components of the magnetic
field. Then, if m, be the mass as ordinarily understood, of the
electron, the tangential and radial components of the force, re-
spectively, will be

fr = ay (my+m,) }
dynes (16)
Tr = a; (my+m,)
The coefficients m, and m, appear, therefore, to represent, re-
spectively, longitudinal and transverse electromagnetic masses
of the electrons, which it is assumed have also a true mass m,.

Now m, and m, are not constant, but depend upon the ve-
locity of the electron, as shown in equations (2), (3) and (5).
For small velocities, as compared with that of light, if the elec-
tron be assumed as spherical of radius R cm. and with its charge
¢ spread uniformly over its surface, #, and m, each have the
value ?

mo=m= o2 an

For greater velocities these values increase, until at the
velocity of light they become infinite. Using analytical results
obtained by Abraham, Kaufmann concludes from his experi-
ments upon the deflection of 3 rays that, within the limits of
experimental errors, (m,+m,) varies with the velocity as m,
should, and therefore m, = 0, that is, a stationary electron has

® Thomson, Recent Researches n El. and Mag. 1893, p. 21.
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no mass whatsoever, and all the mass of a moving electron is
due to its entanglement with the ether. The values determined
by Kaufmann and the percentage difference from theoretical
values based upon the assumption m, = 0 are given in the
following table:*®

v/c m,/m Observed Per cent. variation from theoretical

Small 1. _
0.732 1.34 -1.5
0.752 1.37 -0.9
0.777 1.42 -0.6
0.801 1.47 +0.5
0.830 1.545 +0.5
0.860 1.65 0. -
0.883 1.73 +2.8
0.933 2.05 ~-7.8()
0.949 2.145 -1.2
0.963 2.42 +0.4

The following curve shows the relation which exists between

bl
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the mass of an electron, expressed in terms of its mass at low
speeds, and its velocity expressed in terms of that of light.

¥ Rutherford, Radio-Activity, p. 111.
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The mass at small velocities is 6.3 10 grams. At a veloc-
ity equal to that of light, the magnetic flux surrounding an
electron in a plane perpendicular to its path and passing through
it, should become infinite; this follows from the substitution
of #=¢ and 2=0 in equations (3). The electron thereby would
acquire an infinite self-inductance. Consequently, an infinite
force would need to be exerted upon it in order to produce a
finite acceleration. The mass of the electron, therefore, at this
hypothetical velocity would be infinitely large.

Size of the Electron. If it be assumed that the electron is
spherical in shape, then, knowing its charge e,, and its apparent
mass at low speeds m,, its radius R can be obtained from
equation (17)

R=3} c;-—"'--l.310'cm (18)

1

which is much smaller than the diameter of atoms. Lorentz
has been led to conclude, from the consideration of various
phenomena appearing in moving systems of different kinds,
that the electron is spherical when at rest, ellipsoidal at inter-
mediate speeds, and a flat disc at the speed of light. Upon
this assumption he obtains results, after a severe and com-
plicated mathematical analysis, that are in accord with Kauf-
mann’s experimental results, give larger masses for the same
speed than those obtained by Abraham, give a mass of zero at
rest, and are consistent with equation (17).

The Atom. On the supposition that the atom consists of a
sphere of uniform positive electrification in which are contained
a number of moving electrons. Thomson,!! in 1904, endeavored
to determine how electrons would arrange themselves in various
atoms, and what properties would thereby be conferred upon
the latter. Mathematical difficulties prevented a general solu-
on for a spherical arrangement, but a solution for arrange-
ments in rings was obtained. which has, by analogy, been ap-
plicd to the spherical arrangement.

According to these results, it has been assumed that the
atom consists of negatively charged electrons uniformly dis-
tributed vver concentric spheres as a result of their mutual
repulsion, and enclosed in a sphere of uniform positive electri-
fication of such intensity that the electric field that would be

1t 7. J. Thomson, Phil. Mag., March, 1904, p. 237.
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produced outside the atom by the charges on the electrons is
nullified. .

Examination of the distribution necessary for equilibrium
of such aggregates consisting of consecutive numbers of elec-
trons, reveals the following facts:

1. The distribution of one aggregate may differ from that
of another in having a greater number of electrons distributed
upon one or more additional concentric shells. The first ag-

" gregate has as a nucleus the identical distribution of the second.

2. The equilibrium of the distributions of some aggregates
may be very stable, while that of others is less so.

3. Some less stable aggregates will become more stable if
one or a few electrons be added to it, thereby giving the atom
which it represents a negative resultant charge.

" 4. Some less stable aggregates will become more stable if
one or a few electrons be taken away from it, thereby giving
the atom which it represents a positive resultant charge.

Assuming the atoms of the various chemical elements to be
thus constituted, the equilibrium requirements will explain
their physical and chemical differences and similarities. “The
different aggregates indicated in (1) would yield atoms of
similar qualities, but different atomic weights, as lithium,
sodium, and potassium. If an atom, consisting of an aggregate
whose equilibrium would be rendered more stable by the losing
of one electron, should be brought up to an atom requiring
for stability an additional electron, a transfer of one electron
would account for known facts. The first atom would after-
wards have a resultant positive charge. The second atom would
have a resultant negative charge, and the two would attract
each other. The first atom would correspond to an electro-
positive atom, kike that of sodium, and the second atom would
be electro-negative like chlorine. After the change and result-
ing attraction, a molecule of sodium chloride is formed. Chem-
ical affinity is thus considered to be due to electric attractions.

The number of electrons in an atom may vary from time to
time, and the atom may therefore have a positive or negative
electrification or may be neutral. The combination of two or
more atoms, that are held together by electric attractions re-
sulting frem differences in the sign of their electrifications, con-
stitute a molecule. The atoms may be of the same or different
chemical elements.

If stable equilibrium is obtained by the loss of one and only
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one electron, the aggregate gives an atom that is univalent and
electro-positive; if a single additional electron is required for
stability the atom is univalent and electro-negative. The re-
quirement of a loss or gain of two, three, or four electrons for
complete stability characterizes the atoms as divalent, trivalent,
and quadrivalent respectively.

More complex molecules, as for instance the various oxides
of lead, result in some cases in an incomplete stability of the .
component atomic aggregates.

The electrons in the atom are supposed to be moving continu-
ously in orbits, subject to displacement and distortion under
certain circumstances. The large number of electrons and their
entanglement with the ether has been offered as an explanation
of the spectra characteristic of different substances, which are
in some cases very complex.

Some aggregates are stable when the electrons move in their
orbits with an angular velocity greater than a certain value -
and they become unstable when the velocity falls below this
value. Electron velocities decrease very slowly as a result of
the loss of energy which they radiate. When, however, the
critical velocity is reached, an entirely new distribution may
_take place, and may be accompanied by ejection of some elec-
trons from the atom. This is possibly what takes place in the
case of radium.

~As a consequence of the results obtained by Thomson,'? in
1904, concerning the structure of the atom, many have con-
cluded that an atom of hydrogen contains over a thousand
electrons and that its mass is equal to the sum of the masses
of the electrons. It, therefore, has no true mass, but merely
an electromagnetic mass. They have also concluded that atoms
of other atomic weights contain a proportionally larger number
of electrons. Such an atomic stfucture would satisfactorily
explain differences in the atomic weights and might lead to
some conclusions explanatory of characteristic spectral com-
plexities. - Thomson, however. has more recently® concluded
from experiments upon the dispersion of light in gases, upon
the scattering of Rontgen radiation in gases, and upon the ab-
sorption of A rays from radium compounds that * the number
of corpuscles (electrons) is not greatly different from their
atomic weight.” He finds'from the dispersion due to hydiogen

12 Thomson, Phil. Mag., Vol. 7, No. 39, p. 237-265, March, 1904.
13 Phil. Mag., p. 769, May, 1906.
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that a hydrogen atom contains not far from one electron and
that the mass of the carrier of positive electrical chatge is large
compared with that of the electron. From the scattering of
Rontgen radiation in air he calculates that there are 25 electrons
in a molecule of air.

The Ion. An important part is played in the phenomena of
electrophysics by atomic aggregates of electrons that exhibit an
external electrical field. When an aggregate or system of ag-
gregates with an excess of positive or negative electrification
is subjected to the influence of an auxiliary electric field, it
tends to move in the same or opposite direction to-that of the
lines of force of this auxiliary field. according to the sign of its
excess of electrification. It may then be termed an ion, posi-
tive or negative according to the sign of its excess of electrifica-
tion. In the various physical states of matter are present the
following :

NecaTive Ions

1. Isolated and free electrons.

2. One or more electrons acting as a nucleus for a cluster
of molecules, the cluster roughly estimated, in some cases, as
containing 30 molecules.

3. Atoms of electro-negative elements, the instability of whose
aggregate has been reduced by the addition of one or more
electrons.

Positive Ions

1. Atoms of electro-positive elements, the instability of whose
aggregatc has been reduced by the subtraction of one or mocre
electrons.

2. Molecular clusters from which an electron has been removed.

Negative ions may or may not be associated with ordinary
matter. Positive ions are always found associated with it.

The lines of force of the electric field of an isolated ion are
directed radially towards it as a center. In a molecule, while
practically all the lines of force start from its electro-positive
atoms and terminate upon its electro-negative atoms, thus
being electiostatically nearly saturated, the field distribution
is different for different planes passed through its molccular
center. The molecule does not, therefore, suffer translation
when placed in an auxiliary electric field, but rotates and orients
itself. The orientation of a system of molecules produces a
polarization of the substance containing the system,
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Free electrons exist in gases at pressures under 10 mm. of
mercury, especially when subjected to ionizing agencies; in
conducting solids; in the § rays from radium; and in conducting
flames.

Clusters exist in all conducting gases under pressures greater
than 10 mm. of mercury; sometimes in gases at lower pressures,
and possibly in liquids and solids.

Electronized or deelectronized atoms, or both, exist in all
conducting gases at all pressures; both exist in liquid electro-
lytes, in solid conductors, and possibly in solid dielectrics.

The Production of Ions, or Ionization. In all gases at ordi-
nary atmospheric pressures, spontaneous ionization is continu-
ally going on. This doubtless results from molecular collisions ,
of an intensity much above the average. Recombination of
positive and negative ions is also continually going on and
will be discussed later. If an ionized gas of volume V cm?
be enclosed in a receiver provided with two electrodes connected to
the terminals of a source of electromotive force, an eiectric current
can be made to flow through the gas and circuit. Under the
influence of the electric field set up between the electrodes, the
negative ions move towards the anode and the positive ions
towards the cathode. A negative ion upon reaching the anode
gives up to it an electron with its charge of 1.1 10-** coulombs.
The ion thus becomes transformed into an ordinary atom.
What the anode does with the electron need not concern us
at this point. In a like manner, the positive ion upon reaching
the cathode receives from it an electron and itself becomes an
ordinary atom. The double exchange is accompanied by what
is generally understood as the conduction of 1.1 10-** coulombs
through the gas. It is also accompanied by the disappearance |
from the gas of one positive and one negative ion. If an in-
creased voltage be employed, the velocity of the ions will increase,
the current or rate of transference or electric quantity will in-
crease, and the rate of disappearance will increase. The last
can never be made to exceed the rate of production of ions.
Therefore, a limiting saturation current is reached, which cannot
be exceeded even though the voltage impressed upon the elec-
trodes be increased so long as this increase does not of itself
produce ionization. Spontaneous ionization of gases at ordinary
atmospheric pressure will permit the passage of only about
3.3 10™® amperes per cubic centimetre.!*

14 Wilson, Proc. Camb. Phil. Soc. x; p. 32, 1900; Proc. Roy Soc.
Ixvid, p. 151, 1901.
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Recombination of ions occurs in gases at a rate proportional
to the square of the number present. If N ions per cm® be

present at a given time, then the number # present after ¢ sec-
onds will be

N

” = Neaitl (19)

where a is a coefficient of recombination, which equals® 1.1 10-
and has the same value for hydrogen, carbon dioxide, air, and
probably other gases. Its value is independent of pressures
above } atmospheric, but decreases with decrease of pressures
below this limit.

It has been determined by Townsend that an electron, mov-
ing in a rarefied gas along a free path whose terminal points
differ in potential from each other by 20 volts, z.e., 20/300
electrostatic units, acquires just sufficient energy to ionize a
molecule with which it comes into collision. The energy re-
quired for the production of one negative and one positive ion
from a gas molecule is therefore equal to the product of this
potential drop by the charge on the electron, that is,

: ﬂ 10 . 11
300 3.4 10 2.3 10 ergs.

The velocity v acquired by the electron of mass m just before
collision, is derived from the equation of energy § m *=2.3 10-1,
and is

46 10-11
v = \l 4'6"1'0 "= 2.7 10° cm/sec (20)

This velocity is very great as compared with the mean molec-
ular velocity of gases at ordinary temperatures. In weak
electric fields, the electrons or negative ions, but not the positive
ions, produce fresh ions by collision. In strong fields, both
negative and positive ions produce them. '
Salts introduced into the flame of a Bunsen burner are ionized
and the flame becomes conducting Hot metals ionize the gas

 Townsend, Phit. Trans A., 193, p. 129, 1900.
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in contact with them and eject negative ions from themselves.
A temperature of 200° cent. is sufficient to produce some ion-
ization. Platinum!® at 1500° cent. in a vacuum permits a max-
imum current towards it, by means of negative electrons which
it throws off, amounting to one milliampere per square centi-
metre. Heated carbon filaments have been found to supply
sufficient ions to allow of one ampere per square centimetre of
surface.
* Gaseous ions are also produced as a result of energy ex-
pended by radioactive substances, as by X-rays, by Lenard
rays, by ultraviolet light, and likewise by chemical action.
Metallic Conduction of Electricity. Investigations concerning
the natu.e of the process of electric conduction in metals have
led to the conclusion that in the metals are to be found mole-
cules and atoms of the metallic element, positive ions, and
free electrons. The molecules and atoms are not free to migrate
from one part of the metal to another, but have a limited free-
dom of movement about a mean position. The electrons are
not constrained to any particular part of the metal, but are free
to move from one part to another, such movement being ac-
companied by collisions and changes in the direction of move-
ment, in a manner similar to that accompanying the movement
of molecules in a gas, considered from the standpoint of the
kinetic theory of gases. The positive ions have been supposed
by some to change their positions, by others not. The number
of free electrons per cubic centimetre of metal is very large,
being of the order of a billion billions. The mean free path of
an electron scarccly exceeds one millionth of a centimetre in
any case. The number per cubic centimetre and the length
of free path are different with different metals. In an ordinary
metal at a uniforin absolute temperature of T degrees, all the
particles of the metal are in motion, collisions are constantly
occurring, and the directions of the motion are such as result
from chance. According to the doctrine of the equipar’ition
of energy, the mean kinetic energies of the molecules, of the
atoms, of the positive ions. and of the electrons, are equal to
each other and depend:nt upon the absolute temperature.
Inasmuch as the masses of the electrons are much smailer than
those of the other particles, the vclocities of the electrons must
be much greater.

180, W. Richardson, Proc. Camb. Phil. Soc., xi, p. 286, 1902.
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Following: Drude,!” assume a metallic conductor of unit cross-
section, and length L cm’s., containing N electrons per cubic
cm. each of mass m and with a charge of e; electrostatic units.
If a difference of potential V in electrostatic measure be estab-
lished between the ends of the conductor, the electrons will be
subjected to the influence of an electric field of intensity E=V /L
and, during the interval of time t between collisions, they will
be subjected to a force in the direction of the length of the
conductor such that

&#L
moa = E e; dynes. (21)

Integrating throughout the time r and evaluating constants,
mL=14%e E (22)

The electrons, if the difference of potential be maintained, will
in addition to their original undetermined velocities have a
velocity component v, in the direction of L such that

v, =}e,E-’;— (23)

A quantity of electricity will pass per second through a cross-
section of the conductor, which constitutes a current Is in
electrostatic units, such that

I, =e,Nu = ;e,=1v—f;1z=¢_,e,2.~'

<

T
- (24)
The resistance per unit length, that is the resistivity of the
metal, will, in electrostatic units, be

m

v .
P=l—.~ls=')'e;’Nt (26)

17 Drude, Trans. Int. El. Cong., 1904, Voi. 1, p. 319.
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The specific electric conductivity will equal the reciprocal of
the expression or

a=;e,’N—”; (26)

It is desirable to substitute for r another expression, which
takes into account the mean velocity, v, of the electron in the
direction of its path and the average length 1 of its free path.
Since vt = 4 : .
1
2 N A
. o=1%e Nvm 27
Metallic Conduction of Heat. 1t is probable that the flow of
heat in metal under maintained difference of temperature is
due to the presence of electrons in the metal, they acting as
carriers and distributors of energy which they possess in the
kinetic form. According to the kinetic theory of gases, every
molecule or particle possesses an average kinetic energy h at an
absolute temperature of T such that

h=aT, (28)

where a is a universal constant which has a value of 1.6 X 10
ergs per absolute degree. - If metals be ultimately constituted
as has been assumed, then an electron, when uninfluenced by
electric or magnetic forces, has the same energy as a gas mole-
cule at the same temperature.

From the kinetic theory of gases, an expression for the heat
conductivity of the metallic conductor, considered above, may
be obtained. If one end of it be heated, the flow of energy or
heat Q per second in the direction of its length and across any
transverse cross-section of the conductor is given' by the equa-
tion

Q= v_;_N ‘dT% erg/sec. . (29).

_ Substituting the value of h from (28),

0=tavandt (30)

The heat conductivity % of the metal in mechanical units, that
B Drude, 1. c., p. 321.
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is, in ergs per square centimetre per absolute degree per centi-
metre, is obtained by reducing the temperature gradient dT /dL
to unity. The expression is then

E=3aviN (31)

It has long been known that with some exceptions the heat
and electrical conductivities of pure metals, when at proper
temperatures depending upon the metal, bear a constant ratio
to each other. This is the law of Wiedemann and Franz. No
satisfactory explanation for the constancy has been given
‘except that which assumes that both electricity and heat are
conveyed by electrons, the one under the influence of electro-
motive force and the other under the influence of thermomotive
force. Dividing (31) by (27) and substituting 2 a T for m v*

E 4 fa)?

- (e—) T (32)

The following table of Jaeger and Disselhorst'® gives the

values of k/o at 18° cent., at 100° cent., and the ratio of the
latter to the former. In this table is also given the number
of electrons IV per cubic centimetre, calculated by Drude® from
data concerning the optical behavior of metals, and the mean
length A of their free path.

k/c (100°) .
Metal k/c 1~ (18°)|k/a 10(100°)|————|N 10-%|1 10° cm

k/c (18°)
Aluminum..-. 636 844 1.32 14. 0.2
Copper....... 665 862 1.30 4.09{ 1.1
Silver........ 686 881 1.28 6.35| 0.9
Gold......... 727 925 1.27 4.36| 0.9
Nickel........ 699 900 1.30 9.21] 0.08
Zinc......... 672 867 1.29 18.4 0.08
Cadmium..... 706 905 1.28 11.9 0.1
Lead......... 715 935 1.31 11.2 0.034
Tin.......... 735 925 1.26 14.3 0.05
Platinum..... 753 1013 1.35 13.65! 0.06
Palladium.. .. 764 1017 1.35
Iron......... 802 1061 1.32 14.6 0.05
Bismuth...... 962 1077 1.12 10.8 0.007
Antimony. . .. 26. 0.006

B Jaeger and Disselhorst, Berliner Berichte, 38, 1899, p. 719.
® Drude, 1. c., p. 327.
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That k/o is directly proportional to the absolute temperature
is clearly indicated by the values given in the fourth column

of the table. The coefficient , common to gases, would

1
573
give, for the temperature difference here employed, viz.,
100° — 18° = 82°, the value 1.28.

The specific heats of metals are not so large as might be ex-
pected with such a large number of free electrons per unit
volume. :

To meet this difficulty, Thomson® assumes that the electrons
are not free for a sufficiently long interval to acquire the energy
corresponding to a given temperature. They suddenly shoot
out from one atom into a neighboring one. On this basis, he
calculates the values of k/¢ and finds a difference of but about
129, from Drude’s values.

Contact Electromotive Force. 1f two metals, having N, and
N, free¢ electrons, respectively, per cubic centimetre, be placed
in contact with each other, and if N,> N, and the temperature
be constant and uniform, then, according to the principles of
the kinetic theory of gases, more electrons will pass from the
latter into the former than in a reverse direction. This will
give a negative charze to the former, and will thereby set up
an electric field; whose lines of force will be perpendicular to
the plane of separation; which will tend to reduce the velocity
of the electrons entering the former and increase the velocity
of those leaving it. .in equilibrium will eventually result
when as many electrons pass in one direction as in the otker.

A contact difference of potential, of a value which can be
predetermined if NV, and .V, be known, is established across the
surface of separation. Drude? has derived an expression for
this contact e.m.f., which at 18° cent. reduces to the form

E = 0.05loge %’ volts (33)
LA §

For other uniform temperatures, the value of E varies directly
with the temperature expressed in absolute degrees. The
complete expression for E is

M Report of Lecture before I. E. E., Electrical Engineering, Feb. 28,
1907, p. 381.
*? Drude, 1. c., p. 323.
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4 a N3 igs ‘
E = 3 e T loge N‘ 10-® volts 34)

where a is the thermodynamic constant, e, the charge of an
electron in electromagnetic units, and T is the absolute tem-
perature.

Seebeck Thermal Electromotive Force. If a circuit be formed
of twd metals connected in series, and if the difference in tem-
perature between its two junctions be d T absolute degrees,
then the thermal electromotive force d E set up as a result, is
obtained by differentiation of (34) and equals

4

dE-3

2 4 T toge Y2 10 volts, (35)
Cm N,

from which the value,ot the thermoelectric power can be ob-.
tained. This expression assumes that N,/N,; does not vary
with T, concerning which there is as yet not sufficient experi-
mental evidence.

From equations (34) and (35), an expression is readily ob-
tained for the rate of ahsorption or development of heat when
a current I (amperes) flows in the circuit. This power P,
which is a measure of the Peltier effect, i expressed as follows:

b

4 Najgs = 1 79E 109 '
P=EI 3 e,,,I T log, A 10 ITdTIO watts. (36)

Drude has also obtained an expression for the Thomson effect,
that is, the development or absorption of heat as the result of
a current that flows through a homogeneous circuit having
local temperature differences.

Electromagnetically Induced Electromotive Force. The genera-
tion of electromotive force as a result of the relative.motion
between a conductor and the flux of a magnetic field is a direct
consequence of the ether entanglement with the electron. A
force acts directly on each electron whose direction is deter-
mined by the directions of the flux and of the motion, and whose
magnitude depends upon the relative velocity and the flux-
density.
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The Hall Effect. Consider a rectangular piece of sheet metal
with a current flowing along it. If the current enter by a
terminal connected to the middle point of one edge of the rec-
tangle and leave by a terminal connected to the middle point

=

|

16. 3.—Flow lines of current.

of the opposite edge, there will be a zero potential difference
between two points located respectively at the centers of the
remaining opposite edges. A galvanometer connected between
these last two points would give no deflection. If now a mag-
netic flux be passed perpendicularly through the surface of
the sheet, a current will flow through the galvanometer circuit,

VA
:://V:N\QEQ\
1 l /

vV vl 1 y lr Y

F1c. 4.—The Hall effect.

<

whose magnitude will be directly proportional to the strength
of the original current and to the flux-density of the magnetic
field, and whose direction will be reversed if the direction of
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either the flux or of the original current be reversed. This
phenomenon is known as the Hall effect. This effect is readily
explained from the standpoint of the electron theory.

The electric current may be considered as accompanied by
a procession of electrons moving in the sheet in a direction
opposite to that of the current flow. Let the migration
velocity of the electrons be v cm./sec., the charge of each be e,,
electromagnetic units, and the magnetic flux-density be H, a
transverse force F will be exerted upon each electron whose
value will be e, v H dynes; and in consequence they will be
forced towards one side of the sheet, and a flow of current through
the galvanometer circuit will be necessary to maintain equi-
librium. If no galvanometer circuit be present, a negative
charge will appear at the side towards which the electrons
move, and will grow until the transverse electric field which it
occasions attains such an intensity E, in electromagnetic units,
as to exert a force e,, E dynes upon each of the electrons equal
in magnitude and opposite in direction to that exerted by the
magnetic field. Then

emE =¢,vH -

Since e, is known and E and H can readily be obtained by'
experiment, it is possible to obtain the average migration
velocity v of an electron from the above formula, as

v=Z @7

Boltzmann calculated v for various metals several years ago.
The velocities are remarkably small for even very strong cur-
rents. Lorentz?® gives the following values for one ampere
flowing through a wire of one square millimetre cross-section:
copper 0.005, nickel 0.2, and bismuth 90 cm./sec.

Some experimental results obtained in this field are not
easily explained.* The direction of the current in the galvano-
meter, circuit, when an iron sheet is employed,is opposite to
that which is to be expected. A thorough investigation of
the Hall effect in ferromagnetic substances may shed some
light upon the question of the cause of their large permeability.
Thomson* explains the apparently inconsistent results by the

3 Lorentz, 1. c., p. 588.
24 Electrical Engineering, Feb. 28, '07.
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assumption of a gyrostatic action of the molecule which causes
the electrons to move in a different direction from that of the
force exerted upon them by the magnetic field.

Solid Dielecirics. Solid dielectrics probably contain some
free electrons, although the number per unit volume is small
compared with that in metals. To free electrons is due the
conductivity of solid insulators that remains after surface leak-
age has been prevented. Free atomic ions are probably ab-
sent, since conduction through their mediation would result
in a transport of matter with accompanying differences in the
chemical and physical character of the surface layers of the
dielectric when kept between conductors having a maintained

@

F16. §,—Dumb-bell molecule.

difference of potential. Such transport has not been observed.
If the atomic ions of a dielectric are not possessed of freedom
of migration, the maintenance of a mean position of equilibrium
must be due to the attractions and repulsions of unlike and
like charged particles. If a distinction is to be drawn between
atomic ions devoid of freedom of migration and molecular
azr-cyates of atoms, then the latter are probably also present.

Consider a diatomic molecule in a solid dielectric. Al-
thoush nothing is known of the shape of a molecule, and although
in the treatment of the kinetic theory of gases it is frequently
assumed to be spherical, it seems reasonable to assume, from
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the standpoint of the present discussion, that it is not spherical
and that it may be shaped somewhat likea dumb-bell withan atom
at each end connected by a sheaf of electrostatic flux lines.
Such a molecule would behave in an electric field much as would
a magnetic needle of the same shape in a magnetic field. Both
would orient themselves, but would not suffer translation if
the fields were uniform, and the molecule would have an elec-
tric moment similar to the magnetic moment of the needle.
But, while the pole distance is rigidly maintained by the steel
in the needle, this is not the case with the end atoms of the
dumb-bell molecule. With a sufficiently large electrostatic
flux-density, the molecule would be ruptured, its oppositely
charged atoms being forced away from each other by the field.
The rupturing of an assemblage of such molecules in a solid
dielectric would, in such a field, manifest itself as a rupture of
the dielectric. The molecular-magnet theory® of magnetic in-
duction in iron, can, by analogy, be directly applied to solid
dielectrics consisting of an aggregate of such dumb-bell mole-
cules. The application of an electric field would orient the
molecules to a greater or less extent, which would be evidenced
as a residual polarization after the field was removed. Such
polarization is a common occurrence. The flux due to the
orientation would be superposed on the ether flux produced
by the original source of the field, the dielectric thus exhibiting
a larger dielectric constant than the free ether. That the di-
electric constant of all solids is greater than unity is well known.
Under the influence of alternating fields, the configuration of
orientation would be different for the same values of increasing
and decreasing intensities. This would result in a dielectric
hysteresis of greater or less extent accompanied by an energy
loss which would be dissipated in heat. This loss in ergs per
cubic centimetre per cycle G has not only been observed, but
its magnitude, as dependent upon the material and maximum
electric flux-density Emug., is expressed by a formula? similar
to Steinmetz’s law for iron, the exponent # of Ema. lying be-
tween 1.5 and 1.95, and corresponding to 1.6 in the Steinmetz
formula. If a represent a constant dependent upon the char-
acter of the dielectric,

G = a E" gy ergs. (38)

% Ewing, Magnetic Induction in Iron and Other Metals. p. 382.
* R. Threlfall, Phys. Rev., 1897, iv, p. 457; v, p. 21.
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A tendency to dielectric saturation, accompanied by a re-
duced specific inductive capacity corresponding to the satura-
tion and reduced permeability in iron under increase of electric
flux-density, has been observed in the case of crown glass,
guttapercha, megohmit, and paraffined paper.?’

The lack of rigidity of connection between the atoms of a
dumb-bell molecule permits vibration of the atoms ahout a
mean position relative to each other. There is a natural period
for such vibrations. If now an alternating electric field of
this natural period be impressed upon the molecule, an inter-
atomic vibration would be started at the expense of energy sup-
plied by the field. The natural frequency is very large, of the
order of those due to light disturbances. The propagation of
light disturbances is always accompanied by an alternating
electric field of high frequency. If now light, of such color as
to bhave a frequency synchronous with the natural frequency
of vibration of the atoms of the dumb-bell molecule, be passed
through a transparent dielectric containing such molecules, its.
velocity therein would be reduced below that which would
exist for higher or lower frequencies, and a prismatic spectrum,
produced by passing white light through a prism of such di-
electric, would therefore show the colors in other than their
usual order, that is, the prism would cause what is termed
anomalous dispersion. The natural frequency of vibration of
quartz molecules is such that radiations of wave-lengths much
longer than those of red light (A= 56 g) are refracted by a
quartz prism more than violet light.*®

The argument outlined above applies equally well to mole-
cules of greater atomicities and complexity. It is also appli-
cable to the negatively charged electrons and positively charged
remainders of atoms, if it be assumed that these can be separated
under the action of an electric field. Such an assumption is
made by J. J. Thomson.? .

The Production of Light. Many efforts have been made to
explain the characteristic spectra of the various chemical ele-
ments from the standpoint of the electron theory. For many
reasons, such efforts can hardly be considered as successful,
as clearly presented by Crew.®® There is as yet too little knowl-

7 J. A. Fleming, Electric Wave Telegraphy, p. 137.

2 Rubens and Aschkinass, Wied. Ann., 67, p. 459, 1899.

# J. J. Thomson, Phil. Mag., May, 1906.

% Henry Crew, Science, N. S., Vol. XXV, No. 627, p. 1-12, Jan. 4, 1907.



1907) SHELDON: PROPERTIES OF ELECTRONS 963

edge concerning the relations which exist between electrons and
atoms as they occur in the various forms of matter. Further-
more, hardly anything is known about the positively electrified
portion of matter or about positive electricity itself. This
much, howewer, can be considered as established; that an elec-
tron with its negative charge e,,, when accelerating @ cm/sec.?
the velocity of propagation of ether disturbances being ¢ cm. /sec.,
radiates energy into space whose value (see equation §) is ex-
pressed as

em? a?

J=1

= 27X10%derg/sec  (39)

If by any means the sign of acceleration be changed period-
ically at a constant frequency having a value lying between
410" and 8 X 10", then the radiant energy will consist wholly of
monochromatic light radiation. Change in sign can be obtained
either by reversing the direction of motion in a rectilinear path
with accompanying changes in velocity (collision or impact), by
merely changing the direction of the path (circle) leaving the
velocity unchanged, or by both. If on the other hand the
duration of the periods between reversals be variable within
wide limits, then there will be non-luminous heat radiation,
continuous spectrum luminous radiation, and ultraviolet radia-
tion. In this gase only a portion of the energy which is radiated
is converted into light.

The acceleration which an electron may assume, varies over
very wide limits. When it is considered that, within a vacuum
tube of a few centimetres length, an electron can start from
rest and attain a velocity of one-tenth that of light, that is, 3 10° -
cm/sec, its acceleration must have been at least 2 10'7 cm/sec
The distribution of voltage in such tubes would indicate that
its acceleration near the cathode would be many times greater
than this. Assuming it to be five times as great; that is, a* =
10® cm/sec?, this electron would radiate 2.7 10-* erg/sec or
2.7 10® watt.

Black-Body Radiation. Accordingto the Stefan-Boltzmann®
law, a black body (one which absorbs all radiations falling on it
and which neither reflects nor transmits any) at an absolute

3 Stefan, Ber. d. k. Akad. d. Wiss., 79B., 2 Abth., 1879, p. 391;
Boltzmann, Wied. Ann., 22, p. 291, 1884,
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temperature of T degrees, radiates from each square centimetre
of its surface an amount of energy®

j = 1.71 10° T* erg/sec (40)
= 1.71 10- T* watt

This radiation, at sufficiently high temperatures, consists of
wave disturbances embodying all frequencies that are able to
stimulate the optic nerves, besides a continuous series of fre-
quencies in the infra-red and ultraviolet regions.

Che portion, W, of the total radiation per cm? that is capable
of stimulating the optic nerves so as to given a sensation of
light is to be obtained from the equation®

vec @Yo ) o5 (Hreo(E)imeany

k
T\! 113 €VT k)a k)2 ”" k ’ "
‘C('k‘) wes {(T- +3(T 2 +6(T)/1”+6/1 d!

erg/sec (41)
where A’ =0.000039=wave length at violet end of spectrum in
cm. .

A’ =0.000075=wave length at red end of spectrum in cm.

C=1.24 10
k=1.4135

¢=2.718 =Naperian logarithmic base.

The visible radiation efficiency at any tempcrature T is therefore

W
€ 7 42)

Carbon filaments are generally considered to yield approxi-
mately black-body radiation.

The radiated energy is not equally distributed among the
various frequencies. Planck® has shown that the , energy

3 F. Kurlbaum, Wied. Ann., 65, 1898, p. 746; Drude, U'heory of Optics,
p. 515.
3 Mendelhall and Saunders, Astrophys. Journ., 1901, p. 46.
% Planck, Verh. d. Deutsch. Phys. Geo., 2, 1900, p. 202; Ber. d. k.
Akad. d. Wiss., Berlin, 1901, p. 544.



1907} SHELDON: PROPERTIES OF ELECTRONS 965

radiated per cm’ between wave-lengths 4 and A+dA can be
represented by the equation

1
E=Cl—p—

eit—1 43)

The physiological characteristics of the normal eye are such
that for different wave-lengths different rates of energy are
required to be received upon the retina in order to procuce the
same intensity of sensation. Therefore, while values of ¢
indicate the stimulative portions of radiation, they do not
indicate the amounts of luminous sensation that thereby might
be produced. Although the sense responsiveness of the eye
for a given color varies and depends on the individual, on the
portion of the retina stimulated, on visual fatigue, and on the
rapidity of iris response to variations in intensity, an average
sensation equivalent of W can be obtained by making use of
Abney's®™ coefficients of luminosity for the normal eye. With
wave-lengths as abscissas, values of E are plotted as orcinates.
The values of E are each multiplied by the luminosity coefficient
corresponding to the wave-length and used as ordinates in plot-
ting a new curve. If the values of A be limited to the visible
spectrum, then the area included between the first curve and
the axis of abscissas is proportional to W, while the area Z
between the second curve and the axis is proportional to the
sensation equivalent. The luminous efficiency of the radiation
is then :

=7 (49

’

As the temperature of a black body rises not only does the
power radiated increase but the predominating frequency rises,
that is, the wave-length A, at which the intensity of raciation
is the greatest, decreases. At an absolute temperature® T

Am = —— cm. ' (45)

® Abney, Color Vision, 1895.
® Drude, Theory of Optics, 1902, p. 523; Wien. Berl. Ber., 1893, p.
- -88; Wied. Ann., 49, 1893, p. 633; 52, 1894, p. 132.
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The intensity of the radiation at these wave-lengths also increases
as the fifth power of the absolute temperatures.

If a black body, for example, a carbon filament, be considered
as containing free electrons as well as atoms and molecules, then
as its temperature is raised the mean kinetic energy of each
electron would be increased. Inasmuch as the geometrical di-
mensions of the filament are not materially altered by the
change of temperature, it is reasonable to assume that the length
of free path is not increased. The increase of energy,
causing an increase of electron velocities, will result, therefore,
in an increased frequency of coilisions and an increased rate of
change of velocities. This accounts for the direction of the
shifting of A,, with rise of temperature, and for the accompanying
increase of total radiation. Many of the collisions will occur
oftener than at the preponderating frequency, and others will
occur less often, which accounts for the character of the dis-
tribution of radiated energy over a wide range of frequencies.
The accelerations which accompany collisions of -the higher
frequencies are of necessity greater than in the case of lower
frequencies. The radiated energy is therefore greater in the
former case than in the latter, and the curve of distribution of
radiated energy over different frequencies is not symmetrical
but deviates from the curve of probabilities.

Selective Radiation. No material radiates in accordance with
the laws of black-body radiation. One of the first.conclusions
of Maxwell's electromagnetic theory is that good conductors
of electricity cannot be transparent. - Hagen and Rubens¥
have shown how the absorbing power and the emissive power
of metals can be calculated from their electrical conductivities.
Their experimental results for the longer heat-waves are very
satisfactory. Kirchhoff’'s law, according to which the ratio
between the emission and the absorption for all bodies has the
same value, being a universal function of the absolute tem-
perature and of the wave-length, has also been accounted for
from the standpoint of the electron theory. Lorentz, using
the expression for the electrical conductivity previously devel-
oped [see equation (29)] has calculated the value of this function.
He then compares the amount of energy radiated from a metal
within -the limits of certain long wave-lengths with the ex-
perimental values obtained by Lummer and others, and finds
that they are in accord.

¥ Hagen and Rubens, Ann. der Phys., 11, p. 873, 1903.
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Luminescence. At all temperatures above absolute zero, all
bodies radiate energy. If the nature of the body be not changed
by this radiation; that is, if it continues to radiate in the same
manner, as long as its temperature is maintained constant by
the addition of heat, the process is termed pure temperature
radiation. If, on the other hand, the body changes because of
the radiation, and does not continue, indefinitely to yield the
same radiation although its temperature is kept constant, the
process is termed luminescence. The cause of some of the
radiation in the latter case does not lie in the temperature of
the system but in some other source of energy. According as
the extra supplied energy accompanies either chemical trans-
formations, exposure to light, or the passage of electric currents,
the processes are respectively termed chemico-, photo-, and
electro-luminescence. The total radiation from a body of this
class is made up of two parts, that due to its temperature and
that due to the extra energy. If the intensity of radiation of a
body within any region of wave-lengths is greater than that of
a black-body at the same temperature, luminescence must
be present. This is frequently® taken as a criterion for the
detection of luminescence. The frequencies of luminescent ra-
diations are more or less restricted, being often evidenced by
bright-line spectral distributions. The electrons which yield
these radiations are supposed to vibrate harmonically under
conditions that are not yet understood. That their movements
are not governed simply by chance seems to follow from the
character of the spectra. Although change in the character of
the material as a consequence of its yielding luminescent radia-
tion may not be capable of detection by chemical analysis, vet
the atomic and molecular systems are nevertheless doubtless
undergoing constant changes due to the loss or gain of electrons.
The entrance of an electron into a system, or its ejection. must
without doubt occasion complex harmonic disturbances of
many or all the electrons in the system.

If luminescent radiation be confined chiefly to wave-lengths
of the visible spectrum, the luminous efficiency of the body
becomes high. Herein rests the economic significance of the
efforts being made to advance the art of lighting by means of
vacuum tube and flaming arc lamps.

A very interesting example of luminescent radlatlon is that

# Drude, Theory of Optics, p. 528.
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which is yielded by photogenic bacteria, which are frequently
found in sea-water and upon meats and fish that have been
directly or indirectly infected by sea-water. They are the
sources of light known as the phosphorescence of the sea. Some
cases of phosphorescence in animals and in plants are explained
as an infection with them. Gorham® has shown that the light
which they give is the result of chemical transformations ac-
companying metabolism inside the cells of their bodies. When
fed with substances such as asparagin or glycocoll, they are
able to grow and reproduce but not to give light. In Gorham'’s
summary, occurs the following:

We therefore conclude that for light production there must be present,
over and above the requirements for growth, the oxygen of the air,
sodium or magnesium, and certain organic acids, derived from the de-
composition of the carbon and nitrogen constituent of the food.

The chemical energy resulting from the union of the sodium or mag-
nesium with these organic acids, in the presence of oxygen, or from
the later combustion of the products of that union, is set free in the"
form of light.

The brightness of these bacteria considered as sources of
light is very small. Lode’s® measurements show an intensity
of emission of 0.00069 candles per square meter. This is too
small to stimulate the color sense. The bacillus lucifer of
Molisch,** however, is much brighter, gives a continuous spectrum
in the green, blue, and violet, and is able to stimulate the color
sense.

Conclusion. Although much is known concerning the size
and mass of the electron, its electric and magnetic effects when
in motion, and its radiation effects during acceleration, little
more is known concerning its structure than that:*

It is the intrinsic strain-form alone that constitutes the electron;
and it is a fundamental postulate that the form can move from one
portion to another of the stagnant ether somewhat after the manner
that a knot can slip along a cord.

® F. P. Gorham, The Photogenic Bacteria, Doctor’s Thesis, Harvard
Univ., May 1, 1903. .

# Lode, Zentralbl. far. Bakt., I 35, Bd., p. 524.

4 Molisch, Leuchtende Pflanzen, 1904, p. 133.

# Larmor, Zther and Matter, 1900, p. 335.
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THE HEATING OF COPPER WIRES BY ELECTRIC
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BY A. E. KENNELLY AND E. R. SHEPARD

In August 1889, a report was made by one of the present
writers! to the Edison Electric Light Co., on ‘ The Heating of
Conductors by Electric Currents.” The report was published
in the minutes .of the convention of the Association of Edison
Illuminating Companies, at Niagara Falls, August, 1889. It
contained a large number of measurements of the temperature
elevations of active conductors supported in wooden moulding,
and in free air, within doors and without. A further report
was made in 18932 upon the temperature elevations of electric-
light cables. The research reported in the present paper has
been undertaken to extend the- scope of the above measure-
ments, and also to increase the precision of the results previously
obtained. In the measurements of 1889 and 1893, above re-
ferrcd to, the temperature-coefficient of resistivity of copper
wires was taken as 0.388 per cent. per degree centigrade of
temperature elevation ; whereas it is now taken by the American
Institute of Electrical Engineers as 0.42 per cent. per degree
centigrade from and at 0° cent.® Again, the law of thermal ra-
diation employed was that of Dulong and Petit;* whereas the
law of raciztion gererally acopted at this time is that of Stefan.®

'The’ Heating of Conductors by Electric Currents, by A. E. Kennelly,
The Electrician, Dec. 13th, 1889, Vol. XXIV, p.142; The Electrical World,
Vol. XIV, No. 21, p. 336, Nov. 23, 1891.

*The (‘arrymg Capacity of Electric Cables, Submerged, Buried or Sus-
pended in Air, bv A. E. Kennelly, Minutes of the Ninth Annual Meetmg
Association of Edison Illuminating Companies; 1893, p. 79.

rans. Am. Inst. Elect. Engineers, Vol. XIX, p 1082, June, 1902.
Standardization Report. )

4Annals de Chemie et de Physique, 1817, Vol. VII.

§Wien. Akad. Ber., 1879, LXXIX, pp. 391-428,
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Although these changes in physical data and constants do not
greatly affect, from an engineering standpoint, the results pre-
viously obtained; yet it seemed desirable to make a new series
of measurements® and deduce their results with thé aid of the
most recent data. It is the object of this paper to describe the
new measurements, so far as they relate to wires in water, soil, or
wooden moulding, leaving the measurements on wires in ai:
to some future occasion.

Method of Determining Temperature Elevations. The copper
conductor under test had a length of from 2 to 6 metres (6.56
to 19.69 feet). Pressure wires were soldered to it near its ends.
The resistance of the conductor between these pressure wires
was determined; first, when cool, .e., at the temperature of
the surrounding air, and second after having been heated by
an electric current of measured strength. The increase in the
resistance of the conductor enabled its increase in temperature
to be determined by the formula:

R, = R, (140.0042 ?) ohms (¢))

where R, is the resistance of the conductor at 0° C., and R, its
resistance at #° C.

Method of Measuring the Resistance of the Copper Conductors.
The resistances of the copper conducto-s under test were measured
by a differential galvanometer; i.e., by connecting one coil of a
differential galvanometer to the pressure wires on the tested con-
ductor, and the other coil to the terminal of a german-silver
constant resistance of determined amount in circuit with the
tested conductor. Extra resistdnce was inserted in the circuit
of the coil of preponderating current until the galvanometer
deflection was zero, or the two currents differentially balanced.
Under these conditions, the resistance of the tested conductor
became known in terms of the constant german-silver resist-
ance. As the tested conductor increased in temperature, its
changes of resistance could readily be observed and followed, by
noting the change in the balancing resistance.

The electrical connections employed are indicated diagram-
matically in Fig. 1. A separate motor-driven low-voltage
direct-current dynamo Y, of 3-kw. capacity (300 amperes at

¢The research was carried on =t Dicree Hall, Harvard Universitv, and -
a report thereon formed the subject of a thesis for the degree of A.M. by
E. R. Shepard, entitled : * The Heating of Copper Wires by Electric Cur-
rents.” 1906. .
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10 volts), was connected by stout leads to the conductor C C,
under test, in another room, through a grid resictance D of
german-silver wires and a regulating resistance R. The cur-
rent strength in the circuit was measured by the Weston am-
meter A, and adjusted partly by varying the resistance R and
partly by varying the shunt field rheostat F. The differential
galvanometer G has one coil connected to pressure wires on the
standard grid resistance D, and the other coil to pressure wires
on the tested conductor CC. An adjustable resistance 7
was inserted in one or the other of the two galvanometer cir-
cuits as occasion required, in order to secure a differential

Fi16. 1—Electrical connections ia tests

balance. Switches in the main circuit aad in the galvanometer
circuits have been omitted from the diagram.

The German-silver Wire Grid. The grid was made up in
such a mananer as to car-y the stroncest testing currents used
with a rclatively small rice of tempe-ature, and was made of
metal having a relativ:ly small temperature-coefficient of re-
sistivity, so as to maintain a practically constant resistance
during the tests. It cozcicted of an opea wooden frame about
2 metres long (6.2S feet) by 1 met-e b-oad (3.28 feet), contain-
ing 65 parallcl wires cf german-cilver supported freely in air,
each 0.129 cm. (0.0508 i2.) ia diameter, 2aad 183 cm. (6 feet) in
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length. These wires were divided into three permanently con-
nected groups of 25, 20, and 20 wi.es respectively, in such a
manner that the groups could be connected either in series
.or in parallel for different resistances and current-carrying -
capacities. When the three groups were connected in series,
the total resistance of the grid between pressure wires was
0.0441 international ohm. When the three groups were con-
nected in parallel, the resistance of the grid between pressure
wires was 0.0044 international ohm. Intermediate series-
parallel groupings and corresponding resistances were also used
in some of the tests. '

The resistance of the grid was frequently measured and
checked. One such check measurement was ordinarily made
with each successive conductor test. The grid resistance was
measured by using the same connections as are shown in Fig. 1,
but with a standard platinoid strip resistance substituted for
the conductor C C. Two such standard strips were employed,
with resistances of 0.015125 and 0.03053 international ohms
respectively. These standard resistances were in their turn
checked and calibrated by comparison with a standard 0.01
international ohm loaned by the Jeflerson Physical Laboratory.
All the measurements of resistance stated in this paper are in
terms of the international ohm, and are ultimately referred
to this 0.01 ohm standard. :

The Differential Galvanometer. The galvanometer employed
was of the Edelmann type, having a steel split-bell suspended
magnet, swinging in a copper well, and two separate coils of silk-
covered wire placed on opposite sides of the suspended magnet.
These coils were wound specially for these tests with silk-covered
copper wire, each coil having a resistance of about 1800 ohms.
The resistances of the coils, being subject to change with varia-
tion of room temperature, were frequently measured during
extended tests. The differential condition was also frequeritly
checked.

The sensitiveness of the galvanometer as used in the tests
was 0.143 microampere for 1 mm. scale deflection at the range
used of 140 cm. Referred to a range of 1 metre, this would
be 0.20 microamperes per mm. scale-reading deflection, or the
current sent by 1 volt through § megohms, including both coils.

The periodic time of the galvanometer swing was 5.17 seconds.
The damping ratio of successive opposite elongations was 2.465,
or the Naperian logarithmic decrement of successive opposite
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elongations 0.9027. Four complete swings, executed in 20.7
seconds, sufficed to reduce the deflection to 3%y part, or,
for practical purposes, to rest.

When balance is obtained on the differential galvanometer
G in Fig. 1, we have

Ge+r
Gp

x =Ry international ohms (2)

where R, is the resistance of the grid, Gc and G, the resistances
of the two galvanometer coils respectively, including leads, and
r the resistance added to the circuit of the conductor C C,
whose resistance is ¥ ohms. In all the experiments, G and r
were measured by a B.A.-unit Wheatstone bridge, in B.A.

N

P

P16. 2—Diagrammatic cross-section of lead-covered insulated wire

ohms. As, however, only the ratio GZ;-H

D
(2) this does not affect the evaluation of x in international ohms.

Theory of the Temperature Elevation of an Active Conductor
Cooled Entirely by Thermal Conduction. The simplest case of
the heating of an active electric conductor is that of a uniform
cylindrical wire carrying a steady direct current, and covered
with a uriform concentric coating of rubber or other insulator,
iue external surface of which, either with or without a leaden
sheath, is kept at a uriform known temperature by being im-
mersed in a tank of running water.

In Fig. 2, the wire of diameter d cm, is covered by insulating
material to a total diameter of D cm. The external sheath of
lead is so good a thermal conductor that, for all practical pur-
poses, its temperature is # C. at all points The internal wire

appears in formula
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of copper is likewise so good a thermal conductor that its tem-
perature at all points is ¢+6 degrees centigrade. This means
that, after a sufficiently long application of a direct current
through the wire to establish a steady thermal condition, there
is a difference of temperature of ° C. between the internal and
external surfaces of the insulating cylinder.

If we consider one unit length or linear centimetre of the con-
ductor, the thermal resistance, to the radial flow of heat, offered
by any cylindrical element of the insulator between the radii r
and r+d r centimetres will be

dr

d® = 227° thermal ohms (3)

where ¢ is the thermal resistivity of the insulator at its working
temperature, and is numerically equal to the thermal resistance
of a cubic centimetre of the substance between any pair of op-
posed faces, dr is the thickness of the elementary cylinder,
and 2 n r the surface area of this cylinder in unit length. The
total thermal resistance between wire and sheath will be the
sum of all the resistances of the elementary cylinders between
the internal diameter d and the external diameter D; or

0 D
QR = o loge = thermal ohms (4)

in a linear centimetre of the insulator.

If p; is the electric resistivity of the wire at the initial tem-
perature #*° C., which is also tlic temperature of the external
surface, the electric resistance of thc wire per linear cm. is

R, =— ohms at #C. (5)

and at the temperature finally reached by the wire (¢+6)°C..
the resistance is

R 4pl (1+00)
S g

where a is the temperature coefficient of resistivity of the wire

1
238.1+1°

"The Resistivity Temperature-Coefficient of Copper. Electrical
World, June 30, 1908.

for the initial temperature # C., and’ is equal to

ohms (6)
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The total flow of heat, or thermal current, passing radially
through a linear centimetre of the insulator in the steady state,
with a current of I amperes in the wire, is

J=DIFRiyo - . watts per cm. (7)
This thermal energy current follows a law similar to Ohm'’s

law, or

I= g— watts per cm. (8)

]

and by (4) I= —
7w 08 T

watts per cm. (9)

and by (6) 4lp(1+a0) _ 6

x d? P D
77 %8 g
- watts per cm.  (10)
209, log, % .
Consequently 1730 =5 r degrees C. (11)
or % __kp degrees C. (12)
14+aé8 egrees L.

where K is a constant for a conductor of given dimensions, if
the thermal resistivity ¢ may be taken as constant. We know
that ¢ may vary with temperature in many substances, but
there is evidence in this report to show that it is substantially
constant in various insulating substances, between the limits of
0°C. and 100° C.

Equations (11) and (12) express the relation between the
final temperature of any wire carrying a continuous current,
under the conditions of Fig. 2. Equation (12) must apply
to any uniform wire carrying a continuous current in the steady
state, no matter how many successive layers of insulator there
may be, provided only that the heat escapes by conduction, as
distinguished from radiation and convection, and also provided
‘hat the thermal resistivities of the successive insulators may
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be taken as constant within the range of their working tem-
peratures. Formula (12) applies, therefore. to all buried con-
tinuous-current cables, and also to insulated wires in water.
It also applies fairly well to insulated wires in wooden moulcing.
It is the fundamental equation of electric heating of concealed
wires, carrying continuous currents, from the temperature #° C.
of surrounding objects to the final temperature (¢+0)° C., when
the temperature elevation 0 does not exceed, say, 100° C.

The temperature coefficient a varies with the initial tem-
perature #° C.

For an iritial temperature ¢ = 12°C. a = 0.004
a « @ - t =18°C. a =0.0059
4@« “ t =25°C. a =0.0038

If we take ¢t = 18°C., as an average initial temperature in
practice, equation (12) becomes:

i+—0.g@—0 =KD degrees C. (13)

This means that the final temperature elevation 6 of a wire
carrying a continuous current I amperes, increases somewhat
‘more rapidly than the square of the current, and the deviation
from the square is greater, the greater the temperature eleva-
tion. This rclation may also be rendered evident in a graphical
way as follows: Logarizing both sides of (13), we have

log 6 - log (140.0039 6) = 21log I+k (14)

where k£ = log K, and is a constant for a given size of wire and
succession of insulating coatings.

If we plot log I (Fig. 3) against log 8, we draw the straight
line e f, making with ex an angle 63° 26’ whose tangent is 2.
This represents the locus of log §. We then lay off a curved line
A B C D, such that its distance from the straight lire E F is
everywhere 3 log (1+0.0039 §). By deducting these distances
from e f, we obtain the final curve abcd, which, by (14), is
the graph of log 0 in relation to log I. Joining the points a
and d by the broken straight line ad, we find that this is in-
clined to the e x axis by an angle whose tangent is 2.289; so
that the final temperature elevations of 10° and 100° C., in
accordance with (13), represent an increase of temperature in
the ratio of I*®™, or the exponent of 2.289 for the currents.
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In other words, judging from these two observations alone, it
would appear that the temperature increased as the 2.289th
power of the current. If, however, we consider the points
a and ¢ on the curve, corresponding to the temperature eleva-
tions 10° and 50° C. respectively, the dotted straight line ac
makes with ¢ x an angle whose tangent is 2.19. This represents
an increase of temperature elevation according to I*%°, so far
as concerns these particular points.

100 o a_fo
ot \ K] /
X 9
~ L
ot E 4
= ,
60 7 8
I/l
£ o : ;
7 1

@
=

s, 14

L8
A
g o % !
; | g % u
o \ =)
< l \I §
10 a x 10

‘r d I.(TH l x
F1G6. 3—Diagram indicating the graphical relation between
current and temperature elevation when plotted on

logarithm paper

If then we plot log  against log I, in accordance with (13)

and (14), the graph will be a flat curve commencing at an angle

tan-! 2, and bending slowly upward in such a way that, on the
10°-50° range,  varies approximately as I*?; whereas taking
the 10°-100° range, § varies approximately as I*3. The exact
value of the exponent will depend both on ¢ and on 6 If we
limit our enquiry to temperature elevations of 50° C., we may
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expect to find the observations on logarithm paper fall rearly
on a straight line, making an angle tan 2.2 with the axis of
abscissas. If, however, we extend the range of observation
to @ = 100° C., the mean straight line on logarithm paper will
be somewhat steeper, and approach the angle tan- 2.3.

Thusif £ = 6°C. @ oc [*3% between 6 = 10 and 100° C.
ift = 12°C. 0 o[> “ e 4 44
ift =18°C. x »® “ b6 «
ift =25°C. Qo> “ b= « &

For practical purposes, therefore, with temperature elevations
averaging about 50° C., we may regard the theoretical graph
of temperature elevation against current strength on logarithm
paper as conforming fairly well with a straight line making an
angle tan-! 2.2, or 65° 33’, with the axis of abscissas, or

logfd =22log I+k (15)
corresponding to
0 =K I deg. C. (16)

Measurements of Temperature Elevation in Rubber-Covered
Wires. Five sizes of new rubber-covered ard braided coce wi-e,
all from the same factory, were used in these tests, immersed
in running water. The dimensions of these wires are given in
the following table:

TABLE 1.
DimensIONs or RUBBER-COVERED AND BRAIDED CoDE WiRES
Size of | Diameter of Copper Wire | Diameter over Rubber Diameter over Braad
Wire .
A W.G. cm. Inch cm. Inch cn. Inch
8 0.3263 0.1285 0.6348 0.25 0.7365 0.290
10 0.2552 0.1003 0.4952 0.195 0.6223 0.245
12 0.2032 0 0800 0.432 0.170 0.5713 0 225
14 0.1626 0.064 0.3987 0.157 0.482 0.190
16 0.1206 C.051 0.2805 0.114 0.381 0.150

A length of about 5 metres of each of the above wires had
pressure wires soldered to the conductor, and was then immersed
in running water during the test. The time required to attain
a practically steady temperature after the application of a con-
tinuous current was only about 5 minutes under these condi-
tions. Table II gives the recorded observations in the case
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of the No. 16 wire, and is a fair example of the measuremer.ts
taken collectively. The second column gives the currert
strength steadily applied. The initial balance was obtaired by
a brief application of a current of 3 amperes. A current of S0
amperes was then applied at the start and the balance again
observed after 7 minutes. The current was then increased to
35 amperes for 8 minutes, and so on.

SRSE2555538 . B

FINAL TEMPERATURE ELEVATION OF WIRE TENTIGRADE s
-
o

L

20 ] 10 50 60 70 80 90 100110120 140 160 180 200
AMPERES

F16. 4—Observed temperature eievations of different sizes of
code rubber-covered wires in water

The last column but one gives the thermal resistance of a
linear centimetre of dielectric and braid. Its mean valueis 63.9
thermal-ohm-cm.

The temperature elevations § ia the above table are rlotted
as black circles in Fig. 4 on logarithm paper. The straizht lizc,
marked No. 16 braided, is drawn through the 30-ampere poizt
to make an angle of 65° 33/, or tan-! 2.2, with the axis of ab-
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scissas. This straight line corresponds, therefore, to formulas
(15) and (16) derived from the theory already outlined. The
agreement of the observation points with the theoretical straight
line is seen to be satisfactory.

Table III contains ail the final temperature elevations
computed from the mcasurements made on the samples of wire
scheduled in Table I, and also contains the corresponding
thermal resistances in one linear centimetre. The final tem-
perature elevations are all plotted in Fig. 4 as ordinates, against
currents as abscissas, to logarithmic scales, the straight lines
being drawn parallel to each other according to formulas (15).

TABLE III
TEMPERATURE EievATIONS OF DIFFERENT SizEs oF RUBBER-COVERED WiREs 1IN WATER
1 II 111 1V \'4

d | No. 16 Braided | No. 14 Braided No. 14 Un- No. 12 Braided | No 10 Braided
& te=5° =550 braided ¢=50 t=g.50 1=4.50

E ) ® e | & 0 ® [ ® 0 &

5 Temp.|Thermal |Temp.{Thermal |Temp.|Thermal |Temp.|{Thermal |[Temp.|Thermal
O | Elev.| Res. Elev.| Res. Elev.| Res. Elev.| Res, Elev.| Res.
30 7.54 63.15

3%{ 10.58 64.31

40' 13.86 63.69 | 7.4

| 17.94 | 04.00

22.61 64.27 110.91 52.88 | 8.8 42.03

60| 16.22 53.47 [13.3 44.31 |11.16 59.45 }
—76 - 22.46 53.12 [18.6 44.56 |15.43 59.37 | 7.16 45.8
80 30.32 53.17 |25.86 46.15

85 23.77 60.11 |11.11 47 .46
100f 35.16 | 61.50 [15.26 | 46.32
115 20.86 46.87
125 25.13 | 47.03
Mém 63.90 53.21 44.50 60.13 46.70

and (16). With the exception .of one doubtful observation on
the No. 14 braided wire, all the points are in satisfactory
conformity with these parallel straight lines, thus confirming
the theory already outlined, as expressed in formulas (11), (12),
(13), and (14).

A comparison of columns II and III in Table III, or of the
corresponding lines in Fig. 4, shows that the addition of a
coating of cotton braid about 0.4 mm. (1/64 inch) increased the
temperature of the No. 14 wire about 2° C. with 50 amperes,
and about 4.5° C. with 80 amperes, the wire being immersed
in water in each case. The braid also added 8.7 thermal-ohm-



082 KENNELLY AND SHEPARD: [June 25

cm. (3.76 thermal-chm-iaches) to the linear thermal resistance
of the covering of this particular wire.

Taking the internal and external diameters of the brailirg
of No. 14 wire from Table I as 0.3987 cm. (0.1571n.) and 0.45Z cm.
(0.190 in.) respectively, we obtain by formula (4) the tlermal
resistivity ¢ = 287.1 thermal-ohm-cm., when soaked ia water
at 5°C.

With this thermal resistivity for the soaked braid, the thermal
resistivity of the rubber covering on the wires was deduced, as
in the following table:

TABLE IV,
THERMAL RESISTANCEA AND RE8ISTIVITIES OF WIRE COVERINGS

‘Thermal Resistance of Wire
ch_iizre‘ in a linear centiretre Thermal reastivity
A. W.G.
rubber + braid braid rubber braid rubber
ohms-cm. ohms-cm. ohms-cm. ohms-cm, ohms-cm.

10 46.7 10.47 36.23 287.1 343.5
12 60.13 12.82 47.31 - 304.4
14 83.21 8.71 44.50 311.6
16 63.90 12.51 51.39 . 401.5

Mran = 387.8

The mean resistivity of the ‘‘ rubber " covering of these wires
was therefore 387.8 thermal-ohm-cm.; but, since this material
in code rubber-covered wires is largely composed of filiing
material other than rubber, different compositions are likely
to vary considerably in thermal resistivity.

The thermal resistance ® in a linear centimetre of any size
of such braided and rubber-covered wire is rcacily determinable
from the Cimensions of the wire and the above mean thermal
recistivities by the aid of formula (4), and the probable tem-
perature elevation for a given current strength then follows
from formula (S). If the wire is buried in the ground, the ad-
ditional thermal resistance of the ground must be added, taking
into account the heat that may be liberated by any active wires
buried in the same trench or conduit.

Heating of Code Rubber-Covered Wires in Wooden Moulding.
When rubber-covered wires are laid in wooden moulding, the
heat generated by continuous currents in each wire has to pass
in succession through the rubber, dry braiding, air-space, wooden
moulding, and finally through wall, ceiling or air. Owing to
the complex gcometrical relations of these successive thermal
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resistances, they are not easy to compute, even when the ther-
mal recistivitics of the respective substances are correctly stated.
The best plan is, therefore, to measure the thermal resistance
of the series combinations under diZerent conditions such as
occur in practice, and thea to tabulate the safe carrying capacity
of such wires from the measurements directly, as in the report
of 1539, above referred to. ,

The moulding used in the tests here reported was of pine
wood, of the cross-section shown in Tiz. 5. Its length was 3.56
metres (12.67. feet) and its wcizht was 720 gm. per metre
(0.48 1b. per foot). It was lightly nailed down flat upon the
wooclen floor of the testing room. The wire to be tested was
12id in a loop along the moulding so as to occupy the two out-
sile grooves, as iadicated in the figure, leaving the middle
groove vacant. Pressure wires were connected to the test wire

F16. 5—Cross-section of wooden moulding

at points about 5 metres apart. The temperature elevation
became substantially constant thirty minutes after the applica-
tion of each testing current strength. The initial temperature
£ C. varied from 19.06° C. to 21.0° C. in the Cilerent scrics of
tests. The results of the measurements are recotded in Table V
in terms of the final temperature elcvation and of the linear
thermal resistance for each size of wire.

It is to be observed that the temperature elevations of these
wires, whose dimensions were substantially the same as those
appearing in Table I for the lengths tested in water, are more
than ten times greater than those for the corresponding steady
current strengths in Table III.

The linear thermal resistance of the rubber, as above deduced,
is deducted in Table V from the mean linear thermal resistance
of each moulded wire. The balance is the inferred linear
thermal resistance in series of dry braid, air, wood, and external
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air. This extra linear thermal resistance steadily diminished
from 466.6 thermal-ohms in one linear centimetre (183.5 thermal-
ohm-inches), with No. 16 wire, to 343.9 thermal-ohm-cm. (135.3
thermal-ohm-inches) with No. 8 wire. This reduction in linear
thermal resistance may be accounted for by the reduction in
the thickness of the air-space between braid and wooden-
moulding walls, as the size of the wire was increased. With
these particular sizes of wire, composition of ‘‘ rubber,” size and
quality of moulding, the linear thermal resistance of the entire
series was about ten times as great as that of the rubber alone, and

TABLE V
TEMPERATURE ELEVATIONS AND THERMAL RE8ISTANCES OF WiREs IN MovurDING

No.16 A. W.G. |No. 14 A. W, G.[No. 12 A. W.G.|No. 10 A. W.G.|No.8 A. W. G.

t=21.1°C. t=19.1°C, t=19.9° C. t=19°C, t=19° C,
[] [} [] R [ ® [] [ [] T
Temp.| Thermal|Temp.| Thermal| Temp.| Thermal{Temp.| Thermal|Temp.| Thermal
Elev. Res. |LClev.| Res. |Elev.| Res. | Elev.| Res. | Elev. Res.
15| 17.4 | 543.4
2) 17.6 | 479.9
3| 83.3) 523.3 | 47.3| 517.6 | 23.7 | 455.1 | 14.2 | 461.3
47 17.3—.7 437.5 | 93.2 | 498.3 | 51.7 | 507.3
45) 31.6 | 434.0 | 16.9| 381.5
55 162.1 463.5 | 85.1 | 482.6
62 61.0 427.8
GJ) 41.2 | 409.
75 106.4 417.9
85| 72.5 | 381.
10C 105.2 | 363.2
Mean 3518, 490. 481.7 435. 385.
Rubber
51.4 4.5 47.3 36.2 41.1
Braid. Air & .
Wood 466.6 44R.5 434 4 398.8 343.9

consequently for a given linear thermal current /, or linear I* R
heat loss in the wire, the J® drop, or temperature elevation 0,
would be correspondingly increased about ten times. But at
the higher temperature thus attained, the linear copper resist-
ance R would be greater for a given electric current strength;
so that in relation to electric current, the temperature elevation
would be increased more than ten times by taking the wires
out of the water and placing them dry in this wooden moulding.

The observed temperature elevations below 110° C. in Table V
are plotted on logarithm paper in Fig. 6. The parallel straight
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lines there shown, fairly connecting the various series of observa-
tion points, are drawn to make an angle of 66° 25’ or the anti-
tangent of 2.29. It has been pointed out that over a range
of 100° C. the temperature elevation 6, above ¢ = 18°C,, in-
creases theoretically as [*?®; whereas over a range of 50°C.,,
as in Fig. 4, the temperature elevation @ increases as I*'2. While
the agreement between theory and observation is not so good

|

&

@ TEMPERATURE ELCVATION DEGREES'CINTIORADE
§

CURRENT AMPERES
Fic. 6—Final temperature elevations of wires in moulding

in Ti~. 6 as ia Tig. 4, yet it may be regarced as practically
szetisfactocy. DBy comparizg Tizs. 4 arnd 6, it is evidert that
thece braided wizes would carry with a given firal tcmperature
elevdation some three times more current in water than in this
moulding. With the braiding removed, they would carry in
water nearly 3.3 times more current than when braided and
in this dry wooden moulding, with the same temperature ele-
vation. In all cases of wires cooled entirely by thermal con-
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duction, the electric current strength I amperes which will
produce a given final temperature elevation 6§, above a given
initial temperature # C., must, by formulas (11) and (12), vary
as 1/\/"®, or inversely as the square root of the lincar thermal
resistance, assuming that the thermal resistivities in the series
are substantially constant throughout their working range of
temperature. Thus in Table V. the mean linear thermal re-
sistance ® of the rubber covering alone is shown to be 47.3
thermal-ohm-cms. (18.7 thermal-ohm-inches) for No. 12 wire,
which would be the total linear thermal resistance of this size
of wire in running water, unbraided. But in moulding, the
mean linear thermal resistance of this braided wire increased to
481.7 thermal-ohm-cm. (160 thermal-ohm-inches). The ratio
of increase in linear thermal resistance in the two cases would

be %Z = 10.2 and the steady eléctric current strength, which
i
E
D
»| o H i
! 9 !
H 210 CMe~ ---0.89 FT, - === -~ - 1
M e e 277.2 CMOe — ————m = m e (X} n.A-—-—--—i---——---J

F1c. 7—Longitudinal section of water-jacketed pipe con-
taining a test wire packed in sand, soil, or gravel

the wire could carry with an assigned temperature elevation

. . 1 1

@° C., would be changed in the proportion — =
} & prop V10.2 3.2
times; 7.e., 3.2 times more current in the water than in the

moulding.

Measurements with Bare Wires Surrounded by Sand, Soil or
Gravel. The heating of underground wires and cables depends,
as is already known, upon the depth below the surface at which
the wires are laid, and upon the thermal resistivity of the soil;
as well as upon the dimensions of the wires and the currents
they carry.® The measurement of the thermal resistivity of

* ¢ The Carrying Capacity o Electric Cables, Submerged, Buried, or
Suspended in Air,” by A. E. Kennelly. Minutes of the Niath Annual
Meeting, Association of Edison Illuminating Companies, 1893, p. 79.
‘* Die Berechnung Elektrischer Leitungsnetze ” Herzog-Feldmann, Vol
II, p. 130.
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the soil presents some difficulty. A series of observations was
made on the tnermal resistivity of several varieties of sand,
gravel, and plaster of faris.

Tor the above purpose, an iron pipe A B, Fig. 7, 277.2 cm.
(9.1 ft.) long and 8.92 cm. (3.51in.) in external diameter, was pro-
vided with a water-jacket external cast-iron pipe C D E, 210
cm. (6.89 ft.) long and 15.24 cm, (6 in.) inside diameter, as indi-
cated in Fig. 8. A steady stream of tap water was allowed to
flow through the water-jacket during each test, the water enter-
ing at the inlet I and issuing at the outlet O. The internal
diameter of the pipe A B was measured both by calipers, and
by finding the mass of water held by the pipe between the
wooden end-plugs P P. This mean internal diameter was
7.77 cm. (8.06in.).

cecnsctmecmona.
-~ xS
S

——meq8.26 CMB..———~— = 0.0 N, =omom-3i
~==--10-21 CM8.-—-—-- 6.38 IN, -==~=->

gt

F16. 8—Enlarged cross-scction of water-jacketed pipe through DD Fig 7.

The copper wire W W under test was held at or near the
axis of the tube, and smaller pressure wires p p were soldered
to it at points 2 metres apart (78.74in.). The mean diameter
of the wire was 0.3256 cm. (0.1282 in. or No. 8 A.W.G.). Other
sizes of wire were also used.

The first substance tested was a yellow sand, of moderately
fine grain, obtained from a pit in a field near the Picrce Hall
laboratory and may be taken as a fair sample of sandy soil.
This sand was carefully dried and packed, while still warm, into
the pipe A B, Fig. 7, around the bare wire W W. A steady
current of water was then allowed to flow through the water-
jacket for some hours, so as to bring the temperature of the ap-
paratus substantially to 16° C., the temperature of the tap
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water. A strong current was then passed through the wire
W W with the connections of Fig. 1, and steadily maintained
until the resistance of this wire, between pressure taps, showed
that the final temperature had been very necarly attained.
Observations of resistance were obtained at frequent intervals.
Table VI gives a particular series of observations obtained with
a current of 128.2 amperes kept steadily flowing through the
test-wire, the initial resistance balance being secured with 15
amperes. Column I gives the clock time of each observation,

TABLE VI.
OBSERVATIONS WITH 128.2 AMPERES PassING THROUGH COPPER WIRE oF Diam. 3.26 uu..
IN DRY SAND, WATER-JACKET MAINTAINED AT 16° C, :

1 II III v v VI VII VIII IX
Time Resistance Res. of Temp.
from Res. r |added test wire |Temp. of| rise of

Time start to Cside | D side Int. test wire| test wire

h. m. s.|seconds|B.A.U. B.A.U.|B.A.U.| microhms |t4+0° C.] 6°C,

11 30 00 0 30 |grid D 850 085 4141 16. 0.°
30 15 15 0 —_ . 955 4271 24. 8.

31 00| 60 50 |wireC 900 “ 4522 39.4 23.4

31 15 75 70 “ 920 - 4623 45.6 20.6

31 55| 115 90 “ 040 “ 4723 51.7 35.7

34 15| 255 130 “ 080 - 4924 64.1 48.1

35 35| 335 144 . 904 “ 4995 68.4 52.4

37 00| 420 153 " 1003 - 5040 71.2 55.2

38 40| 520 160 - 1010 - 5076 73.4 57.4

43 00| 7€0 174 - 1024 “ 5146 77.7 61.7

46 00| 960 183 . 1033 - 5191 80.4 64.4

51 40, 1360 192 - 1042 - 5236 83.2 67.2

54 00| 1440 195 “ 1045 . 5251 84.1 68.1

12 01 30| 1890 204 - 1054 “ 5206 86.9 70.9

5 30| 2130 207 “ 1057 . 5312 87.9 71.9

12 12| 2532 210 - 1060 “ 5327 88.8 72.8

22 30 3150 213 “ 1063 - 5336 89.4 73.4

27 00| 3420 215 - 1065 . 5351 80.3 74.3

36 00| 3960 218 - 1068 - 5366 91.2 75.2

48 00] 4560 220 - 1070 “ 5377 91.8 75.8

18 27 00| 7020 229 . 1079 “ 5422 94.6 78.6

36 00| 7560 229 - 1079 . * 5422 94 6 78.6

50 00| 8400 229 - 1079 .. 5422 94 6 78.6

column II the elapsed time from the closing of the circuit.
column III the balancing resistance 7, Fig. 1, column IV the
side to which that resistance was added, columns V and VI
show the respective resistances of the two galvanometer circuits,
column VII gives the resistance of the 2 metres of test wire.
column VIII gives the inferred temperature of the test wire.
and the last column, the inferred rise of temperature.

The resistance of the standard german-silver grid D, Fig. 1,
in the above series of measurements was 4799 int. microhms.
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Fig. 9 shows at A the graph of the observations in the above
table. The curves B, C, and D are the corresponding graphs

of similar series of measurements with 100, 77.2 and 50 amperes
respectively. These four curves show the rise of temperature
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in the wire during the first 7,000 seconds of steady electric
current low. About half of the final temperature elevation was
reached by the wire in 150 seconds. The initial rate of tem-
perature elevation with 128.2 arperes was about 0.5° C. per

P10. 9—Heating of wire in sand and pipe.
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second. After 100 seconds, this rate fell to 0.1° C. per second,
and after 1000 seconds to 0.01° C. per second.

In Fig. 10, the curves indicate the temperature elevation of
another copper wire No. 10 A. W. G. (diam. 0.256 cm. or 0.1008 in.)
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Fia. 10—Heating and cooling curves, of No. 10 AW G. bare copper

in relation to time, after applying a steady current of 90 amperes,
and also ater i-terrupting the curcezt. In the practically
steady state, with a temperature of 6° C. in the water circulating
through the water-jacket and a temperature in the wire of 78.1°
C. or 72.1° C. temperature elevation, the linear thermal current
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was 0.3354 watts per cm. (0.852 watts per inch) and the linear
thermal resistance 215 thermal-ohm-cm. (84.6 thermal-ohm-
inches). By the use of formula (4), taking d = 0.256 cm. and
D =7.77 cm., the thermal resistivity of the sand was 595.9
thermal-ohm-cm.

The curves of heating and cooling for a No. 17 A.W.G. copper
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P16.11—Curves showing the heating and cooling of No. 17 A W.G. wire
double-cotton coverced and bare in fine quartz sand.

wire of diameter 0.1132 cm. (0.0445.in.) double-cotton-covered to
0.1346 cm. (0.053 in.) are given in Fig. 11. The heating current
in each case was held at 32 amperes. The upper curve shows
the rise of temperature elevation with the wire when cotton-
covered and packed in fine dry white quartz sand. The lower
curve gives the corresponding temperature elevation rise, afber
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the cotton covering had been removed from the wire and the
same replaced in the pipe with the same quartz packing. The
descending curve gives the cooling in the latter condition.
It will be observed that, both in this figure and in Fig. 10, the
cooling occurs more rapidly than the heating. That is, the
cooling falls to 1° C. remaining temperature elevation in about
half the time that the heating process requires to attain within
1°C. of the final tcmperature elevation.

The thermal resistivity of the dry cotton covering on the wire
appecars to have been 2373 thermal-ohm-cm., the highest re-
sictivity of any of the substances tested.

The accompanying table gives a collection of all the measure-
ments of thermal resistivity made with the water-jacketed pipe.

Column I in the above table describes the material employed
in packing the pipe, or the nature of the thermal insulator
tested.  The cize of the square aperture in a wire screen sieve
through which the bulk of the material would pass is also given.
Column II states the condition of the material as to dryness.
The addlitions of liquid referred to are in percentages of volume.
Cclumn V gives the strength of the continuous current used
in cach tect, and column VI, the tcmperature elevation 0° C.,
thercby firally produced, with water usually at or near 5° C.
circulating in the cooling jacket. The diameter of the bare
copprer wire used is given in column VII.

Column VIII shows the computed thermal resistivity o of
the material, as deduced from the temperature elevation 6,
and the linear thermal current in watts per cm. Column IX
gives the thermal resistivity o', as deduced from the linear
thermal current when expressed in lesser calories, or water-
gram-Ceg.-cent. per linear cm. The thermal resistivity. of a
substance expressed in calorie measure is 4.186 times greater
than when expressed in watt measure, 1 gram-calorie per second
being taken as 4.186 watts. Column X contains the thermal con-
ductivity of the substances in watt measure, or the reciprocal
of ¢ in column VIII. Column XI contains the thermal conduc-
tivity of the subctances in calorie measure, or the reciprocal
of ¢’ in cclumn IX.

It will be cbeerved that the thermal resistivity varied be-
tween 161.4 thermal-chm-cm. for quartz sand with 209, water
and 761.7 thermal-ohm-cm. for dry powdered plaster of raris.
The dry cotton covering of the wire whose heating is shown
in Fig. 11, had, however, a resistivity of 2373 thermal-ohm-cm.,
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which corresponds to a thermal conductivity of 4.214x10- ther-
mal - mhos-per-cm. in watt measure, or 1.007x10-* thermal-
mhos-per-cm. in gram-calorie measure. This agrees witn the
value for cotton wool given by Peclet.?

Fig. 12 shows the relation of the observations Wlth the tem-
perature elevation of wires in the water-jacketed pipe to the
steady current strength when plotted on logarithmic paper.
The parallel straight lines are drawn to make an angle of 66° 30’
or the anti-tangent of 2.3, to cover a range of 100°C. tem-
perature elevation from an iritial temperature of 6°C., in ac-
cordance with formula (15) adapted to 100° C. instead of 50° C.
The agreement between the observation points and these straight
lires of average exponent 2.3 is fairly satisfactory from an en-
ginecering standpoint.

The following conclusions may be drawn from the “obscrva-
tions here reported:

(1) The fundamental formula for the direct-current final
heating of a wire that cools by conduction is (12)

0

a0 - KP

where K is a constant for the wire determined by the total
lirear thermal resistance. This formula applies to concealed
wi-cs, 1.¢., to insulated wires in water, in the ground, or in wooden
moulding.

(2) The thermal resistivities of the various substances tested
with diflerent temperature elevations, including rubber com-
position, braiding, moulling, and various soils, may, for prac-
tical purposes, be regarded as constant, <.e., not appreciably
affected by temperatures up to 100° C.

(3) Wet braiding on a No. 14 rubber-covered wire added ¢
linear thermal resistance of 8.7 thermal-ohm-cm. (2.46 thermal-
ohm-iiches) and raised the final temperature of the wire im-
mersed in water by about 2° C. with 50 amperes.

(4) The lizear thermal resistance of the rubber-covered wires
in dry wooCen moulling was about 10 times greater than when
immersed in water, thus increasing thcir tcmperature cleva-
tions more than 10 times with a given current or reduciag
their current-carrying capacity more than 3 times for a given
temperature clevation.

9*“C. G.S. System of Units,”” by Everett—Heat Conduction of
Woolly Substances, p. 128. London, 1891.
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Fic 12—Final temperature elevations of bare wires in water-Jacketed
pipe, with different packings
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(5) When plotted on logarithm paper, the final temperature
~elevation of a wire in relation to steady current strength is
nearly a straight line of inclination tan-! 2.2 (Fig. 4) for tem-
perature elevations not exceeding 50° C., and not far from a
straight line of inclination tan- 2.3 for temperature elevations
not exceeding 100° C. (Figs. 6 and 12).

(6) A No. 12 A.W.G. copper wire, rubber-covered, and im-
mersed in water substantially attained its final temperature
elevation in 300 seconds, or 5 minutes, after applying a steady
current. The same wire in dry wooden moulding took 1800
seconds, or 30 minutes, and the same wire, bared but packed in
sand within a water-jacketed pipe of 7.77 cm. (3.08 in.) internal
diameter, took about 7800 seconds, or 130 minutes, to reach a
similar approximation to final temperature elevation.

(7) The wires in the water-jacketed pipe cooled more quickly
than they heated.

(8) Changing the size of the wire in the water-jacketed pipe
from No. 8 (0.326 cm.) to No. 12 (0.205 cm.) did not appre-
ciably affect the thermal resistivity of sandy soil as measured
with these wires (351 thermal-ohm-cm.) Similarly, changing
the size from No. 10 (0.256 cm.) to No. 17 (0.113 cm.) did not
appreciably affect the thermal resistivity of dry quartz sand as
measured by those wires (400 thermal-ohm-cm.).

(9) The thermal resistivity of the sandy soils tested was
greatest when those soils were dry, and diminished with the
addition of water or oil to them.

(10) The thermal resistivity of a sample of crushed quartz
was greater with the material in a coarse condition. Crushing
the particles of quartz to about half their previous linear dimen-
sions reduced the thermal resistivity of the material about 109,.

(11) The lowest thermal resistivity observed was that of quartz
sand with 209, of water added by volume (161.4 thermal-
ohm-cms) the highest was that of the white dry double cotton
covering of a wire (2373 thermal-ohm-cm.), both in watt
measure. '
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POWER-FACTOR, ALTERNATING-CURRENT INDUCTIVE
CAPACITY, CHEMICAL, AND OTHER TEGSTS OF RUBBER-
COVERED WIRES OF DIFFERENT MANUFACTURERS

BY HENRY W. FISHER

Probably no form of insulating material for wires has beea o
frequertly discussed as incia rubber and its component ingredi-
ects, known commercially as * rubber.” Very many tests have
been devised to determine the percentageof rubber and other
materials, and especially the amount of fine para.

In a compound containing both pure para and other grades
of rubber, it will probably never be possible to tell the relative
percentages of each. If the amount of inferior grades of rubber
is considerable, an indication of the fact can be obtained from
some of the various tests now used.

Specifications have been devised with a view to securing, by
the application of certain well defined tests, an absolutely
certain percentage of pure para. In some of these cases, the
manufacturer could have furriched a better compound con-
taining wax or similar solid hydrocarbons mixed with the dry
mineral filler, but the presence of such materials would make it
impossible to tell how much of the rubber was fine para.

In view of these rather complicated conditions, several of the
manufacturers of rubber-covered wire framed a set of specifica-
tions which would ensure 309, para and give at the same timelati-
tude to the manufacturer to use such other ingredients as in his
experience would make a compound having toughness, elasticity,
resistance against high voltages, and other desirable qualities.
These specifications were brought to the attention of the In-
stitute in a paper by Mr. Wallace Clark, read in New York on

April 27, 1908,
pril 697
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The object of the present paper is to give the results of certain
tests which, while not strictly new, have not been applied com-
mercially to rubber-covered wires. One reason for conducting
this investigation was to see if power-factor tests would not live
an insight into the qualities of different makes of rubber-insulated
wire,

The definition of power-factor, as here used, is the ratio of the
power absorbed in the rubber compound to the apparent loss as
found by multiplying the charring current by the aprlied volts.
Practically speaki=g, it may be considered as aa incicator of the
loss in the Cielectric around the wire and therefore a low power-
factor is desirable.

A considerable amount of work has been done by various

. experimenters to determine how the losses in condensers and

cables vary with the applied volts, frequency, capacity, etc.
One of the most recent investigations of this sort was given in
the paper of Dr. Paul Humann which appeared in the ‘‘ Elek-
trische Bahnen U. Betriebe” from August 24 to September 24,
1906.

Dr. Humann’s formula for the loss in the dielectric of paper-
insulated cables is as follows:

W=KEnC (1)
Where W = the loss in watts,
K =a constant varying with different insulating
compounds,
E = the effective pressure in volts,
n = the frequency of the alternating current,
C = the inductive capacity of the cable.

The proof of the above formula is as follows:

w
power-factor = f.= T 2
I = the charging current = M—]g,E €))
Substituting and transposing, '
We 8128 b e oK EAC @

10¢
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where K = . 1'()).2". The loss is in watts and it varies

in direct proportion to the frequency, capacity and power-factor
and to the squazc of the electromotive force.

The methods adapted by Dr. Humann were somewhat in-
volved and complicated, but nevertheless ingezious. In orcer
10 get true readings he had to expurgate the harmonics of the
alternating-current voltage, producing thereby a true sine-wave
electromotive force. :

The writer is much indebted to Dr. Rosa, of the Bureau of
Standards, for outlining some extremcly cimgle methoCs to
determine power-factors, capacities, incductances, etc. This led
to the design of a special form of bridge havizg non-inductive
recistances -with minimum inductive capacitics, and suitable
binding-posts for the various apparatus emplcyed. The rest of
the outfit consisted of a vibration galvanomcter, and a motor-
generator the speed of which was kept absol:tcly constant by
an electrically driven tuning-fork. The rate of vibration of the
tuning-fork could be varied by the application of weights near
the end of the forks.

By careful adjustment of both the tuning-fork and gal-
vanometer they could be brought into synchronism, whenthe
latter becomes a most sensitive instrument for indicating minute
alternating currents. Moreover, as the galvanometer neecle
responds only to the fundamental period of the alternatiag-
current circuit, and is not at all a{lfected by exicti=g harmonics,
it is unnecessary to employ a sine-wave elect-omctive force for
measurexments of capacity, inductance, and powe--factor.

The method employed in these researches is based on the
fact that a cable or condenser, the absorption and leakage of
which is not zero, is equivalent to a cable or condenser with
zero absorption in series with a resistance, called the ‘ equivalent
resistance,”” such that the angle of lead between the electromotive
force and current shall be 90°-6.

With a perfect condenser @ =o0. The power-factor = cos
(90-8) = sin 4. )]

Fig. 1 shows the diagram of the connections and arrangement
of the various instruments. .

R and R* are the ratio arms of the bridge; R” is the resistance
which is placed in series with the standard condenser C; A. C.
is the alternating-current source; and G is the vibration gal-
vanometer. The plan of procedure is first to vary R or R’ uatil
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a partial balance is obtained, then adjust R” and R until the
galvanometer mirror ceases to vibrate, when the power-factor
of the cable =

2rn R’ C

10° ®

Power-factor of condenser +

and capacity of cable = RR—, X C

Where n = the cycles per second and C = the capacity of the
standard condenser.

Fra. 1.

The reflection from the galvanometer mirror of a lamp fila-
ment was used until a balance was practically obtained, then the
reflection of a scale was observed, and the resistances varied
until the scale divisions were sharp and well-defined.

This method is so extremely sensitive that in making tests of
cables it was generally impossible to adjust the bridge for any
length of time so that the galvanometer mi-ror did not vibrate.
There is apt to be a continual slight variation in capacity and
power-factor. With perfect standard condensers, capacities can
be compared to within one point in 5000.
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meg to some peculiar factory vibration which affected the
vibration galvanometer, it was impossible to make the tests at a
frequency of 60 cycles per second as originally intended, and
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hence after considerable adjustment a frequency of 53.5 cycles
was employed throughout the tests.
Coils of rubber-covered wire of various manufacturers were
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purchased in different cities. These were cut into lengths of
210 ft. and placed in a metallic tank which was afterwards
filled with a strong saline solution. Each curve represents
therefore the results of tests on two or more coils of wire.

LEERREEREREREREEEEEREEELALL.

§ =4

e ¥

1 ¢

\ =z

\ z

%

=}

\ T1%3

L &

e _ a ’

| I~ pa A A AT T | w

I TN N -
| v &

\
! -

g L

s

8«

\ ek

| g%

e - 5

l\ = N 7] § K

1 NSO T T o

— 41N - § E

| 3%:*:.:'?\ u ION u

T . g @

Ve TNt - é w

U e e N 111 ]8w

\ RESue=EEShS gRLE

0 SRR e

kLI 3

1 SN 82

\ \\‘“\ 3 |~ @

e ANENR S

....\ ————a_10 \\j\_\._\ .g

HPRAN B N8 3

[~ N w

SREW J:

11 gé

FEEEEEEEEEEEEEEEEEEEELE A =

¥3ILVM NI SAVA 40 "ON

The voltage tests were made on four samples of each original
coil. The samples were four feet long, three feet of which was
under water for 24 hours before the test was applied. Samples
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of each coil were reserved for chemical analysis, but owing to
the time required for this work returns were not received from
all coils. Sufficient tests were made, however, to permit of a
general comparison between most of the samples.

Table I gives the general dimensions of the rubber-covered
wire and the average break-down voltage tests.

Table II gives the results of the chemical analysis. The
different samples are represented by letters, and the different
materials by numbers.

TABLE NO. 1.
DiMENSIONS AND BREAK-DOWN VOLTAGES OF SAMPLES.
Sample | Wire B, and §, |ometer fn mils over |, kess | Break-down
Letter G. Braid | Rubber of Rubber Voltage
A 10 323 209 53.5 22860
B 10 280 204 51 23100
c 10 203 209 53.5 15960
e 10 302 202 50 14450
D 10 303 213 55.5 16750
d 10 292 205 51.5 16300
E 10 - 285 194.5 46 13600
e 10 303 201 L 49.5 18770
F 10 300 209 53.5 22040
f 10 306 209 53.5 15120
G 10 245 195 46.5 23600
H 10 249.5 193.5 45.75 18355
.3 10 246 197 47.5 12825
1 10 252.5 199 48.5 17775
4 10 %7 201 49.5 18650
J 12 238 n 23035
K 12 234 76.5 22500

Chemical tests of rubber are difficult to make, and owing to the
fact that several of the ingredients are slightly soluble in solvents
other than those particularly used for each, there is a pos-
sibility of slight errors in the amount reported. No. 2 is the
acetone extract and No. 3 the pyridine extract. The tests were
most carefully made each in the same manner and by a person
the accuracy of whose analysis had previously been checked by
his reporis ot sampies having known ingredients.

In designating the wire of any one manufacturer the large
character represents the higher priced wire and the small character
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of the same letter the lower priced wire of the same manufacturer.

The measurements made, which are represented by curves,
were as follows.

A, the inductive capacity by alternating-current method;
G, the inductive capacity by the ballistic-galvanometer
method ;

The insulation resistance after one minute’s electrification,
by direct deflection method;

P. F., the power-factor;

W, the total loss at a frequency of 53.5 cycles and electro-
motive force = 75 volts.

For convenience in comparison the loss W is multiplied by 50,
making it equal to that of 50 miles of wire, when the lowest loss
is about one watt.

Owing to the time required to complete these tests, it was
necessary to make two sets of measurements on two different
lots of wires and hence the reason for two sets of curves. On
account of the great variation in insulation resistances, two
sheets with different scales had to be used. These are given in
Fig. 4 and 5, and to get a relative comparison between the two
sets of curves the insulation resistance of wire ¢ is shown in
both figures.

On the right-hand side of each set of curves is given the
variation of temperature with time. It was impracticable to
keep the temperature at the same point throughout the tests,
but the variation in temperature would make little difference in
all the various tests, except possibly those of insulation resistance.
As the variation of temperature was alike with all coils, the rela-
tive average results may be considered sufficiently correct for the
purposes of this paper, which deals with comparisons rather than
with absolute values. The last two tests were taken at tem-
peratures of about 90° and 115° fahr., thus affording a chance of
comparing the various temperature coefficients.

Some explanation of the curves represented by the term A/G
is here necessary. This is the ratio of the inductive capacity
measured by the alternating-current method to that measured
by the usual galvanometer method. In a paper by the writer,
read two yearsago at the Asheville convention, the statement was
made that the dielectric loss in a cable seems to increase as the
above ratio becomes smaller. This appears to be generally true
here, too.

Inductive capacities are usually measured by the ballistic
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galvanometer method and A /G is the factor by which said capaci-
ties must be multiplied in order to get the true alternating current
capacity.
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In a paper of this kind which deals with so many different tests,
perhaps the most difficult undertaking is the attempt to make
correct deductions and comparisons. For the present confining
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our remarks to Fig. 2 to 8 inclusive, it is at once noticeable
that the insulation resistance, power factor, and A/G decrease
with the time of immersion in water, and the others increase
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with the time of immersion. This is what one would naturally
expect, because all the samples were braided and therefore the
water would take some time to fill all the interstices around the

rubber.
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It is also evident that the rate of change is generally less where
the percentage of rubber is high, as with samples A, B, C, and D.
B was not analyzed, but it evidently contained a large per-
centage of rubber.
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It will also be seen that while the curves do not always follow
in the same order, yet there is a certain amount of regularity
among them; for instance, A and B are at one extreme and f at
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the other. The general tendency is for the insulation resistance

to vary inversely as the capacity. There are, however, some
notable exceptions which will be considered in due time.
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We may here ask the pertinent question; what are the de-
sirable qualities of a rubber insulating compound? This might
be answered as follows: 1, good materials and uniformity of
structure; 2, great electrical strength; 3, good lasting proper-
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ties. Insulation and capacity tests give us some idea of the
first, high-voltage tests of the second, and while long-time
tests are essential for the third, yet power-factor or loss-tests
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covering a shorter period of time may indicate any tendency to
gradual disintegration.

Now, making some general comparisons, we find that A and B
have high insulation resistance, high resistance to voltage, small
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energy loss, and A4 shows a higher percentage of rubber. F, on
the contrary, while having about equally good resistance to
voltage, has much less rubber, much less insulation resistance,
and greater energy loss. The percentage of rubber in C lies
about midway between A and F and yet C withstands much less
voltage, has an insulation resistance about equal to F, but the
energy loss is nearer that of A than that of F. In trying to
account for this, we see that A and F have about the same com-
bined amount of materials 2 and 3, while C has almost 49, more
of those materials. It therefore seems that the addition of too
much waxes, pitches, etc. is not beneficial.

The most ‘notable cases of excessive amounts of materials
2 and 3 are E and e. E withstood the lowest voltage test but
this may be entirely due to its thinner rubber wall, and yet its
insulation resistance was third from the highest. This shows
that the insulation resistance does not depend entirely on the
amourrt of rubber. C had 237, rubber and E about 179, and
yet the insulation resistance of the latter was best. The energy
loss of E, however, was much greater than that of C. The
writer fully realizes that some of these differences may be
partly due to the quality of the rubber employed.

Through an oversight, the letters E and ¢ were reversed, e
being the higher priced compound and E the cheaper grade. In
ali the figures except those giving power-factor and energy loss,
e, the better grade, is further from A than E.; ¢ withstood a
higher voltage than E, and hence with these wires the energy test
and voltage test were the true indications of quality.

D and d are consistent throughout the whole series of curves,
and yet the break-down voltage of D is not as highapparently as
one would expect.

The writer can give no definite reason why F and f should
almost invariably test worse than the other samples. In
break-down voltage tests, they were practically as good or better
than first and second grades of other wires. The use of an
inferior grade of rubber might partly account for it, but, because
of the high dielectric strength of F, the writer is of the opinion
that the materials 2, 3, and 5 employed, had properties which
made the insulation resistance low, the capacity high, and the
energy-loss and power-factorhigh. The writeris fullyaware of the
fact that insulation, resistance, and capacity are affected by the
conditions and time of vulcanization, which might be the cause of
some of these discrepancies. It is hardly likely, however, that
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F and f were vulcanized at the same time, and hence the theory of
slightly defective material is probably the nearest correct.

It is interesting to note the peculiar change of insulation re-
sistance of sample A. There was first a gradual decrease and then
an increase to the time when heat was applied, when the insula-
tion again became less. After rubber covered wire is vulcanized,
there seems to be a tendency for the insulation resistance to in-
crease and the capacity to decrease. This probably accounts for
the above effect. There are other samples which show this
tendency to improvement after the lapse of time, but in a less
marked degree. )

Referring once more to the break-down voltages, it is well to
bear in mind the fact that long coils of wire will not withstand
anything like the break-down voltages which punctured the four-
foot samples. In a few cases, some of the four-foot samples
broke down at a much lower voltage than the average of the
others made by the same manufacturer.

The second lot of samples are designated as follows: G, H, h,
I, 4, J and K. The curves representing tests made on these are
found in Figs. 9, 10, 11, 12, 13, and 14.

Samples H, k, and I, ¢ were tested for 14 days when two
samples, the average of which is given by the G curves, were put
in the same tank. At the end of 23 days, the samples K, L
were put in the tank. There are, therefore, three sets of time
figures, but under twoof these are placed the letters of the samples
to which they refer, and the third set must be used for H, &, I, i.

The sample G seems, from the chemical analysis, to be reason-
ably close to 309, rubber. The thicknessof rubberisthe smallest,
and yet the break-down voltage was the largest.

All the curves of G show but a slight tendency to variation
after the lapse of a few days, and there is a general indication of a
gradual improvement with time.

The insulation resistance of G is not so high as that of A and B.
This difference is partly accounted for by the difference in the
rubber wall, and partly by the amounts and kind of materials
2 and 3. The power-factor and the energy-loss of G are also
greater than those of A and B, but this is probably partly due
to the smaller amount of materials 2 and 3. (See remarks
later on about J and K.)

All the insulation resistances given in Fig. 11 become better
near the end of the tests, this is partly due to a drop in tem-
perature which occurred for the two tests prior to increasing the

A
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temperature at the end of the series. There is sufficient evidence,
however, to show that before the above happened, the insulation
resistance of all these samples had ceased to drop, and, in fact,
was slightly improving. This is probably because all the samples
analyzed had over 209, of rubber. Some of the insulation
resistance curves are odd in appearance, but this may to some
extent be due to errors or surface leakage. In measuring the
insulation resistance of only about 200 ft. of wire, a high degree
of accuracy cannot be expected.

“ I,”" contained slightly more rubber than H, and in most cases
the former tests best. In like manner, ¢ is better than % in the
larger number of curves: & was white-core and this may partly
account for its low break-down voltage.

¢, d and f were also white-core rubber, and the break~down
voltages of these were also among the lowest. The white-core
part of the insulation was not analyzed, the reported ingredients
being those contained in the black-rubber portion.

And now, we come to curves J and K which are perhaps the
most interesting of the series. J was made of 159, fine para
rubber and 159, african rubber. K had 309, fine para. The
rest of the materials in both samples was about 19}, wax and dry
mineral matter. The analysis does not show quite 309,
rubber, but this is partly due to the extractive matter contained
in the rubber. On all sheets, curves J and K are reasonably
close to each other.

The power-factor and energy loss of K are less than those of J.
Several of the curves are, however, erratic in appearance, showing
a tendency to an unstable condition.

In two prominent points, break-down voltage, and power-
factor and energy-loss, these samples are inferior to A, B and G.

1. Break-down woltage. The thickness of rubber on the
samples J and K was about 509, more than that of the other
wires, and yet the break-down voltage of J and K was about the
same as those of A, B and G.

Thinking that this might be partly due to the greater electric
density around the smaller wire (No. 12) which formed the con-
ductor of J and K, the writer tested several samples of No. 14
wire with 51 mils rubber wall, containing about 229, rubber;
the average break-down voltage was 19,000 volts, which agrees
closely with the other sample containing about the same amount
of rubber. .

2." Power-factor and energy loss. The tests of Jand K were
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not carried on for so long a time as those of the others, and yet
the power-factors were greater at the end of the series than those
of any of the others, and there was a marked indication of still
further increase.

The energy-loss of J and K is not so great as that of some
other wires; this is due to the fact that the capacity of Jand
K is much smaller on account of their greater thickness of
rubber. No doubt, if these samples had a thickness of rubber of
about 50 mils, they would have tested worse in most respects than
any of the samples of the series.

It therefore appears that the addition of certain materials
to a rubber-insulating compound (containing say 309, of rubber),
which upon chemical analysis will show a high percentage of
extractive matter, may resultin a much better quality of rubber-
insulating material than one composed of 309, para and show-
ing but a low percentage of extractive matter.

This paper has been prepared in great haste and therefore
matters of importance may have been overlooked or omitted.
In conclusion, the writer wishes to express his appreciation of
the ample facilities afforded him for this investigation, by the
Standard Underground Cable Co. He also wishes to ac-
knowledge the valuable assistance rendered by the following
persons: Messrs. H. D. Shakarian, T. D. Waring, H. Barbour
and G. D. Eustachio.
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DiscussioN ON ‘ PoweR-FAcCTOR, ALTERNATING-CURRENT IN-
pucTIVE Capracity, CHEMICAL AND OTHER TESTS OF RUBBER-
CovERED WIRES OF DIFFERENT MANUFACTURERS,” AT
NiacArA Faivrs, June 25, 1907

Henry W. Fisher: In presenting this paper to the Institute I
wish it to be clearly understood that no attempt has been made
to say anything or do anything that would be discourteous to
the manufacturers of rubber-covered wire. The main object
of the paper is to compare a large variety of rubber-covered wires,
especially with reference to power-factor and dielectric loss. So
far as I know these tests have not been applied commercially
to any extent here.

A careful examination of the results given in the paper will
show that power-factor tests are valuable in helping to determine
the quality of rubber-covered wires, but that they cannot be
relied upon to indicate the amount of fine Para. All the tests
given are essential, especially the chemical, voltage, and insula- .
tion resistance tests.

Chas. P. Steinmetz: This paper is interesting in giving what
may lead to an advance in our method of judging cables, It
proposes to investigate the character of cables by measuring the
energy loss in the cable as represented by the power-factor.
The energy loss in the cable appears to me a very important
quantity. However, I do not believe it would be safe to judge
cables merely by this energy loss. What is important in a cable
or any condenser is 1: the disrupted strength; that is, that the
cable stands the operating voltage with a sufficiently high limit
of safety, and 2: the deterioration, that the cable does not
deteriorate at the operating voltage within a reasonable time.
Deterioration is the effect of energy consumed in the dielectric
of the cable, Therefore, if one could imagine a cable which has
no energy loss whatever in the dielectric or zero power-factor,
such cable would not deteriorate. This shows the importance
of the energy loss in the cable. However, the deterioration is
not necessarily, and probably in general is not proportional to
this energy loss.

We do not know much, to tell the truth, of this energy loss in
the dielectric in the alternating field. We suppose there is
some kind of a dielectric molecular friction similar to the mole-
cular magnetic friction of iron; that is, a conversion of electric
energy into heat during cyclic changes of static stress. This
dielectric hysteresis is harmless, regarding deterioration, because
it is a conversion of the energy into heat and merely raises the
temperature of the cable slightly, just as the current existing in a
conductor raises it, and, if we keep the temperature of the cable
sufficiently low, no deterioration will take place owing to this
heat. So the production of this additional heat by dielectric
hysteresis, must be taken in consideration in designing a cable
system.
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There is, however, a phenomenon, no analogy of which exists
in the magnetic field ; that is, a conversion of energy not directly
into heat, but into chemical action, and that probably is what
leads to the deterioration, the destruction of the dielectric. It
is a chemical action exerted upon the dielectric proper, or upon
gases included in the dielectric, either absorbed or as air bubbles,
etc. If we could separate the energy corverted into chemical
action from the energy converted directly into heat, we could
draw conclusions, the former may give us a clue to the probable
life of the cable or condenser. But even then it may not give a
direct estimate of the life, because the distribution of the de-
structive energy is all important. We may have cases in which
the energy converted into chemical action, that is destructive
energy, is moderately high but uniformly distributed over the
whole cable, and the cable so has a good life, while in other
cable in which much less energy is acting destructively, may
rapidly go to pieces, because the total chemical action, although
less is concentrated in a few spots, some air bubbles there weaken
the dielectric, rapid oxidation of the rubber etc., takes place,
and so disruption. That latter feature is well known to any one
who has attempted to build elect.ostatic condensers for very
high voltage. There the chemical energy is localized at some
few spots where air bubbles have remained in the dielectric, and
destroys it.

While we do nat yet know much concerning the laws of energy
loss in dielectrics, we know that a part of it, the dielectric hy-
steresis proper, probably does not vary proportionately to the
square of the voltage, and so does not give a constant power-
factor independent of the voltage, but a power-factor which
probably decreases with increase of voltage, while from other
observations and theoretical reasons it appears probable that the
chemical destructive action at higher voltages increases more
rapidly than the square of the voltage; that is, the power-factor
increases with increasing voltage, and it appears to me, any con-
clusion which could be drawn from measurement of the power-
factor of the cable could be drawn only if the power-factor is
measured at the operating voltage, at which the cable is to be
run, and that is the main objection I have to the paper, although
in general I agree with the trend of it. I think that power-factor
and energy measurement are made at 75 volts, if I am not mis-
taken. I believe they should be made at the voltage at which
the cable is supposed to operate.

I wish to call attention to the statement that the condenser
with the internal energy loss can be represented by a perfect
condenser in series with a non-inductive resistance. .I do not
think that is quite correct. I think an imperfect condenser
can be represented by a perfect condenser, shunted by a high re-
sistance. If we consider the extreme case, where there is a very
high loss, a series resistance would mean the wattless component
of voltage is reduced thereby, which is hardly probable. In the
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present case it makes no difference because the non-inductive
resistance is very small, compared with the remaining wattless
effect, but, where there is a very considerable energy loss, I
think the safer way is to put it that the imperfect condenser
is represented by a perfect condenser shunted by a non-inductive
conductance.

The paper certainly refers to a feature that has not always
been given proper attention; that is, the importance of the
energy loss in the cable, not for the sake of the efficiency of the
plant, but for the sake of its possible effect on the life of the.
cable. One great difficulty in this matter is the method of
measuring the loss, which the paper says is difficult and com-
plicated, and not very easy to do under usual factory conditions.

E. W. Stevenson: In the early part of the paper Mr. Fisher
mentions something about the change of dielectric with the tem-
perature. I would ask him if it is an admitted fact that the
smaller change of dielectric resistance due to temperature
shows a higher percentage of pure para? The reason I ask this
is because recently I read a specification that called for a very
small change of dielectric resistance per degree of increase or
decrease in temperature. That is the first time such a require-
ment has been called for. There has been considerable argu-
ment upon it, whether it is so or not.

Henry W. Fisher: The temperature coefficients vary with the
ingredients mixed with the rubber, and probably also with the
steam temperature and pressure and time of vulcanization. The
coefficients are generally less the higher the percentage of fine
Para rubber. The coefficients are not uniform throughout a
considerable difference of temperature. In some cases the
curves representing the coefficients in terms of temperature are
of double curvature and sometimes single curvature. I pre-
sented curves showing these peculiarities at the Asheville meeting
two years ago.

Henry G. Stott: This is a subject in which I take a great deal
of interest. It seems to me that the paper starts in from the
wrong point of view. A number of different types of wire are
taken and analyzed as closely as possible, and then the results
of various tests are given to show just how the various charac-
teristics varied with a change in composition. I think we could
get a great deal more information if the manufacturers would
start out with a definite composition and increase just one in-
gredient at a time, and follow that up so that we could get a
complete curve of variation due to various percentages of that
ingredient and so on, following through with the percentage of
para, various extracts, mineral matter, etc. But if we could
start on a definite basis and build up first one characteristic
and then another, I think we would arrive at something very
definite upon which specifications could be based.

The paper on specifications for rubber-covered wires by Mr,
Langan, read a little over a year ago, assumed to give such speci-
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fications. On trying to carry out the specifications enumerated,
stretching tests and others, I found that the same results could
be duplicated by entirely different compounds, African rubbers,
mixtures of various sorts, reclaimed rubber could be made to
give practically the same characteristics as 30 per cent. or 40
per cent. para rubber, and based on that I published a series of
tests made on different types of compound to show how impossi-
ble it was to depend on anything at the present time except on
the manufacturer’s word, as to what the wire contained. Chem-
ists all agree that it is extremely difficult, if not impossible, in
any analysis to say exactly what the constitutents are in any
given rubber compound.

Henry W. Fisher: I am interested in Dr. Steinmetz’s remarks
and fully agree with him that tests of this sort should -be con-
ducted at higher voltages. However, at the time these tests
were made the apparatus available was designed for low voltages,
and the wires tested were those used generaily on 100-volt lines.

It is my intention, however, soon to use higher voltages, in
connection with which special apparatus like condensers, trans-
formers, etc., will have to be designed. Probably the apparatus
most difficult to obtain would be a good mica condenser of low
power-factor and high capacity to operate continuously at from
6,000 to 10,000 volts.

Answering Dr. Steinmetz’s criticism relative to the method
of connecting the resistance in the standard condenser circuit—
in getting the power-factor it is immaterial whether the re-
sistance is in multiple or series, so long as the right formula for
each case is employed. This formula for series connection was
obtained from Dr. Rosa, of the Bureau of Standards and un-
doubtedly is correct. The resistance is used in series with the
standard condenser to make the phases of the currents in the
two branches of the bridge the same.

I will ask Dr. Steinmetz if he has treated this problem analyti-
cally to see if the series resistance method is incorrect, or whether
he reasons from analogy that the resistance should be in multiple
with the condenser?

Chas. P. Steinmetz: In the magnetic circuit, the resistanee
which represents the equivalent of the loss of power in the magne-
tic cycle, is in shunt to the circuit. In the electrostatic field we
do not know enough to say whether there is a series component,
but the assumption is justified that there is an electrostatic
hysteresis similar to the magnetic hysteresis, and, in this case,
the wattless component and the energy component should be
shunted to each other, as in the case of the magnetic circuit.

I may say that, as the formula was worked out by Prof. Rosa,
it was undoubtedly worked out for a case like this, where the
energy quantity is very small, and where, therefore, in the first
approximation, it is immaterial whether you put the resistance
in series or in shunt. The question would become of importance
when the energy component is considerable compared with the
wattless component.
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E. W. Stevenson (by letter): At the end of Mr. Fisher’s
paper he lays particular stress on the low breakdown voltage of
the white coresamples. Thisis a very interesting fact, especially
as it comes from such an authority as Mr. Fisher. I certainly
admire his courage in making the statement. I have always
been strongly of the opinion that white core is nothing more than
a fad. Of course it is generally understood that the white core
does not contain sulphur, and therefore is used for the purpose
of preventing the sulphur of vulcanization attacking the copper
of the conductor. But of course all copper in rubber-covered
wire is tinned, and this tinning, as everybody knows, is merely
for the purpose of preventing this action, therefore if the tinning
is done properly what is the use of complicating the covering
process by putting on a white core?

The British navy requirements call for a pure para next to
the conductor, a second covering, called a filler, in which there is
no sulphur, and a third covering of vulcanized rubber on the
outside, thus making three separate covers. This forces the
manufacturer to use strip method of covering which, as many
of us know, is not the best for all cases.
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INTERACTION OF SYNCHRONOUS MACHINES

A GraraicAL SoLuTiON BY MEANS oF A NEw CIRCLE DiAGrRAM

BY MORGAN BROOKS

When two synchronous machines are in operation as gen-
erator and motor, the amount of power demanded of the motor
causes it to assume a definite phase relation to the generator,
somewhat dependent also upon their relative excitation and
upon the impedance of the circuit including the two machines.
When such machines are operating in parallel, there is theoret-
ically no power to be transferred, but this ideal condition can
only exist when the excitation and phase relation of the ma-
chines are identical; if these differ, even by a small amount,
transfer of power must take place between generator and
motor. The power required by the motor causes a certain vector
difference; conversely, the presence of a vector difference points
to a definite transfer of power from one machine to the other.

The object of this paper is to present a new circle diagram
showing the physical relation of the quantities and conditions
involved, to derive and interpret the fundamental equations,
and to develop simple loci for solving graphically or numerically
the problems of synchronous operation. While based upon
strict mathematical analysis, it is hoped that the simplified
diagram here shown will be found so direct and rational as to
make the analytical method more easily understood and gen-
erally serviceable.

The elementary theory of synchronous alternating machines
assumes that successive instantaneous values of electromotive
force and current follow one another in a manner strictly har-
monic. Oscillograph records from normal alternators so closely
approximate sine-wave forms as to justify the theory. "Irregu-
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larities, if considerable, indicate an unsatisfactory machine,
one not amenable to simple calculations; but if slight they may
usually be neglected, or the irregular wave be replaced for the
purposes of calculation, where circuits have small reactance,
by what is known as its “ equivalent sine wave,” having the
same effective value.

A true sine wave is determined by the projection upon a
fixed axis, usually vertical, of a uniformly rotating vector,
whose length gives the value and whose period is the frequency
of the harmonic quantity represented. Such a rotating vector
could not be seen by the eye, and in order to make use of it
an imaginary snap-shot is taken of it, giving the position of the
vector at a certain instant. . A picture or diagram of this sort,
showing the relation-of two or more machines as they exist at
a given instant, illustrates the interaction of synchronous ma-
chines, and may even allow us to make satisfactory calcula-
tions as to operating conditions.

In Fig. 1 let the line O A, or briefly A, represent the electro-
motive force (preferably the measured or effective rather than
the maximum value) of a single-phase alternator, and let O B,
or briefly B, represent the value and relative position of the
electromotive force of another alternator. If the machines so
represented are running separately, their vectors may assume
any angular relation and need not be of the same length, since
the machines may not be equally excited or driven at pre-
cisely the same speed. Such a diagram would be understood
to mean merely that the machines are adapted to operate to-
gether, and are running at approximately the same speed and
excitation. For convenience, our snap-shot will always be
taken when machine vector A is vertical, so that the relative
difference of vector position is confined to B. If the two ma-
. chines represented in Fig. 1 are about to be connected in parallel,
it is understood that the vectors should be found nearly coin-
cident before the paralleling switch is closed, after which the
machines should continue to run with vectors coincident, or
nearly so. If hunting should exist, its vector representation
would be in the oscillating position of the two vectors, now
one ahead slightly, now the other, their possible separation in-
dicating the greatest amplitude of the hunting action. The
position of B with reference to A in Fig. 1 might represent
either an extreme position of hunting, or a limiting position
for switching into parallel. If two machines, equally excited,



1907] BROOKS: SYNCHRONOUS MACHINES 1029

were thrown into parallel when their vectors were coincident
connection being understood both at O and at.A B, no current
would flow in the local circuit; but if the machine vectors were

e --
Counter Clockwise Rotahion

a little out of exact coincidence, as A and B in Fig. 1, then a
current would flow between the machines, owing to the vector-
difference voltage, A B, existing in the local circuit, since it is pos-

F10. 2—Circle diagram

F16. 1—Vector diagram
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sible to take A-B to represent the vector difference of the voltage
O-A of machine A, and voltage O-B of machine B. A-B rep-
resents the only electromotive force acting and we may use E
in place of A-B. The current, I, that E will drive through the
circuit, depends upon the impedance, Z, of the local circuit,
which includes both machines as well as the line connecting
them. Since the impedance of a synchronous machine is of
such a value as to allow full-load current to flow on applying
about one-third normal voltage, when two machines are coupled
directly together in one circuit about two-thirds of the normal
voltage of one machine is required to produce full-load current.
When E, or A-B, is equal to two-thirds of O-A, which occurs when
angle A-O-B = 39°, approximately full-load current will flow.
This * circulating current "’ acts to diminish the angle between
the vectors; that is, to bring the machines more nearly into
phase, and normally the two machines operating in parallel
will be maintained closely in phase, since much less than full-
load current is required to compel proper phase relation. It is
to be noted, however, that there is no compelling action whatever
when phase coincidence exists with equal excitation. The
current prevents a separation but does not hold the machines
firmly together as often supposed.

Assuming counter-clockwise or trigonometrical rotation of
our machine vectors, A and B, the machine whose position is
in advance; that is, A in Fig. 1, is a generator, and is retarded
by reason of giving out power; while the machine whose position
is behind; that is, B in Fig. 1, is a motor, and is accelerated by
the power received. The tendency is to bring the machines
into step. If the action should be strong enough to drive B
ahead of A, the circulation of current is reversed; B would be
retarded by becoming a generator, while A would be accelerated
as a motor. It is easy to see that hunting might occur from
excessi’e action and reaction. Synchronous machines oper-
ating in parallel are then held together by a sort of elastic
band, not under tension when the machines are in step, but
preventing them from pulling far out of step by a rapidly in-
creasing force, a force that may prove unnecessarily strong,
causing a hunting action.

The value of the synchronizing force under working conditions
. may be calculated, as will be shown. When two machines are
operating together under light load, if one loses its driving
power it will fall behind its normal parallel vector position only
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just far enough to enable it to receive current to maintain it
in step. No noticeable change in running occurs. It is often
supposed that when a generator becomes a motor it falls behind
180 electrical degrees, while in fact it falls behind a very small
angle, perhaps 10°. When two machines are transmitting power
in the relation of generator and motor, the current flowing
between the machines is no longer called circulating current.
The motor takes a vector position sufficiently behind the gen-
erator to produce the vector difference, E, required to drive
the current corresponding to the power demanded of the motor.
In parallel operation the machines are usually contiguous, and
the current which may ““circulate’’ has in general only the im-
pedance of the machires to limit it; while in generator-motor
operation a transmission line with transformers and potential
regulators is commonly included, producing a condition as to
impedance quite different from parallel connection.

A number of synchronous machines may be operated together,
some as generators and some as motors, and the machires may
vary greatly in size. To simplify the problem two identical
single-phase machines, A acting as generator and B acting as
motor, will be considered as connected in a rsingle circuit, so
that any current generated in A must pass through the arma-
ture of B. The problem commonly provides that the terminal
potential of the generator shall be maintained constant, while
the excitation of the motor shall be under control. Constant
frequency or speed is assumed. The line is assumed to have
its resistance, 7, and its reactance, x, [= 2z fL neglecting
capacity effects] constant, and the motor resistance and reactance
are also assumed as constant. To include the capacity reactance
of a transmission line would change the assumption that all
the cuxrent generated must pass through the motor, since the
capacity of the line acts as an alternative path. The capacity
or line-charging current being nearly wattless, the power deter-
minations of the problem are not greatly affected by their
~mission under load conditions of operation. A correction may
be made to obtain the total current required of the generator.
The assumption of constant impedance for the synchronous
motor, while not precisely true, is akin to the assumption of
constant friction loss in engine operation. Except for ab-
normal conditions, it is believed that no great error is thus intro-
duced. This gives the ratio of R to Z [R/Z = cos 6], or the
power-factor of the circuit as a known constant, and enables a
simple diagram to be plotted.
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The regular equations of synchronous operation will now be
developed by means of Fig. 2, which differs from Fig. 1 only in
the drawing of a circle, whose diameter is A/cos 8, so centered
as to make A a chord, in the extension of vectors B and E to
intersect the reference circle at F and G, and in projection of
the electromotive-force vectors, A B, and E upon the circle’s
diameter A D and upon the chord F D, the utility of which
projections will presently appear.

NoTtaTioN

A, short for O A, a vector representing generator terminal
voltage, assumed to be kept constant. Vertical position chosen
for convenience.

B, short for O B, a vector representing the induced motor
voltage, variable both as to length and direction. Position
shown in Fig. 2 indicates any position whatever in its relation
to A.

E, or A B, a vector representing the vector difference of A
and B, or the net voltage acting in the circuit which includes
the motor.

I, the current produced by E. I =E/Z.

R, the resistance of the motor and circuit.

X, [ =2z f L] the reactance of the motor and circuit.

Z = /R3} X* the impedance of the motor and circuit.

0, the angle between E and I. It is a constant determined
by the condition,

cos 8 = R/Z, the power-factor of the circuit, often confused
with cos a, below.

0 appears in Fig. 2 as the angle made by the lines A C and
O C with vector A; the reference circle is determined by
having their intersection C as its center.

¢, the angle between A and B, a variable, assumed positive
when B lags behind A as shown, the usual condition of opera-
tion, when B is a motor.

0 + ¢, the angle between B and A C, since 6 is the angle
between A C and A, and ¢ that between A and B.

0 - ¢, the angle between A and the chord F D, which lags
behind A C D by the angle ¢.

a, the angle between A and I, a variable, considered positive
when I lags behind A due to B being under-excited.

cos a, the generator power-factor, sometimes confused with
cos § above.
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The angle a, appears on the reference diagram as the angle
BAC, or the angle between ACand E. A lags 6° behind A C
by construction, I lags 6° behind E by definition, hence it is seen
that angle B AC is also the zero angle of I to A. Normal
excitation reduces this angle to O, and cosa = 1.

a — ¢. the angle between B and I, since B lags ¢° behind A.
This angle is usually negative, as a is normally small, that is,
I usually leads B.

The angle a — ¢ appears on the reference diagram as A M F,
or the angle between E and chord F D.

cos (@ - ¢) = cos (¢ — a) might be called the motor power-
factor.

These angles are conveniently measured by half the inter-
cepted arcs, as indicated in the diagram, Fig. 2.

P’, the power output of the generator = A I cos a.
P*, the power intake of the motor = B I cos (a - ¢).
The diagrams are calculated for values as follows:

A = 1000 volts, and
R =1 ohm.

Where & = 45°, X = 1 ohm also, and Z = 1.41 ohm
“ @ =60° X =173 ohm, and Z = 2 ohms.
“ @ =175, X = 3.73 ohms, and Z = 3.86 ohms.

With the above data, the power figures in Figs. 4b and 6
are in kilowatts.

From the projections of A, B and E on diameter A D, Fig. 2,
it is evident that A J—H J = A H, or as

A cos@—Bcos (0+¢) = Ecosa 1
multiplying by A/Z,

A'cos @ — A B cos (0+¢)
Z

=A7E-cosa=AIcosa =P (2

the generator output.
From the projections of A. B and E upon the chord FD, it
is evident that

FL—-KL =FK,or
Acos (0—¢)—Bcosf =Ecos(a—¢). ~ 3)
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Multiplying by B/Z,

ABcos(§—¢) —B’cos b _
Y/

B-§—cos(a—¢)

=BlIcos (a—¢) =P 4

the motor intake. ,

The difference between generator output and motor intake
is lost in heat, as with direct-current machines; this is
shown in equations (2) and (4):

Pl —pr =

A?cos 0+ B*cos 0 —2 A B cos 0 cos ¢
~ Z

=—§,—[A’+B’—2ABcos¢]=BZ—f—7=RI’ ®)

Equations (2), (4) and (5) above, are the well-known fundamen-
tal equationsof synchronous machine operation, and, while derived
from the relation of two machines operating as generator and
motor, they apply to two machines in parallel operation, pro-
vided the current be now understood as circulating current only.*

Power Output.—
Interpretation of equation (2) above,
P =A E cos a

Zz

or,

P'Z
A ’

Ecosa =

a constant for any given value of generator output, P’. Hence,
for constant P’, E cos a. the projection of E on diameter A D, is
constant, or the locus of B lies in a line perpendicular to A D,
such as .V Q, Fig. 3. The equation is the regular polar equation
of a straight line. The power output of generator P’ is directly
proportional to the length of the projection on A C, and hence
measured thereby. Parallel lines drawn at equal distances

*Compare Franklin & Williamson, Alternating Currents, page 189.
Second Edition.
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apart, serve as a chart for reading the value of P’ when the po-
sition of B is known.

With P’ = O, the locus becomes the tangent to the refer-
ence circle at A. For positive values of P’, that is, generator
action, the parallels are to the right of this tangent; for nega-
tive values of P”, that is, for motor action, reversing the ordi-
nary conditions of the problem, parallels may be drawn to the
leit of the tangent, shown in dotted lines in Fig. 3. For such
positions of B making A a motor, it is evident that machine B
must become the generator, as will be demonstrated under power
intake. Mathematically there is no limit to the possible values of
P', either positive or negative. Operating values are limited by
the possible excitation of B, and normal operating values of P’
would not ordinarily exceed corresponding values of P”, the
motor intake, by more than 259, the condition for 809, efficiency.
Excessive values of P’ will exist momentarily in synchronizing
two machines if the switch be closed at an unfavorable vector
position.

Power Intake.

Interpretation of equation (4),

_ A B cos (0 — ¢) - B*>cos 8

P 7

transposing,
Pz
cos @

A
a constant for given intake, P”. This equation is the polar
equation of a circle, as may readily be seen from Fig. 2 as fol-
lows:

Substituting for A/cos § its value, 2 (O C), adding (O C)?
to both members, and writing (O B) for B,

prz
0C)*+(0B)*~2(0C) (OB)cos (—¢) = (0C)*—

cos @

The first member evidently gives the remaining side of the
triangle O C B, and we have

P"Z : T prz
—2 or (CB) = \,(o -2

cos 0

CB? =(0C) -
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The second member is constant for constant load on motor,
hence, for such load, the locus of B lies in a circle centered at C
and of radius determined by the radical.

For P” =0, B lies in the circumference of the reference
circle, which has C for its center, and O C for radius. This

F16. 4c—Same for = 75°

P10, 4b—Same for § = 60°.

F1e. 4a—Locus of B for constant motor intake.
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s evident since I lags 90° behind B for any point in the
circumference. There may be a large current, and the R I? losses
are supplied by the generated power P’.

Negative values of P”, meaning that machine B has its func-
tion reversed and acts as a generator, bring B necessarily out-
side the reference circle, as at B’ and B”, Fig. 4a. There is no
mathematical limit.for such external values. If the position
of B is also to the left of the tangent ST, as at B’, the func-
tion of machine A is also reversed, being a motor, while, if the
position lies to the right of the tangent, S T, but outside the
circle, as at B”, A remains a generator, and both machines act
as generators to supply the large R I? losses of such a position.

Positive values of P”, that is, normal motor action, give
loci for B within the reference circle, the value of C B dimin-
ishing with increasing load, as can be seen from equation (7).
The locus for any givén load is a definite circle, whose radius
is readily determined. Loci differing by equal amounts, as
loci for 50, 100, 150, and 200 kilowatts, will be separated in
such manner as to have equal areas in the rings included between

successive loci. In equation (7), if 2—,—520 exceeds the value of O C3,

the value of C B is an imaginary quantity; that is, the motor must
fall out of step when such an excessive load is applied.

prz = (0C)?

cos 0

is the limiting case, the maximum load which the motor will
theoretically carry. C B = 0; that is, the point C is the locus
of B for this load, which is several times full load. At this point

B=0C,and P" = _B’_zcﬂ Equation (2) gives the generator
power for the same point as follows:
E AB cos 8
’ = . — T e—— —
P Acos a 7 7 2 B? i

It will be noted that thisis just twice the value of P”,showing
09, efficiency, as with direct-current motors at maximum load.
Loci for ncrmal loads are circles but little smaller than the
reference circle.
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Efficiency.
Interpretation of equation (5),

R E?
PI=P" ==

Dividing by P’, which by equation (2) = A E/Z cos a

_g_ ER  Ecosf
P'""  ZAcosa Acosa

1

Transposing,

A E
cos § (1 - ;) = Cosa ®

For a given value of efficiency, P”/P’, the first member
becomes constant, and the equation is the polar equation of a
circle. For different efficiencies, circles of different diameters
are found, but all pass through the common point A, which is
common to all positions of E; they are all tangent to ST at A.

For efficiency = 1 the locus of B is reduced to the point A.

For efficiency = 0.9 the locus of B lies in a circle whose diam-
eter is 0.1 A/cos a.

For efficiency = 0.8 the locus of B lies in a circle whose diam-
eter is 0.2 A/cos a. ,

For efficiency = 0.5 the locus of B lies in a circle whose diam-
eter is 0.5 A/cos a.

For efficiency = 0 the locus of B lies in a circle whose diam-
eter is 1. A/cos a.

These loci are sufficient to indicate any desired efficiency.
For zero efficiency the locus coincidés with the reference circle,
which is also the locus of zero intake of machine B. Fig. 5
shows loci for given efficiencies as marked.

Heat Loss. Equation (5), P'— P”= R I?, shows that the machine
A not only furnishes the power P” to machine B, but also supplies
the heat losses R I? of the circuit. These losses should include
the core losses of transformer and motor, and for better inter-
pretation the second member might read R I+ H, meaning
by H the core losses, which are approximately constant and
independent of current. It is seen that the R I* losses proper,
or copper losses, assuming R as constant, depend upon I*?, hence
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Angle between 1ond B Const B Consfant

F16. 3—Locus of B for constant generator output
F16. 5—Locus of B for constant efficiency
F16. 6.—Locus of B for constant I’R loss
F16. 7—Locus of B for given current angle referred to generator
F16. 8—Locus of B for current referred to motor
Fi1c. 9—Locus of B, when of constant value.
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upon I, and upon E, which produces I. For any given loss,
whether or not including core losses, the locus of B will be at a
constant distance from A, that is, -a circle centered at A and
readily determined; see Fig. 6.

Power Loci. 1t is easier to calculate values of P” from con-
siderations of efficiency, than from equation (7). What consti-
tutes full load for a given motor is a matter of engineering judg-
ment, commonly called * rating.”” For normal power trans-
mission an average of copper losses may be taken at 10%,
whence the efficiency, as here defined, is 90%. This does not
include losses in the generator. In Fig. 5, the efficiency locus
for 909, is shown. At the point where this efficiency circle
cuts the line A C, a line marked 100, parallel to S T, marks the
locus of P’, while the circle marked 90 marks the locus of P*.
The power ratings will be in the ratio of 100 to 90 to produce
an efficiency of 909, The 90 circle may fairly represent full
load on the motor. The next parallel, marked 200, is the locus
of P’, and the circle touching it, marked 160, is the locus of
motor intake, 160 being 809, of 200. In the same way parallels
300, 400 and 500, and the circles 210, 240 and the point 250
are determined. The maximum of P” in every case is at the .
point C. The maximum intake of the motor on this basis is
250/90 = 2.8 times the full-load rating. The current flowing
is just five times that required for full load. By a different
rating of the motor, other ratios would be found.

Lag and Lead. Combinations of two or more sets of loci
give many other interesting facts. For any given power, the
locus in general has two intersections with a given efficiency
circle, showing that there are two positions of B for the same
efficiency of load. A point between can be found where more
power is transmitted at higher efficiency. Where an efficiency
circle touches a power circle is the highest efficiency for that
power. All such points of tangency lie in the line A C, the
locus of B, to bring current in phase with A, the generator e.m.f.
Here angle a is zero. With angle a positive, B lies below or
to the left of the line A C, indicating that current lags behind
the vector A; with angle a negative, B lies above or to the
right of A C, causing current to lead vector A. The locus for
any required lag or lead is easily drawn by merely passing a
line through A, making the desired angle with A C, the normal
line. Such loci are shown in Fig. 7.

The loci for current in phase with B, or at any desired angle
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with B, are drawn almost as easily. They are arcs of circles
passing through A and O, and tangent to the corresponding
straight loci for same angles with respect to current and A, as
shown in Fig. 8.

B Constant. Loci for given values of excitation of B are
simply circles with radius centered at O, Fig. 9. If the two
synchronous machines are operating as generator and motor,
it is evident that the intersection of such locus of B, representing
given excitation with the locus of the load P” of the motor,
will show the vector position of B for the conditions given.
If the load be increased, the intersection must be with a smaller
power circle representing the increased load. The machine B
falls back slightly until this intersection is reached. Since in
general falling behind places the motor in a region of greater
power intake, the action is stable. If, however, the load is in-
creased so much that the vector does not intersect the required
load circle until it has come into line with the diameter O C V,
running is unstable, because the slightest falling behind brings
less power to the motor, and it necessarily falls out of step.

The diameter O V appears as a definite boundary for stable
running, but as armature reaction is not taken into account in
the analysis, it is not to be entirely relied upon. From Fig. 4a
it would appear that a demagnetizing armature reaction would
bring the vector B, if equal to A, more nearly to the point C,
the locus for greatest intake of power; while in Fig. 4c demag-
netizing reaction would carry the vector B further away from
that point. Currents that are in phase with A, meaning normal
positions of B for maximum efficiency along the line A C, are
demagnetizing for B. Since the action of the current is normally
demagnetizing upon the motor, a satisfactory operating angle
for # is somewhat less than 60°, a condition fairly well shown
in Fig. 2. If B exceeds A/cos @, the diameter of reference
circle, the machine B is incapable of operating as a motor, since
B must then fall outside all possible loci of power intake.

Reaciors. The use of a reactance coil increases the angle 6.
For long lines, where owing to resistance § may be small, its
use is justified. For proper operation it is easy to use too
powerful a regulator, as seen from Fig. 4c where § = 75°. Here
it is only possible to obtain the large values of motor intake
by exciting the motor greatly beyond the value of A. Hence
if only moderately excited, the motor would fall out of step too
easily. Effort should be made to make 6 about 55° to avoid
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manipulation of field rheostats. Where the transmission line
is short, the angle will probably exceed this, but to reduce the
angle by the introduction of resistance would of course be very
objectionable, as it would decrease the efficiency. It might be
possible to select a machire with lower inductance than usual
for such short line conditions, as for operation in parallel.

Condenser Action. The above paragraph must not be confused
with the question of over-excitation to produce the so-called
‘“ condenser effect,” giving a leading current in respect to A.
Over-excitation makes the angle a negative; that is, it is ex-
citation carrying vector B beyond the line A C, the normal
excitation locus. It is seen that this is not a constant excita-
tion, but depends upon the other conditions of the circuit,
load, etc. With 0 greater than 60°, over-excitation means as a
rule, excitation of B greater than that of A; while with 8 less
than 60°, B may be over-excited, and yet be less excited than A.
Under-excitation is less than normal, making the current lag.
due to a positive angle @. It is possible to have under-excita-
tion, and yet an excitation greater than that of the generator.
This may be the case at heavy loads with a large angle §. It
may be remarked that *‘ condenser effect ” is not a true ca-
pacity action, since such effect would not tend to increase the
triple-frequency component of current, as would be the case
with true capacity.

Converters. Synchronous converters may be compound-wound,
and so operate successfully on circuits where the angle 6 is con-
siderably more than 60°. For short lines, where 0 is large,
the converter series-winding should be cumulatively con-
nected, to increase the excitation when loaded. This will be
the proper condition for such a machine serving lighting circuits,
where over-compounding is desired. For long lines powerful
reactors may be required to make the use of compound-wound
converters feasible. For railway service, where precision of
direct-current voltage is less important, it may be satisfactory
in the case of a low value of angle 6 to reverse the series-winding,
making it differential. Operation at least would be more satis-
factory. A shunt-wound converter is often preferred, and
should act well on moderately long lines. Diagrams for large
and small angles § show why there has been a spirited discus
sion of the relative advantages of cumulative and differentic
connection of the series-winding in converters, the difference in
action being due to external conditions.
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Synchronizing. The constants determining the diagram for
showing the behavior of synchronous machines in operation,
even under the abnormal condition of falling out of step, are
not applicable in making a diagram to predict the initial cir-
culating current upon connecting the same machines in par-
allel. If two machines are pulled out of step without opening
the circuit, it is unusual for any damage to the machines to
result, although they pass through all possible phase relations.
Yet experience proves that it is unsafe to close a paralleling
switch except at or near coincidence of phase. The reactance
of an inductive circuit upon first closing the switch depends
upon the coil-winding, as if it were without iron, while as soon
as the core becomes synchronized full * synchronous reactance "’
takeseffect. The initial current is several times that which would
flow at corresponding unfavorable phase position under operat-
ing conditions and lasts long enough to produce electrical and
mechanical strains which sometimes result in disaster. By using
a value for Z, the impedance, perhaps only 15 to 25 per cent.
of normal, and a correspondingly small angle 8, a diagram may
be constructed that will properly indicate the dangers of im-
perfect synchronizing.

For safe and effective synchronizing, the circuit may be first
closed through a coreless reactance coil of moderate dimensions,
as explained in a paper entitled * The Self-synchronizing of
Alternators,” presented by Mr. M. K. Akers and myself before
the Institute in May, 1906. The diagram for showing self-
synchronizing employs a value for Z about twice the normal and
a large angle 0, and shows that shocks may be eliminated with-
out reducing the useful synchronizing power in the same degree.

Synchronizing Power. The synchronizing power, tending to
bring two machines into phase, may be derived from equations
(2) and (4).

Equation (2)

P’ =1/Z[A*cos 8§ — A B (cos 8 cos ¢ — sin § sin ¢)]

P’ positive shows that the load upon machine A tends to

retard it.
Equation (4)

P* =1/Z[A B (cos 0 cos ¢ +sin 0 sin ¢) — B? cos 0]

P" positive shows that the driving upon machine B tends to
accelerate it. With P’ and P” both positive, or both regative,
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the machines are forced together with a power found by adding
the two equations:

P'+4+P* =1/Z[(A*— B*) cos 6 +2 A Bsin 0 sin ¢] 9)

The first term of the second member appears to be negligible,
not only because B is usually about equal to A, but also because
cos 0 is small. The synchronizing power is often taken as

1/Z[2 A Bisin 8sin ¢] (10)

If ¢, the angle between the machine vectors, is the only vari-
able, the value of (10) varies with sin ¢. There is no power
acting to hold the machines together, but only to prevent them
from moving apart. The effect is a maximum at ¢ = 90°, and
diminishes up to the unstable position of 180°, where it is again
zero. The effect, apparently negative beyond 180°, means that
the action is to increase the angle toward 360° or 0°.

The above discussion concerns itself only with synchronizing
forces. The first term of equation (8) appears negligible, yet its
derivation from equation (2) and (4) shows that 1/Z[A? cos 6]
and 1/Z[— B*cos 0] represent powers acting in the same
sense, that is, to retard both machines, A and B.

With angle 8 large, as in normal operation, the retarding
powers are small, but with Z and angle 6 both small, the con-
dition which exists momentarily at the instant of switch-closing,
both machines may be so suddenly retarded as to wreck them,
since under the condition of small value of 6 the braking effect
is at its maximum, and the “A B” terms of equations (2) and (4)
are a minimum. When coreless reactors are used, it is im-
possible for Z and 6 to be small, even momentarily, and the
shock to the machines is prevented. No synchronizing effect
is obtained without some reactance. The effect is a maximum
for large angles of 8. Introducing reactance to increase the
angle § means also an increase in the value of Z, which might
result in limiting the current too much. A satisfactory com-
promise may be effected by trial, but the diagram will indicate
readily the proper value of reactance to employ.

There should be a distinction drawn between paralleling
alternators, and synchronizing a motor or converter with a
distant generator. To bring into action an additional generator,
especially when the object is to relieve an overload on the
machines in operation, care should be taken not to close the
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switch with the incoming machine in motor, or ‘“ B "-vector,
position. This will be best accomplished by having the in-
coming machine running slightly above synchronous speed,
and closing the switch not too early. For placing a converter
in service, on the other hand, the incoming motor is to receive
power, and should not be switched in as a generator or in *“ A "-
vector position. This is best accomplished by having the
machine running slightly below synchronous speed, and closing
the switch not too early.

Comparison with * V-Curves.”” The loci of B for various
powers as shown in Figs. 4a, 4b, and 4c correspond precisely
with the irregular shaped curves called * phase characteristics ™
or more commonly * V-curves.” In the circle diagram, excita-
tion and current are measured by proper scales radially from
O and from A (a double polar diagram). In the usual form of
V-curves, the plotting is by rectilinear codrdinates. The circle
diagram may be rapidly constructed by ruler and compasses,
while the V-curves have to be calculated and then carefully
plotted. That they are identical will be evident to anyone
comparing the diagrams. If the curves are derived from ex-
periment, two observations at given load will suffice to determine
the circle with considerable accuracy, while a multitude of ob-
servations are needed to prepare a good V-curve. Of course not
all observations will fall accurately in an exact circle, but the
moderate deviation of normal power loci shows the essential
reliability of the circles. It seems possible that a few ob-
servations carefully plotted in a circle diagram will serve to
determine the ‘‘ constants ’ of a transmission line, or of a ma-
chine, even better than the usual * synchronous impedance "
tests. The method has the advantage of making the measure-
ments under operating conditions.

The use of the circle diagram is not confined to two synchron-
ous machines of single phase. Two or three phases may be
represented. Moreover, the diagram may be applied to a non-
motor load, such as a transformer with any sort of load on the
secondary. It suggests a method of graphically estimating the
angular phase difference between the secondaries of transformers
used for different services, or between the primary and sec-
ondary of a single transformer, and at all loads. In the case
of a transformer, the angle 6 changes greatly with the load, and
several diagrams might be required where one would suffice in
synchronous machine operation. Indeed‘the use of previously
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prepared diagrams, or charts, outlined for different values of 6
would make the rapid graphical solution of synchronous prob-
lems a pleasure instead of a task. The calculations and dia-
grams assume pure sine curves of electromotive force and
.current, and some allowance may be required where these curves
are distorted.

That the vector relations shown by the circle diagram actu-
ally exist, at least approximately, has been recently shown by
a mechanical phase indicator attached to two machines running
in parallel. The problems involved in the operation of alter-
nating-current machines are often obscure, since the real forces
are not subject to direct measurement, and it is hoped that
this presentation of the circle diagram will serve a useful pur-
pose in the interpretation of the interaction of synchronous
machines.
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DiscussioN oN “ INTERACTION OF SYNCHRONOUS MACHINES ”,
AT N1acara Farrs, N. Y., June 25, 1907.

E. J. Berg: Any paper which tells in a simple way how to
calculate the characteristics of two machines in parallel is valu-
able, especially when the equations or diagrams give the syn-
chronizing power. From this we can determine the stability
and the natural period of the machine, in other words we can
predict something about its hunting tendencies. I doubt,
however, if this paper will give this information and I ask Pro-
fessor Brooks for some explanations. Professor Brooks uses the
reactance and the resistance in the total circuit. It must be
remembered that machines having the same synchronous im-
pedance, which means substantially the same synchronous react-
ance, have widely different characteristics. For instance, a
machine. of definite pole construction and a given synchronous
impedance may have an angular displacement of the armature
at full load of 15 degrees, whereas another machine of the wound
rotor type having substantially uniform magnetic reluctance
may have 30 degrees displacement with the same impedance.
It is obvious therefore, that any calculations based upon the
reactance are of little value in determining its characteristics.

I hope that I am mistaken in thus interpreting the paper and
that Professor Brooks can explain that he has taken into con-
sideration not only the true reactance of the armature, but the
armature reaction, that is the demagnetizing or magnetizing
effect of the armature current on the field.

Chas. P. Steinmetz: I agree with Mr. Berg that these diagrams,
and also the original diagram of mine that has been referred to,
apply not to existing but to ideal machines. To illustrate;
with change of field excitation the current rises—on one side
leading, on the other side lagging: but they are not suitable to
predetermine exact values, because they apply to a machine in
which the reactance is constant, the armature reaction constant,
the magnetic inductance, as brought out by Mr. Berg, constant
in all directions. Such machines do not exist. Try experiment-
ally to reproduce the diagrams I gave in my paper many years
ago and you find near the non-inductive load, near the minimum
point, you get about the same shape, but toward much lower or
higher excitation you get values which may not be exactly the
same as calculated.

For higher values of excitation, the experimental curve more
and more deviates from the calculated, due to magnetic satura-
tion. For low values of excitation, the curve should bend back
before reaching the zero line of voltage. Instead of this, the
experimental curve can sometimes be made to cross the zero
line. If at constant impressed voltage you gradually lower the
field excitation fromthat corresponding to minimum current down
to zero, and then reverse the field, the machine keeps in step
and you may bring up the field in opposite direction, until yon
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have a very high reversed field excitation, and still the machine
runs in the same step, with the armature reaction producing
the field against the opposing magnetomotive force of the field
circuit, until suddenly the machine slips one pole back and with
the same field excitation, everything remaining the same, the cur-
rent drops down to the value which corresponds to the positive
value of excitation. Now, that no diagram shows because it is
the effect of the asymmetrical magnetic structure, that is the
magnetic flux is not in line with the resultant magnetomotive
force, but differs therefrom by a certain angle, being closertothe
center line of the field pole, and this feature throws any simple
calculation out, and requires a much more complicated system of
diagrams in which you have to consider the two separate compo-
nents of magnetic inductance, and of armature reaction. The
reactance is not a constant, but a function of the position, has
different values in two directions at right angles to each other
and the magnetic reluctance of the circuit also has two values.
You must divide the system into two components, which can
be done, but makes it a little more complicated.

Comfort A. Adams (by letter): Without wishing to subtract
in any way from the credit due Professor Brooks for his very in-
teresting paper on *‘ The Interaction of Synchronous Machines ”’,
it is only fair to state that the principle diagrams there described
were published by Professor Blondel in 1895 in ‘‘ L'Industrie
Electrique ”’, and later in his book on ‘‘ Synchronous Motors ",
The writer has used the Blondel diagram for the last twelve
years in his classes and has found it a great aid in making clear
the operation of synchronous machinery. He therefore appre-
- ciates most highly the interesting additions to this diagram
made by Professor Brooks.

The quantitative relations between the armature resistance
and reactance shown in this paper lead one to assume that the
leakage reactance was chosen in place of the synchromons reactance
which should have been employed.

————————
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PROTECTIVE APPARATUS ENGINEERING

BY E. E. F. CREIGHTON

The main object of this paper is to describe the methods
which have been in use in the development of lightning apparatus,
so that some or all of these methods may be adopted or recom-
mended as standard in the investigation of the value of any
particular apparatus. As an introduction, it is pertinent to
point out the differences and identities in the operation of the
arrester in test as compared with its operation in actual service.
Generators, motors, arc lights, practically all electrical apparatus
except lightning-arresters—are tested under the conditions;
under which they are to operate. The lightning-arrester in
service comes into action only intermittently, with long intervals
between operations, and each operation is under conditions
more or less different from the previous ones. It protects,
fails, or is destroyed according to its adaptation to meet the im-
posed conditions. The arrester may operate for years before it en-
counters conditions which it is incapable of meeting. The con-
ditions which caused the failure are usually unknown, therefore
little or no progress can be made in the design without studying
the actual conditions which caused the failure of the arrester.
Since this cannot be done at present with cloud lightning, we must
experiment with artificial lightning in the laboratory until thiscon-
dition causing failureis found. Simply noting whether an arres-
ter failsand then making an adjustment, elimination, or addition
of parts of the arrester is a cut-and-try method and has already
been carried to the limit of its efficacy in the development of

protective apparatus.
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In making a plea for the recognition of the value of laboratory
tests, it is pertinent to look at the subject from several viewpoints.
Lightning-arresters are but auxiliary devices to the large ex-
pensive machines of electrical transmission systems and the
receipts therefrom to the manufacturer are small in proportion.
The successful and continuous operation of electrical systems,
however, depends greatly upon the efficiency of the protective
devices. Great expenditures have been made in the develop-
ment of protective apparatus, not on account of the intrinsic
commercial value of the arrester business, but on account of the
broader scope it gives to the electrical industries. Station
managers should realize that to them has been given each year
the very best apparatus that could be developed, and that the
manufacturer of large apparatus is even more desirous than they
toinstall an arrester which operates perfectly. Failures of
arresters are comparatively infrequent, and in order to eliminate
these last faults the intelligent cooperation of many station
managers is desirable. In a short time, instructions and ap-
paratus for studying the operation of lightning arresters in service
will be ready to send to managers, and conscientious efforts of
many will show the rare instances where the arrester fails and
will indicate the complete solution of the problem. If the insu-
lation of electrical apparatus has been seriously deteriorated
by overheating, a manager should make an effort to ascertain
this fact and not befog the problem by laying the fault to the
arrester. Furthermore, there is always a necessity for engineer-
ing in the choice and location of arresters to give the best con-
ditions of protection.

Up tothe present, the design of electrical transmission apparatus
and that of protective apparatus have gone hand in hand. For
example, when the arrester was adjusted to its maximum per-
missible sensitiveness and failed to protect the end-turns of a
transformer, the transformer designer came to the rescue by
adding extra insulation to the end-turns. At present, the
designers of protective apparatus are endeavoring to design
arresters for each potential, that will limit the rise to 1509, of
normal. That arresters have been faulty is conceded, but the
designer has too often to meet the condition of weak insulation
and the occurrence of rare lightning phenomena. The problem
is further complicated by the varied demands of protection at
different voltages of transmissions.

A brief survey of the relation of line voltage to the problem
of protection is herewith given.
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Line potential and the problem of protection. As a thunder-
cloud approaches a transmission line, each lightning discharge
increases the severity of the induced stroke on the line. In
this wide range of intensity, it is easy to imagine that there is an
average value of potential, due to discharges to the earth within a
mile of the line, and yet not actually striking the line, which
occurs frequently. Its value is unknown, but, judging from the
fact that it does not jump over the insulators, it is less than the
spark-potential of the insulator and therefore, in general, less
than 200 kilovolts. The indications are, however, that it is
probably not less than 100 kilovolts.

The thunder-cloud takes no account of the potential of the
line, so that a 500-volt trolley wire will get the same induced light-
ning stroke as a 60-kilovolt transmission in the same location.
100 kilovolts would be harmless to the insulation of the 60-
kilovolt line, but an arrester must operate instantly and rapidly
on a low-voltage line to bring this potential down to a safe -
value before the relatively weak insulation is damaged. On
high-potential lines, furthermore, the brush discharge potential
of the line conductor is not much above the line potential, so
abnormal potentials may lose an appreciable part of their
dangerous peak values through the energy thus lost in the at-
mosphere. There is one compensating condition in the protec-
tion of low-voltage systems, in the greater factor of safetyinthe
insulation customarily used in the construction. It is not
unusual to find a 2,000-volt transformer with a factor of safety
of 5to 10 and a lightning-arrester with a spark potential of twice
normal, whereas a 60-kilovolt transformer may have a factor of
safety little greater than two, and the arrester must be adjusted
within this limit.

Effect of location of circuits om the problem of protec-
tion. There is another compensating condition favoring the
design of arresters for low-potential circuits; namely in the
shorter lengths and favorable locations, both due to natural engi-
neering requirements. For example, 2300-volt circuits are
usually short and confined to the streets of a city where the
houses and overhanging trees protect the lines from lightning
charges induced by the storm clouds. Trolley wires are often
overhung with feeders and have an additional compensation in
leaky insulators. The numerous supports of the trolley wire
each with a low-insulated, leaky-surfaced insulator help to dis-
charge the static electricity to ground at the point where it is
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freed. Unfortunately, 2300-volt circuitsand trolley lines are not
confined to shady avenues and city streets, but are often carried
into the open country. Thisisthe part of the circuit which needs
special care and protection against cloud lightning. A striking
illustration of this necessity was shown last summer at a coast
city The city trolley was connected with a beach line. A storm
passed over the city, disabling more than a dozen carson the
beach but none of the cars on the city streets. All these cars
carried arresters of antiquated design. Another trolley circuit,
an interurban, in a lightning storm district passes along miles of
road with many large trees on each side. Inconsequence, with the
ordinary protective apparatus, burn-outs of motors from light-
ning are so infrequent as to cause no disturbing increase in the
repair expense.

Factor of damaged insulation. In the matter of satisfactory
protection, a factor enters which is beyond the control of
the lightning-arrester designer. This is the effect of the
abuse of the insulation of electrical apparatus. These abuses
are usually confined to overheating and wetting the insu-
lation. Overheating produces a gradual weakening which
will finally cause a short-circuit even at normal voltages. This
final catastrophy, if due to normal voltages, will not be affected
by the presence of the lightning-arrester, but the arrester, ac-
cording to its efficiency, will lengthen the time during which
the insulation can withstand abnormally high potentials.

Guarantees. Because of the necessity for the insertion of a
conditional clause stating that the insulation has not deteriorated,
no form of useful guarantee that the arrester will protect the
insulation can be given by the manufacturer, even when an ab-
solutely perfect and universally applicable lightning-arrester is
in commercial service. A guarantee that an arrester will not be
destroyed within a given time, say one year of service, could be
given, but it would put a premium on making the arrester safe,
even at the expense of the apparatus, and is therefore objection-
able. '

Regarding service tests. The final criterion of success of an
arrester is infallible protection under every condition of service.
Perfect operation in one location does not prove the success of
an arrester unless it can be shown that the lightning in that
location was severe and of widely variable nature. There is an
eléement of luck with storm-centers away from the line; specially
high factors of safety of insulation, favorable location of lines,
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and freedom from resonant conditions must be taken into
account. A considerable expenditure of money and time
must be made before any conclusion can be drawn from a service
test The information from a laboratory test, while not final in
its conclusions, gives immediate results and brings an earlier
solution.

Trouble inspection. Furthermore, the service test alone gives
no information regarding improvement of design. If the
arrester is destroyed, the designer is often called in to inspect
and investigate the cause.of the trouble. There are perhaps a
few pieces of fused metal, arc holes, broken chunks of porcelain,
bumed insulation of the leads, and a disgruntled manager.
The results are visible. The cause of the trouble disappeared as
rapidly as the air vibration of explanation. One goes over a series
of possible causes like the presence of bugs, bad condition of the
arrester due to previous operation and lack of inspection, col-
lection of dirt on the bushings, grounded phase, direct stroke,
line-to-line surge or line-to-ground surge, standing wave, and
faulty design. On the other hand, if the failure of the arrester
was the failure to protect the apparatus, speculations are made
on the nature of the stroke of lightning, its natural frequency,
duration, quantity of electricity, standing wave, and resonance.
If the puncture was internal, there is sometimes the question of
abnormally weak insulation due to poor workmanship, or abuse
in the form of overheating, wetting or mechanical injury.
Possibly the arrester was not at fault. If the trouble wa. a stand-
ing wave, it might have been in a poor location to protect. The
earth connection may have been bad, and so on.

If the insulation was punctured at the bushing, or the spark
jumped through the air, there is seldom « question of damaged
insulation and the fault must be laid to the arrester circuit.
There are at least four leading questions of interest to the engi-
neer.

1. Subject of quantity and frequency. Was the arrester re-
sistance too high?

2. Subject of frequency. Was the equivalent needle-gap too
high at the particular natural frequency of the discharge?
(Some arresters vary in equivalent needle-gap with a variation in
natural frequency of the lightning surge.)

3. Subject of earth connection. Was the resistance of the
earth connection abnormally high, or was the distance between
the earth connection and arrester abnormally long?
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4. Subject of resonance. Was there a standing wave with a
node at or near the arrester and an anti-node or peak at the
point of puncture?

The first three subjects are matters of design. The fourth
subject is a matter of the location of arrester and choke-coils.
Unless the trouble inspector enters the field with predetermined
knowledge of the action of an arrester under the strains of
different kinds of lightning strokes, the inspection is fruitless.
Such a knowledge can be obtained only through laboratory
tests with artificial lightning.

Example of interpretation from inspections. As an example
of interpretation from an inspection, the following is given.
Arresters of special design, set very close to line potential, were
installed on a long system operating at 13,000 volts. Near the
generating station, the arresters were arranged to give less pos-
sibility of short-circuit under heavy lightning than in the sub-
stations. During the entire winter the line superintendent
conscientiously examined and removed tell-tale papers in the
arrester gaps. About the only information gained during all
this time was that the arresters were sufficiently sensitive to
operate from the internal lightning caused by switching and
other accidental disturbances. A short time ago a lightning
storm occurred. The tell-tale papers at one sub-station showed
discharges through the arrester. At another sub-station two
current transformers were punctured, but the tell-tale papers in
the arresters at the cable terminal house near the sub-station, and
in the arresters in the sub-station itself, showed no discharge.
In other words, the discharge passed two sets of lightning-
arresters adjusted close to normal line potential and punctured
the two transformers. Why did the arresters fail? What kind
of lightning stroke was it?

To answer these questions, the predetermined fact is known
that these arresters are not sensitive to the first half-cycle of the
lightning discharge and therefore not sensitive to low-frequency
high-potential surges. When these arresters were installed, the
designer knew nothing of the fact nor how to overcome it. It is
also known that these arresters are exceedingly sensitive to
high-frequency discharges.

A probable explanation is that high-frequency cloud-light-
ning caused a discharge over the entire arrester, cutting out all
resistance. A low-frequency surge followed which passed the
other arresters and damaged the current transformers, the
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weakest insulation in the sub-station. There is one other possi-
ble explanation; there may have been a standing wave with the
nodes at the arresters. This seems improbable, however,
because there were two arresters, and, furthermore, the same
phenomenon has been observed in several other cases where the
insensibility of this type of arrester to low frequency seems to be
the fault.

In another paper, the method of correcting the design of the
arrester considered above is given. If a manager of a iransmis-
sion system assumes the untenable position that the manufac-
turer has sold a piece of apparatus which will not take care of all
lightning conditions and is responsible for rcplacement of
arresters, an embarassing commercial situation arises which
cuts off free intercourse between the engineers and consequently
impedes progress. Perhaps a manager has decided that the
arresters are an unnecessary evil and has taken them all off the
system. With good luck, such a system may run several months
without trouble from lightning, but each high-potential surge
which enters the station will do a definite amount of irreparable
damage to such insulation as is not self-repairing. Sooner or
later, enough strokes of high potential occur at one point to cause
a puncture, and all other points weakened by overstraining are
likely to give way under the secondary strains of the energy
surges of dynamic potential coming from the initial short-circuit.

Unless the cause of the failure of the arrester can be traced
to something specific, little improvement of design is possible.
We have already come to the stage where accurate measurement
is the life of further progress. It is necessary to produce arti-
ficial lightning of varying potential, quantity, frequency, and
duration in the laboratory, and to study with it the character-
itic behavior of a lightning-arrester. By applying considerable
dynamic energy to the arrester at the same time, the secondary
efiects of dynamic current discharge and the endurance of the
arrester may be determined. Knowing the characteristic
behavior of an arrester under varying conditions, it is often possi-
bleto make a very plausible surmise of the nature of the cause of
the failure. The engineer who advances the argument, as has
been done, that it is only a laboratory test and does not prove
the value of the arrester ”’ loses the proper viewpoint. The.
object of the laboratory test, aside from the educational experi-
ence it gives, is to prove the converse condition regarding an
arrester ; that is to say, if the arrester will not withstand reason-
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able laboratory tests in conjunction with the insulation which it is
designed to protect, it is sure to fail sooner or later on the line.
If the laboratory test shows the arrester weak in some par-
ticular point, and that point only, it does not necessarily condemn
the arrester, for it may be due to a condition which may be taken
care of by some other kind of arrester or one that may not occur
on the circuit in years. But, if such an arrester fails, it often seems
permissible to attribute the cause to this weakness. With such
knowledge, it is possible to employ to great advantage a par-
ticular type of arrester on certain kinds of circuits or in certain
locations.

An analysis preliminary to standardization recommendations.
Before attempting to write standardization rules, it is pertinent
to review the necessities of the situation.

First of all is the selection of names for the apparatus and
the general terminology as a means of common intercourse.

The second consideration is the nature of the lightning so far
as known, and the strain which must be relieved by the pro-
tective apparatus.

The third consideration is the nature and characteristics of
the insulation to be protected.

The fourth consideration is the characteristics of the pro-
tective apparatus.

The fifth consideration is the nature of the test with artificial
lightning, which will demonstrate the characteristics of the pro-
tective apparatus.

1. TErRMINOLOGY

Lightning. Lightning is a general term to express surges of
potential anywhere of dangerously abnormal value. The sub-
divisions of lightning are external and internal. Cloud lightning
is external lightning. Dangerous surges due to switching, etc.,
are internal lightning.

Protective apparatus. There is required a general term to
cover all devices which give protection. Protective apparatus
is suggestive, clear, and brief.

Lightning-arresters. A name is required for devices con-
nected not only between lines but also between lines and ground.
So far, * lightning-arresters ”’ is the commonly used term, and
it seems desirable to retain this to avoid confusion. °

Internal-surge protectors.  Another device, which may be of
the same form as a lightning-arrester, is connected only between
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line and line, not to ground directly. There are a great many of
these devices installed at the present time, and it is desirable
to have a convenient special term to distinguish them from
lightning-arresters. The term ‘‘static protector” has been
frequently used. The term is not suggestive of the nature of
the device, and may be confused with the apparatus known for a
long time as a * static discharger.” ** Static ’’ means specifically
the displacement in a dielectric medium. There are static
strains which may be distinguished from one another. There
is the normal static strain of potential between line and line,
which varies every instant with the wave of electromotive force
of the generator. There is also the excessive static strain be-
tween line and ground due to cloud-lightning strokes. There is,
still further, the excessive static strain between line and line, due
to the stoppage of a dynamic flow of electricity in a number
of ways; and there is, finally, the excessive staticstrain between
line and ground, due to the gradually accumulated static electric-
ity from wind, rain, etc., coming in contact with the transmission
line. This last form of static will not be released at all by the
static protector, so there seems to be no reason for standardizing
this false nomenclature. Devices for carrying off the gradually
accumulated static usnally have low current-carrying strength
and have been known for years as *‘ static dischargers.” Since
this form of static is directly generated in the line and the word
“static”’ is suggestive of rest, it seems desirable to retain this term
“static discharger ”’ for the discharges of gradually accumulated
static electricity. Conversely, since the other static stresses are
indirectly generated from electromagnetic stresses, and, further-
more, since this electrostatic stress is continually being trans-
formed into electromagnetic stress and back again in the form
of surges, it seems desirable to adopt a term like ‘‘ internal-surge
protector.” It lacks brevity but there is no doubt of its meaning,

A lightning-arrester is always more or less of an internal
surge protector according to its design, and it may have auxiliary
devices which make a static discharger of it also. On the other
hand, an operator should not deceive himself into a sense of
security because a static discharger has been sold to him under
the misnomer of a lightning-arrester. Again, an operator cannot
expect an internal-surge protector to protect against surges of
an external origin, as, for example, cloud-lightning.

Earths (commections, resistances, etc). The word ! earths”
is used here specifieally to mean the connection between the
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"conductor and the earth in which it is buried. On overhead
lines, it is usually the only * ground ” connection. (See below,
* Grounds.”)

. Length of the earth connection of an arrester is the distance
from the arrester to the conducting stratum of the earth.

The earth resistance of a lightning-arrester is the ohmic re-
sistance from the arrester to the conducting stratum of earth.
Its value may be obtained by measurement between three earthed
conductors.

Grounds. * Grounds” is a more general term than earths.
A phase may become grounded without being earthed; for
example, a cable having its armor insulated from the earth may
become *‘ grounded ”’ by having one of its conductors connected
with thearmor. The armor may be ‘‘ earthed ” by connecting it
with a conductor buried in conducting earth; in this case, we may
still speak of the phase as grounded. If the transmission system
is a mixed cable and overhead system, * earthing” the armor
may make a considerable change in the surges through the sys-
tem.

Sparks. An electric spark is the phenomenon of conduction of
electricity by a luminous gas.

Arc.  An arc is the phenomenon of conduction of electricity
by the heated vapor or vapors of the electrode.

Dielectric-spark lag. Is the time elapsing between the appli-
cation of the sparking potential and the complete formation of
a spark.

Natural or proper frequency of a circuit is the number of oscilla-
tions per second of potential or current which will take place if the
circuit is allowed to discharge without interference from excessive
damping or extraneous power. Such a circuit involves the
presence of both capacity and inductance.

Continuous and continual, as applied to the electrical terms,
retain their defined sense. A continuous oscillation is one
which appears without a break. Continual oscillations are
successive sets of oscillations with more or less interval between
the sets. A generator furnishes continuous alternations, a
Tesla transformer produces continual oscillations. Continuous
lightning is sometimes produced by one phase of a generator
when another phase is short-circuited. Continual lightning is
produced on a non-grounded neutral system when one phase is
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connected to ground through an arc. Both continuous and
continual lightning may be temporary, but should be dis-
tinguished from transitory lightning.

Recurrent surges is a term synonymous with continual
surges.

Surges. Electrical surges is a term having a sense a little
more general than lightning. Any unusual rush of current or
potential is a surge. If the surge potential reaches a dan-
gerous value, it is lightning.

Transitory. Transitory, as applied to electrical terms, retains
its defined sense. Cloud-lightning gives transitory lightning on
a transmission line. Many lightning-arresters are designed for
transitory lightning but not for continual lightning.

Equivalent spark-gap. This is a general term to express the
puncture-potential equivalent of a piece of apparatus or insula-
tion. The gap is in parallel with the device and of such value as
to cause at least 909, of the spark discharges to pass through the
device, and not more than 109, across the gap. The equivalent -
spark-gap is the only means of directly indicating the potential
of a transitory charge. The specific terms are equivalent
needle-gap and equivalent sphere-gap.

Equivalent needle-gap. Is the gap of the value explained
above when the electrodes of the gap are needles.

Equivalent sphere-gap. Is the gap of the value explained
above when the electrodes are spheres. It is necessary to state
the diameter of the spheres;-for example, equivalent 2-inch
sphere-gap.

Equivalent spark-gap characteristic curve. This is the rela-
tion of the applied potentials as represented by gap-lengths
(absciscas) to the equivalent spark-gap (ordinates). In this
expression, the specific words * needle ”” or * sphere ”’ may be
substituted for ** spark.”

Dynamic. Used as an adjective to the words current, voltage,
wattage, energy, etc., designates the current, voltage etc.,
which come directly from the dynamos or generators, as dis-
tinguished from the current, voltage, etc., which come from
static charges, electromagnetism, cloud-lightning, etc. on a line.
The latter is of relatively small energy. There is no general
term to express all the discharges that are not dynamic. “Static”
is a word used in this sense a number of times, * lightning ”’ is
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another; but’ they are both specific and not general. For
example, the internal lightning from one phase of a generator
when another phase is short-circuited is really dynamic potential,
dynamic current, dynamic energy, etc. It is true that before a
discharge takes place there is always a storage of energy in the
static stress, in spite of the fact that the source of this static
stress may have been due to the aforementioned condition, or to
the sudden interruption of a dynamic current, and, therefore,
static comes the nearest to expressing the general sense. Non-
dynamic would be a general adjective covering the phenomena
not directly derived from the generator.

Static. This term was originally applied to the stationary
charges of electricity on rubbed glass, wax, etc. The use of the
term has been extended until it covers all forms of electric dis-
placement in a dielectric. This electric displacement may
be changing its value at every instant, and the electric charge
is therefore not stationary. The variationin dielectric displace-
ment gives the static current or condenser current.

Non-dynamic. Is an adjective applied to the electrical
terms to cover all effects which do not have their source directly
in the generators.

Accumulated static charge. This term applies to the charges
of electricity which accumulate on a transmission line due to
wind, rain, etc. and represents an electric displacement in the
dielectric between line and earth.

End-gap static. Discharges of a multigap arrester. On high-
potential circuits, a few of the series gaps at each line connec-
tion are bridged by tiny sparks which give out a buzzing sound.
The number of gaps bridged by the sparks depends on several
factors—applied potential, relative capacity of each cylinder
to its adjacent cylinder and ground, and leakage through or
over the surface of the supporting porcelain.

Grounded meutral system, and nomn-grounded neutral system
as applied to a transmission circuit are terms which are self-
explanatory. A three-phase delta circuit may have an arti-
ficial neutral made by the connection of auxiliary apparatus in Y
relation, and this neutral may be grounded. The word neutral
cannot be omitted in this expression without confusion with the
continual lightning condition of an accidentally grounded phase.

Forced oscillations. Forced electrical oscillations are oscilla-
tions impressed on a circuit regardless of the free, natural, or
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proper oscillations of the circuit. Alternations from a generator
on a line are forced alternations.

Resonance. 1f the forced oscillations have the same frequency
as the natural oscillations of the circuit there is perfect resonance,
or tuning, and both the current and potential will assume ab-
normal values.

Standing wave. A standing wave is to be distinguished from
a traveling wave. A standing wave is caused by traveling
waves moving in opposite directions and so timed that they
pass each other always in the same relative position. The
result will be nodes at certain points and anti-nodes at points
midway between. The nodes remain at zero or normal
potential, and the anti-nodes vary in potential from double the
potential of a single wave in the positive sense to the same
potential value in the negative sense.

Rate of discharge is the current, I = %—?-' The rate of

discharge is an important factor in connection with-the resistance
of a lightning-arrester.
Acceteration of discharge. Is the rate of change of current.

. dl d&Q E . .
Acceleration = T -F L The acceleration of discharge
is an important factor in connection with the inductance of a
lightning-arrester circuit.

Recurrence. Recurrence is a convenient word to use to avoid
confusion with the word frequency in a technical sense. The
frequency (natural) of lightning may be about a million cycles
per second, but the frequency of recurrence of lightning stroke
may be expressed in minutes or months.

Oscillogram. The tracings of waveforms taken with an
oscillograph.

Multigap. Multigap expresses the condition of a number of
gaps between conductors in series.

Multipath. Multipath expresses the condition of a number of
gaps or circuits in parallel.

Mudtiplex commection. On a lightning-arrester, this com-
mercial term means that there are certain cross-connections be-
tween phases of the arrester above the earth connection. These
cross-connections may or may not have an appreciable resistance.
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No-gap aluminum arrester. An aluminum arrester composed
of a series of aluminum electrolytic cells connected directly to
the lines without the intervention of any gaps.

Gap aluminum arrester. Is the same as above except there is
a gap between each phase wire and the cells to prevent the
natural capacity current of the cell from flowing continuously.

Graded resistance arrester. A trade term to express the form
of multigap arrester according to the 1907 design. A number of
resistance circuits of variable ohmic value are thrown in parallel
across the simple multigaps. These resistance circuits have a
common connection at one end and tap in at different points on
the muitigaps.

Nature of lightning. In the A. 1. E. E. ProcEEDINGS, May,
1906, the writer gave a brief outline of lightning effects as a basis
for a laboratory study of methods of measurements. Dr. C. P.
Steinmetz has given a very complete classification of lightning
on transmission lines* from the broad standpoint of the analyst
of the phenomena. While it is necessary to keep in mind the
classification according to the phenomena, it is more direct for
the designer of protective apparatus to analyze according to the
effect of the lightning on the insulation and the lightning-arresters.
Regardless of the cause of the lightning, the arrester and insula-
tion take into account in the two kinds of lightning, transitory
and continual, only the three factors—the frequency, the dura-
tion, and the potential of the stroke.

The nature of lightning on electrical transmission has been very
little studied by direct measurements, on account of the lack of
specific instruments with which to make the measurements, the
erratic appearance, the transitory duration, and the danger in-
volved.

Frequency. By astudy of artificial lightning, it can be demon-
strated that a transmission line may be subjected to any fre-
quency of electrical oscillation ranging from one-half cycle per
hour (gradually accumulated static electricity) to about a billion
cycles per second. On many particular lines, the frequencies of
oscillations will exist probably in groups of harmonics.  The
first and lowest group starts with the generator frequency and
runs up in odd multiples thereof to all the higher harmonics. On
account of the impossibility of getting very abrupt changes of

*ProceeDINGs of A. I. E. E., March 1907.
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magnetism in a generator (due to the relative permeability of
iron and air) the upper harmonics from the generator wave very
quickly become negligible.

It is usual to assume that the fundamental wave of the
generator will not attain an abnormally dangerous value on
account of the limitation of the exciter voltage, but, under the
special condition of a short-circuited phase on a multiphase
generator, the voltage of the phases not short-circuited may rise
to a very dangerous value. Several years ago Mr. L. Robinson,
at the suggestion of Dr. C. P. Steinmetz, took oscillograms of this
condition of operation in some large generators and found a rise
of 250%,. This surge requires special attention in the application
of lightning-arresters.

The second group of oscillations starts with the natural
period of the electrical circuit, including in its factors the in-
ductance and capacity (static) of transformers, cables, overhead
lines, choke-coils, and translating devices of any kind in the
common circuit. There are also the upper harmonics of this
group. The first group may overlap the second group. If any
frequency of the first group coincides with that of the second
group, then that particular oscillation of the second group is in
resonance (or in tune) with the particular wave of the first group, -
and its free oscillation will be magnified until the natural energy
losses of the oscillation are equal to the energy derived from the
harmonic of the generator wave.

The third group of oscillations includes those starting with the
fundamental frequency of the transmission line or cable (not
including the apparatus.) The line or cable may oscillate as
one segment or any odd multiple thereof, giving thereby all the
upper harmonics. )

The fourth group of oscillations may be designated as mis-
cellaneous. In this group are such oscillations as those be-
tween the system and an isolated conductor. An example of
this kind of oscillation is found in the multigap arrester. Usually,
about a half-dozen gaps next to the line connection will have a
spark-discharge across them continually. Each time the
second cylinder is connected to the first, an oscillation is set up
on the line, the results -of which have been experimentally
measured.

The fifth group of oscillations comes from external sources and
will oscillate independently of the line. In this group are the
forced oscillations on the line derived from cloud-lightning.
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The natural frequency of cloud-lightning, not yet having be
measured, is presumably determined by the static capacity
the part of the cloud that is discharged and the inductance
the discharge path between cloud and earth. Since both t.
inductance and capacity vary, the natural frequency of tl
cloud-lightning will also vary over a limited range. In th
group come also the oscillations on a line from wireless telc
graphic signals and induction from adjacent transmission lines
If any of the oscillations of the previous groups are in tune o
resonance with one of the fifth group, then such an oscillatios
may be enormously magnified. It is useless to speculate oz
whether or not cloud-lightning has any upper harmonics.

Following is a summary of the five groups.

First group. Generator frequency and harmonics.

Second group. Natural frequency of the main circuit and
harmonics.

Third group. Natural frequency of the line circuit and
harmonics.

Fourth group. Miscellaneous oscillations.

Fifth Group. Forced oscillations from an external source.

Comments on the five groups. The generator and cloud-
lightning are both sources of energy. The generator frequency
is below any of the natural periods of the lines and therefore
its fundamental wave is impressed on the line from end to end
with only relatively slight modifications of form by inductance
and capacity; the cloud-lightning frequency is unknown, but
there is reason to believe that it may be of the order of 100,000
to 1,000,000 and consequently agrees with some of the
possible oscillations of the other groups. The oscillations
on a line due to cloud-lightning are of a double nature; there
are, first, the forced oscillations due to the natural frequency of
the cloud discharge, and, secondly, the free oscillations of the
charge left on the line.

1. These forced oscillations may be more or less magnified
or nullified by interference. Unlike the generator forced
wave, the cloud-lightning forced wave may be far above the
natural frequency of the line, and the whole line cannot rise
and fall simultaneously with the cloud-lightning oscillations.
There will be a succession of waves which will be partly re-
flected from the ends of the lines, and the reflected wave
traveling in the opposite direction will combine algebraically
with the waves it meets. If the line is an odd multiple of
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a quarter wave-length, two waves traveling in the opposite direc-
tion will meet at a certain point on the line and will neutralize
each other; the succeeding wave will do the same at the same
point ; consequently this point of the line will remain at constant
potential. At a quarter wave-length in either direction on
.the line, the potential is changing its value at every instant
as the waves cross each other. The result is that the potential
will vary gradually and harmonically from zero to twice the
original height of the traveling wave. This effect has been
called a standing wave. It is variable in value of potential
at every instant, but is fixed in its position on the line. Three
positions of such a wave are illustrated in Fig. 1. A and B
are two points on the transmission line. The dotted curve repre-
sents the reflected wave, and the broken curve the standing
wave. The point A is zero for all positions of the waves and is
therefore the node. The point B is zero in the top curves, 1509,
in the middle curves, and 2007}, of the traveling wave in the lower
curve.

If the length of the line is not an odd multiple of the quarter
wave-length, then the reflected waves cause a jumble without
definite form. ’

If the induction from the clouds is electromagnetic (horizontal
lightning stroke parallel to the line), there is no resultant
quantity of electricity on the line and the surges set up will die
out gradually by loss of the initially imparted energy; but, if the
induction from the cloud is electrostatic, there will be a definite
charge of electricity set free and left on the line.

2. The free oscillation. When a thunder-cloud over a line
discharges, it may set free a charge distributed over the line
according to the area of the liberated charge on the cloud and its
position relative to the line. The length of charged line may
be perhaps of the order of 1000 ft. to 5000 ft. If the line had
sufficiently high resistance, this charge, when liberated, would
spread over the line as a bucket of water flows when thrown
into an empty trough. The line resistance in reality is almost
negligible, consequently the energv of the charge will be trans-
formed into- electromagnetic energy and back, continuing
to oscillate until the waves are damped out. Neglecting leakage
to ground, this charge will finally have changed its position
from the occupancy of the capacity of a short length of the line,
to the occupancy of the total capacity of the line, and in conse-
quence its potential will have decreased proportionally. Mean-
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while, the waves have traveled in both directions on the line,
giving the possibility of a standing wave.

We can examine the condition giving a standing wave by .
assuming a fictitious line 100,000 ft. long and the length of the
line covered by the induced charge at 2000 ft. “The quarter
wave-length then is 1000 ft. If the line is divided into imaginary
1000-ft. sections, and, if the liberated charge should so occur
asto cover exactly two of these sections, the reflected waves
would be so timed as to cause standing waves. If the charge
were liberated in any fractional position of the 1000-ft. section,
the standing wave would be more or less destroyed.

Following out this line of reasoning, it is evident that a
standing wave is a matter of chance not only in the relative loca-
tion of the liberated charge on the line, but also in the relative
length of the charge to the length of the line. If this theory is
true, strokes of equal potential may vary greatly in their re-
sultant effects.

There ig an important condition of surge, involving probably
all the first three groups mentioned above. This has been
mentioned elsewhere as the grounded-phase condition. In
this, the generator is the source of energy, but it does not force the
oscillation into the system. Owing to the grounded-phase condi-
tion of capacity, the generator produces a static charge which
is set free to vibrate by the making and breaking of the arc
between the faulty phase and ground. The phenomenon is
somewhat analogous to putting a spring under tension and sud-
denly releasing it. As with the spring, the electrical oscillations
die out, but may be renewed a number of times during a half-
cycle of the generating wave. An oscillogram of this condition
is shown in Figs. P, S, and T, ‘‘ Methads of Testing Protective
Apparatus,” PROCEEDINGS, American Instltute of Electrical Engi-
neers, May, 1906.

Duration of lightning. Nearly all lightning oscillations are
individually of short duration. There is one notable exception;
namely, the continuous surges set up on one line from a parallel
line (e. g., telephone circuit under a power circuit). All the
transitory surges have a logarithmic decrement of potential and
current. The rate of decrease of the peaks of the lightning
potential depends upon well-known laws; it is proportional to
the rate of dissipation of the energy of the stroke. The energy
of this electrical charge is dissipated in at least three ways;
radiation, heat, and chemical transformations.
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Hertz has shown that an open circuit is a good radiator of
energy (wireless telegraphic waves) and therefore a poor oscilla-
tor. On the contrary, a closed circuit is a pdor radiator, but it
will oscillate for probably several hundred cycles, provided the
energy 1s not absorbed in resistance and arcs in the circuit.
Hertzian waves are radiated only at extremely high frequencies.
Lower frequencies radiate in the form of brush discharge only
There is an analogy to the hertzian waves in sound vibration.
If the air is not struck with a quick blow, it slips around the
vibrating material and does not send out a sound wave. A trans-
mission circuit may oscillate as either a closed circuit or an
open circuit. Line-to-line oscillations are examples of the
former; line-to-ground oscillations of the latter.

The line wires, as closed circuit oscillators, have a very low
ohmic resistance and therefore, as far as this factor is con-
cerned, a small decrement of voltage. If the oscillation is
low enough in frequency to pass through transformers, the
hysteresis and eddy losses in the iron will very quickly de-
stroy the free oscillations. In each of these cases fhe energy
of the electrical discharge is transformed into heat.

In arcs, especially the liquid-electrode types, and when the
oscillating current is passed through electrolytes, such as the
aluminum-cell type, more or less energy is absorbed in chemical
dissociation.

Decrement. What is the best value of decrement? This
question is open to discussion. The shorter the duration of the
oscillation, the less will be the liability of damage to the insula-
tion; or the quicker the lightning-arrester operates after the
potential rises, the less the likelihood of damage to the insulation.

Without going into mathematical refinements, the duration
of lightning, as affected by logarithmic decrement, can be demon-
strated by simple curves. The subject of oscillating .urrent
is thoroughly treated in a number of text-books, but there are
certain specific conditions concerning lightning which make some
of the general statements regarding the surges inapplicable to
lightning on transmission lines. As an example, the general
statement is made that with a fixed inductance, capacity, and
quantity of electricity, the time of quickest discharge exists
when the value of resistance in series is equal to the critical value

R = \] iC_é This is not true for lightning on a transmission

line without lightning-arresters, and it is further from the truth
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for the lightning-arrester circuit itself. The duration of lightning
on a transmission line without arresters will be shorter if the
resistance (or its equivalent in other energy-absorbing power,
as brush-discharge, electrochemical energy, etc.) is less than the
critical value. The arrester is placed directly in shunt with the
transmission apparatus, and, although the surges on the line may
continue for a longer time with negligible resistance in the
arrester, the potential across the arrester is reduced quickly to a
safe value in spite of the longer duration of current. The dura-
tion of lightning is the time required for the potential to reduce
to the safe value. The relations are shown graphically in Figs
2,3, and 4. Fig. 2 shows two curves of a potential discharge
when the only variable is the initial lightning potential. The
resistance has a value above the critical value. The higher the

3
--------------------------- SAFE POTENTIAL

—LINE POTENTIAL

Fig. 2

initial lightning potentialin thiscase, the longer will be the duration
of the lightning. This corresponds to the discharge of lightning
through an arrester or static discharger containing high series
resistance.

Fig. 3 shows two discharges, one non-oscillatory and the other
oscillatory ; for simplicity, these are given the same decrement.
The resistance in the case of the oscillatory discharge is less
than the critical value, and the duration of lightning is about the
same as for the value of resistance above the critical value.

Fig. 4 shows the condition of most rapid discharge of light-
ning. The resistance lies between the two values of Fig. 3,
but the rate of energy-loss is greater. The second half-cycle
brings the potential to the safe value. If the energy is absorbed
in electrochemical. action, as in the aluminum cell, the energy
loss is proportional to the quantity of electricity, and the re-
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sistance may be zero without affecting the result. Further-
more, the critical lightning potential of the aluminum and
liquid-electrode arresters will prevent the potential from rising
above the safe value on the first half-wave. To obtain the same
result at the multigap arrester terminals, it must be possible
to cut out all series resistance if the viciousness of the discharge
demands it. The above discussion is made without reference
to the dielectric spark-lag.

Continual lightning. Recurrentsurges. Although each light-
ning surge is transient, in general there may be a succession
of free oscillations with normal value of potential between them.

These recurrent surges result invariably; for example, from a
grounded phase on an insulated Y or delta system and from
a loose contact on an alternating-current trolley system. Asa
rule, the duration of each surge cannot even be guessed, but
the total duration of the successive surges is limited only by
the removal of the condition which caused them.

Potential of the surge. This subject is best treated under the
two heads of transitory oscillations and continuous oscillations.
In the case of free or natural oscillations, there is always a
loss of energy and a consequent decrement in the successive
peaks of potential. The only method of measuring potential
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in this case is by the equivalent spark-gap. If the oscillations are
sufficiently low so that a quarter-cycle is not greater than the
dielectric spark-lag of the gap, the gap may be expected to be
proportional to the potential. On the other hand, if the
frequency is exceedingly high, or the drop of potential is rapid,
then the gap will no longer racasure the peak value of potential,
but some lesser value of poteaticl depending on the two fac-
tors, spark-lag and logarithmic decrement of discharge. An
illustration of this was given in a raper by the writer, (Pro-
cEeDINGS of the American Institute of Electrical Engineers,
May, 1906.) As a result of this condition, the maximum poten-
tial cannot be determined and the nearest expression is to state
the equivalent spark-gap. This dielectric spark-lag, with some

.
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types of apparatus, has a bearing on the problem of protec-
tion. The insulation to be protected has also a dielectric
spark-lag, and, while it may not puncture before the arrester
releases the strain, it may nevertheless receive an injurious
blow. If the insulation has the property of ‘‘ self-repairing "
the injury is transient.

Continuous oscillations must be distinguished from recurrent
oscillations. The needle-gap in parallel will apparently
measure the potential in this case, but, continuous oscilla-
tions occur very seldom in lightning-arrester work. If re-
current surges follow each other in very rapid succession, it
seems reasonable to assume that the equivalent needle-gap is a
close measure of the potential, but this condition of *“ very rapid
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succession " is too indefinite to be relied upon. In consequence
we shall necessarily be limited in this case also to expressing
the potential, not in volts, but in equivalent spark-gap.

Nature and characteristics of the insulation to be protected.
Tests of dielectric strength have been made for yearson insulations
with continuously applied potentials, applications ranging in
time from one second up. Much of this information is available
in published form. Tests of insulation with transiently applied
potentials are meager. .

Under transiently applied potentials the three types of insu-
lation—solid, liquid, and gaseous—have properties not shown
by the tests of continuously applied potential. This difference
results from both the dielectric spark-lag and the property of
self-repair. Solid. liquid, and gaseous insulations differ in
degree in these two characteristics. When the disruptive
potential applied to the oil insulation is removed, the injury
inflicted is gradually repaired, provided a slight circulation at
least of the oil is possible. Oil has also a comparatively high
dielectric spark-lag. Air has the property of self-repair, but its di-
electric spark-lag is much less than that of oil. Solids, in general,
have no self-repairing property but have a dielectric spark-lag
lying between the values for liquids and gases. The character-
istics of any insulation are studied by the same methods as
lightning-arresters. These methods are given farther on.

The spots most vulnerable to lightning in electrical apparatus
are the bushings of the leads, the end-turns, and the space
between phases. Brielly stated, there are just two factors
concerning lightning and insulation that should be known;
namely, the potential, and the duration of its application at
abnormal values.

4. Characteristics of lightning-arresters.  After what has pre-
ceded, the qualities which an arrester must possess to protect
insulation are fairly evident. The questions to be answered are:

A. Is the equivalent needle-gap affected by the natural fre-
quency of the oscillation?

B. By the rate and acceleration of discharge?

C. By the quantity of discharge?

D. What is the nature of the dynamic current suppressing
device?

i ?
E. What is the endurance g to single strokes!

to recurrent surges?
F. Is there a dielectric spark-lag?

-
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Before attempting to answer these questions by the designa-
tion of tests, a review is made of the simpler tests described
by the writer in the PRocEEDINGS of the American Institute of
Electrical Engineers, May, 1906. To these tests some additions
have been made.

First test. Test of static discharger. This test is of less im-
portance than those following. The source of energy, in Fig. 5.
is a static machine. The equivalent spark-gap is the value
of the gap G which causes the discharge to pass through the
arrester. The spark-gap is necessarily a sphere-gap because
the needle-gap will carry off the current of a small static ma-
chine in brush-discharge as rapidly as it is generated, and thus

STATIC MACHINE

i
B P

CONDENSERS

=

g '/
INSULATION l
GROUND

Fig.5

limit the potential to a small value. The condensers are some-
times used as a convenience in observing the spark-distance.
The report from the condenser-discharge cannot be confused
with any brush-discharge. *

If the static-discharge has a high frequency, the measure-
ment of the ohmic resistance will permit a calculation of the
current flow at double the normal potential of the system.
Double potential is here chosen, as in other similar cases to follow,
with a specific object in view. For the present at least, it
seems necessary to design the insulation of electrical apparatus
with 'a minimum factor of safety of 2. Therefore, 2007 gives
the discharge current at the limiting value of potential. There
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is a more important reason for choosing 2009, potential for
the calculations. Some types of arresters, especially the elec-
trolytic types, have a small current discharge at normal poten-
tials, but have a critical value of limiting potential above which
the current flows freely. Choosing 2009, normal potential for
the purpose of calculation brings out the desirable characteristics
of these arresters.

Second test. Equivalent needle-gap at commercial frequency by
step-up transformer. Fig. 6 shows the recommended connections
of the transformer, arrester, and needle-gap. The presence of
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nsulation is not necessary, although it is sometimes desirable.
The thickness and nature of the insulation, when used, is the
same as the arrester is designed to protect.

Two equivalent needle-gaps differing somewhat in value are
obtained from this test. They are:

a. Equivalent needle-gap (e.n.-g.) by transformation.
b. Equivalent needle-gap (e.n.-g.) by needle-gap.

The equivalent needle-gap by transforriation gives the ‘po-
tential of the fundamental wave, and the value by needle-gap
gives approximately the peak of the superposed surges derived
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from the various local oscillations of the high-potential circuit.

There are three tests to be made, making six equivalent
needle-gaps in all.

First condition, no grounded phase; switch S open.

Second condition, grounded phase; switch S closed.

Third condition, arcing ground; switch S arcing to maxi-
mum length of arc.

Third test.  Disruptive-stroke test. There are two simple
forms of circuits which are recommended for this test. The
principal difference between the two,lies in the use of a static
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machine as a source of potential in one case and a transformer
in the other; see Figs. 7 and 8.

In Fig. 7, the potential corresponding to the gap G is ap-
parently the same as the spark potential obtained from tests
with a transformer, and not the values corresponding to the
direct-current potential.

Fig. 8 is a modification ¢f the circuit used by Mr. Percy Thomas
a number of years ago for starting the dynamic current across
the arresters. The modification results from the different
desideratum. The quantity sought is the equivalent spark-gap.
It was found that the two gaps, corresponding to the gap G and
insulating the arrester from the transformer untii the spark
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jumped both gaps, caused variations in the equivalent spark-gap
according to the relative lengths of the two gaps. Some details
of the tests which led to the adoption of this simpler circuit
(Fig. 8) are given elsewhere in this paper.

Method of disruptive stroke test with the static machine as
source, Fig. 7.

Choose a charging resistance of the order of a megohm and
state its value if known.

Before connecting the arrester to the circuit, make the equiv-
alent spark-gap characteristic-curve of the charging resistance.
This curve shows the limitations of the testing apparatus.

000000000000/
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Fig.8

The abscissas of this curve are the lengths of the setting of the
gap G, and the ordinates are the corresponding values of the
needle-gap or sphere-gap Q, which will allow not more than one
in ten of the strokes at G to pass over the Q gap. This curve,
once made, is good for all subsequent tests.

Place the arrester in position, and take the equivalent spark-
gap-characteristic-curve in the same way as for the charging
resistance.

The value of capacity to use in this test need not be stand-
ardized. There is a certain minimum value of capacity which
gives a discharge of sufficient energy to puncture the insulation
which the arrester was designed to protect. The maximum
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value of capacity which may be used is determined entirely
by the size of the static machine. When the leakage through
the condenser equals the current generated by the static machine,
it becomes impossible to raise the potential across the gap G
to the spark value. For most of the tests, the writer has found
four one-gallon Leyden jars (two on each side) sufficient, and an
upper limit of the gap G of 5 to 7 in. This apparatus will send
a spark over about 200 of the 1/32 in. multigaps under the
usual conditions of installation, and the number of multigaps
may be greatly increased by using antennae wires near the row
of gaps.

The terminals of the spark-gap Q should invariably be con-
nected to the terminals of the arrester. The natural frequency
of the oscillation will be of the order of a million, and consequently
a few inches of wire added to the arrester length will, in many
cases, add very materially to the value of the equivalent spark-
gap.

There are a number of variations of the circuit of Fig. 7
which have been used in research work, but such variations
would complicate the methods of test without a corresponding
gain in the knowledge of the operation of the arrester. Some
of the results of these variations are given elsewhere by the
writer. The variations consist in making such changes as re-
placing the charging resistance by a charging reactance of a
high value, and the introduction of reactance-coils in the cir-
cuit at different points.

Method of disruptive-stroke test with a transformer as source
of potential. Fig. 8. The figure makes a description un-
necessary. The same charging resistance and condensers may
be used, and also the same gap G in the new location.

The procedure is to set the gap G, and then increase the ex-
citation of the generator (preferably of smooth wave-form)
until G sparks and opens an automatic circuit-breaker. The
excitation should then be slightly increased to overcome the
effect of the dielectric spark-lag which gives a gradual break-
down of the air in the gaps when the voltage barely reaches the
spark voltage. The excitation-circuit, resistance, and voltage
are then held constant. The excitation-switch is then opened
until the circuit-breaker is closed and then closed again—and so
on for each discharge.

The equivalent spark-gap-characteristic-curve is made in
this case as in the preceding one. The ofher precautions are the
same.
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The upper limit of the capacity of the condensers which may
be used, is determined solely by the size of the generating appara-
tus. The capacity of the condensers should be stated in the
report.

The two methods using the same condensers, charging resist-
ance, and values of G gap give somewhat different values of
equivalent spark-gap. The method of Fig. 5, using the trans-
formers, gives the higher value. A plausible explanation of
this may be found in the ionization of ‘the needle-gap by the

.
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applied potential previous to the passage of the spark across
the gap G. This-does not occur in the circuit shown in Fig. 7.
Since the spark at the gap G (Fig. 8) always takes place at
peak values, the gap Q is always ionized, whereas in transmission
practice the generator potential may be at zero potential when
the lightning stroke occurs. This feature is unfavorable to the
use of the method of test, but the employment of a transformer
with its greater energy capacity and availability will often offset
the disadvantage. On the other hand, the equivalent needle-gap



1907] CREIGHTON: PROTECTIVE APPARATUS 1079

so found will be at its highest value, since the needle-gap, when
it sparks, is ipnized to a lightning-potential corresponding to at
least two or three times the normal line potential of the arrester.
The arrester gaps are also somewhat ionized by the potential.

Fourth test. The Tesla transformer test, Fig. 9.

The natural frequency of this oscillation transformer is usually
of the order of 100,000 cycles per second and the continual dis-
charges are good imitations of continual lightning or resonant
surges.
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If it is desired to measure the equivalent sphere-gap by this
method, the connections of Fig. 9 seem to be the most desirable.
The procedure is to close the switch S and then elongate the gap
at G until the arrester takes all the discharge. A needle-gap
cannot very well be used at G, on account of the energy lost in
brush-discharge from the points.

The Tesla transformer is specially adapted to give the effect
of continual lightning. The method of connection to the
dynamic circuit is shown in Fig. 10. Condensers are used be-
tween the Tesla transformer and the arrester to prevent the
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short-circuiting of the dynamic-current through the high-potential
coil of the transformer. The high frequency passes through
these condensers as easily as through a straight wire, but the
current at generator frequency is comparatively insignificant.
The discharge circuit is arranged so that the current passes in
opposite directions, thus lessening the tendency to choose the
path through the power transformer. This tendency is still
further minimized by connecting the condensers to points on
the arrester somewhat away from the ends. These points of
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connection are determined by trial, the desideratum being to get
a uniform continual discharge through the entire arrester.

Fifth test. Half-wave test (Fig.11). This test for equivalent
spark-gap is of great importance as it brings out the sensitiveness
of the arrester to the first impulse. An * induction-coil ” gives
the same kind of discharge in rapid succession and may be used
up to the limit of its capacity, instead of the power transformer
of Fig. 11. The energy in the induction-coil is limited to a small
vaiue, and the observer must assure himself that the energy is
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sufficient to give the correct value of equivalent spark-gap. The
variations of equivalent spark-gap are demonstrated in the tests
given.in the appendix of this paper, and are made evident by
varying the value of direct current in the primary.

In making this test the record should contain statements of
the kilowatt capacity of the transformer, the ratio of trans-
formation, and the nature of the primary circuit (battery or
dynamo, and the total resistance of the primary circuit). Care
should be taken to hold the switch in the primary closed long
enough to allow the direct current to rise to its full value.

If a spark occurs at the needle-gap on * make,” a flaring arc
is formed, which with the 50-kw transformer has sufficient
energy to melt the points of the needles. The *‘ break "’ gives a
higher potential and forms only a spark; consequently, it is more
convenient to use.

Equivalent spark-gaps of resistances and closed-circuit ap-
paratus cannot in general be obtained by this method, since the
presence of such a closed connection on the secondary prevents
the rise of potential to high values.

Sixth test. Endurance test. The endurance of an arrester
depends on the nature of the dynamic current-suppressing device.
There are two factors concerning this device to be determined
The first is the action due to transitory lightning. What is the
nature of the suppressing device; the time required to suppress
the dynamic, and the maximum current discharge?

The second factor is the action due to continual lightning
when the current-suppressing device is brought into continual
action. Is this suppressing ability diminished by the passage
of the dynamic current?

Oscillograms of the current and voltage during discharge will
give, with most types of arrester, enough information to make
a fair answer to the questions of the previous paragraph. The
oscillograms will show:

a. The duration of the dynamic current, and the point of ex~
tinction when the instant of starting the current is varied.

b. The voltage across differtent parts of the arrester.

¢. The maximum value of current of the test.

d. If the arrester did not drop the potential of the circuit, a
generator of infinite kilowatt capacity could not have done
more. If the arrester did drop the potential of the circuit,
oscillograms will show where the potential was absorbed, and
variations of the current of the test will show the law of relation
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of current to impressed voltage. From this information the
current flow for any size of generator may be determined.
If the arrester is designed for transitory lightning only, the
endurance is determined by sending discharges at intervals of 10
to 20 seconds until the arrester is seriously damaged or inopera-
tive.

If the arrester is designed for continual lightning, the
endurance is determined by sending a continual discharge from
some auxiliary device, like the Tesla transformer, over the
arrester until serious damage to the arrester or short-circuit to
the apparatus results.

An attempt is made below to outline the methods of test
which will give answer to the questions at the beginning of the
section marked ** 4th consideration "

A. Natural frequency. The effect of a variation in the natural
frequency of the oscillation on the equivalent needle-gap may be
demonstrated, in general, by a comparison of the values ob-
tained from tests numbers 1, 2, 3, and 5. The first test with
high-potential direct-current is not always available. Static
machines furnish a very small current; the leak over most
arresters is sufficient to absorb the charge on the static-machine
plates as rapidly as it is generated, and consequently prevents
the rise of potential across the terminals of the machine. A
sphere-gap must be used instead uf the needle-gap, on account
of the line discharge from the latter. Where mercury rectifiers
are obtainable, high-potential direct-current may be obtained in
greater values. This test is usually not necessary as the second,
third, and fifth tests give sufficient data, as a rule, to demonstrate
the characteristics of the arrester. Applications of potentials
at alternator frequencies of 16 to 60 cycles (test No. 2) give the
actual spark potential both by transformation and by equivalent
needle-gap. The third test gives natural frequencies, easily
regulated to values of a million per second or more. The equiva-
lent needle-gap will usually differ from the values obtained in
test No. 2.

In both tests, No. 2 and No. 3, the potential is applied during
several cycles of the oscillations. It has been found thatsome
arresters do not discharge easily during the first half-cycle of
the oscillation. Through considerations of the dielectric spark-
lag and frequency, this characteristic affects the protective value
of the arrester. Test No. 5 (half-wave test) brings out this
characteristic. By inductive reasoning, it can be shown that an



1907] CREIGHTON: PROTECTIVE APPARA1US 1083

arrester which has a half-wave equivalent spark-gap much
greater than the disruptive-stroke equivalent spark-gap is not a
good protector for low-trequency strokes. If the arrester does
not spark over its gaps during the first half-wave, the insulation
in parallel will be punctured unless the time of the first half-cycle
of osciliation is less than the dielectric spark-lag of the insulation.
In other words, such an arrester may give good protection at
exceedingly high frequencies but decreases in protective value as
the frequency of the lightning surge happens to be lower.

Summarizing, we have for the study of frequency effects on
the arrester that:

Test No. 1 (direct-current static) is usually unavailable and un-
necessary.

Test No. 2. Alternator gives two equivalent needle-gaps.

a. The needle-gap corresponding to ‘the voltage by trans-

‘formation (no arrester connected to the terminals).

b. The equivalent needle-gap as actually measured in parallel
with the arrester.

Test No. 3 (disruptive stroke) gives two equivalent spark-
gaps, one for each test.

c. The equivalent needle-gap of suddenly applied potential
(alternator as source), arrester energized previous to stroke.

d. The equivalent needle-gap of suddenly applied potential
(static machine as source), arrester not energized previous to
stroke. :

The form of the equivalent needle-gap characteristic curves will
usually give information concerning the effect of frequency by
inductive reasoning.

Test No. 5 (half-wave test) gives one equivalent spark-gap.

e. Equivalent neecle-gap which shows the sensitiveness during
the early part of any surge.

B. Effect of rate and acceleration of discharge on the equivalent
needle-gap. The rate of discharge is the value of the current
carrying off the quantity of electricity which causes the strain
on the insulation. Mathematically, it is expressed as

dQ dv
I="%=Ca
It is the rate of decrease in the quantity of electricity, or it is

the rate of decrease of potential. It is evident that the higher
the rate of discharge, the less will bethe liability of damage to the
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insulation. The rate of discharge (that is, the current) variesin-
versely as the resistance in the circuit. The effect of the rate
of discharge, as affected by resistance, is shown by the equivalent
needle-gap characteristic-curve of the resistance of the arr&ster,
especially using the disruptive-stroke test.

Before an arrester can have a rate of discharge (current)
there must be an increase of current from zero, or normal, to
the value considered. The rate of this increase is the accelera-
tion of the discharge. Even if the final rate of discharge is
high, it will be of little avail if it requires a relatively long time to’
reach the condition of rapid relief. The aceleration of discharge
is the rate of increase of current. Mathematically it is expressed

as g =1K when V is the potential of the lightning and L the
inductance of the arrester in the path of the lightning. Since
the potential of a lightning stroke on a line cannot be controlled’
or limited in any way except by overhead grounded wires or
materials, the factor of inductance of the arrester must be
reduced to its minimum possible value. Since the inductance
of an arrester is normally very low, it will cause no appreciable
voltage effect except at very high frequency, therefore the high-
frequency disruptive test (No. 3) should be used to measure the
inductance. In order to eliminate the other involved factors,
viz., dielectric spark-lag and rate of discharge, a wire’
of good conductivity may be carried over the contour of
the arrester circuit and the equivalent spark-gap of this induct-
ance taken. This equivalent spark-gap is inversely proportional
to theacceleration. Ingeneral, arresters have negligible induct-
ance as compared with the inductance of the earth connection.

C. Effect of the quantity of lightning discharge on the equiva-
len: spark-gap. It should be noted that in this the quan-
tity of dynamic electricity is not included. The quantity
of dynamic electricity which follows the lightning stroke
produces an effect on the endurance and arc-extinguishing
power, and should be considered under a different head. If
the dynamic discharge causes the lightning surge, the quan-
tity of electricity involved in the excess potential comes under
this head.

The effect of quantity of electricity was incidently involved
and discussed under rate and acceleration of discharge.

There are three means of increasing the quantity of lightning
electricity:
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1. By keeping the capacity constant and increasing the
potential.

2. By keeping the potential constant and increasing the ca-
pacity. -

3. By maintaining a current at high potential and allowing
it to flow for a time. Q = It

If the increased quantity of electricity is obtained by an
increase of potential, the duration of abnormal potential will be
extended, since the logarithmic decrement remains the same.
If the increased quantity of electricity is due to increased
capacity, the natural frequency of the oscillations will be lowered
inversely, proportionally to the square root of the capacity.

Increased quantity by increase of time requires the applica-
tion of continuous power.

The quantity of lightning electricity which may be generated
in a laboratory is usually small as compared with the induced
stroke on a transmission circuit, but not always. The usual
criticisms of laboratory tests are based on this fact. This con-
dition is unfortunate, but does not prevent reasonable deduc-
tions from laboratory tests. For example, if increasing quan-
tities of electricity up to the laboratory limit are used, and the
equivalent needle-gap of arrester (X) continues to rise with the
increasing values, it seems safe to conclude that any greater
quantity on the line will give a still higher equivalent needle-
gap. If the equivalent needle-gap of an arrester (Y) remains
constant for all available values of quantity in the laboratory,
the conditions on the line discharge will be more favorable to
Y than to X, to say the least.

The equivalent spark-gap characteristic-curve taken with
either the disruptive stroke test (No. 3) or the half-wave test
(No. 5) will show effects of the increase in quantity of electricity.
In test No. 3, the quantity may be increased by an increase in
potential obtained by drawing out the G gap, or it may be in-
creased by using larger condensers. In the second case, the po-
tential may be left constant, but the natural frequency of the
discharge is somewhat lowered, according to the formula

1
"= 2xvLic

The quantity of electricity in the half-wave test depends on the
electromagnetic circuit, dimensions, and on the value of current
in the primary. Greater quantity, then, may be obtained by
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choosing a larger transformer or by increasing the value of the
direct current. .

The only known way of reducing the quantity of cloud-
lightning charge on a line is by means of an overhead grounded
wire or other overhanging material.

D. What is the nature of the dynamic current-supp.essing
device®® To make this definite, some of the known devices are
herewith enumerated.

1. Arc suppressed by rectifying quality of zinc; example,
multigap arrester.

2. Arc suppressed by elongation of the arc to extinction;
example, horn gap, magnetic blow-out, and movable plunger or
electrode. :

3. Arc suppressed by increase of resistance; example, con-
glomerate materials, analogous to coherers.

4. Arc suppressed by counter electromotive force; example,
liquid electrode.

5. Arc suppressed by fuses in series.

6. No arc to suppress; dynamic limited by condenser effect.
Example, aluminum cell without series-gaps.

There are at least three features about the dynamic current-
suppressing device which should be determined experimentally.

a. Does the device for the dynamic current also restrict
the flow of the lightning current in any way?

b How long does the device require to extinguish the dynamic
current? :

¢. Does the extinguishment.of the dynamic current set up
secondary lightning surges on the system?

To answer question (a), the equivalent spark-gap should be
taken under the widest range of conditions possible in the
laboratory.

To answer question (b), a study of the oscillograms of the
discharge is necessary.

To answer question (c). some knowledge may be gained by
arcing in connection with inductances and capacities of variable
proportions. Even line tests are feasible, using protected
needle-gaps at different points to measure the rise of potential.
Oscillograms will sometimes give an indication of surges, or
possible surges under more favorable conditions, in the form of
a sudden decrease of current.

E. Endurance of the arrester. Two conditions of endurance
corresponding with the service conditions should be recognized.
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1. Endurance to transitory lightning strokes at stated in-
tervals.

2. Endurance to recurrent surges.

From observations of a number of thunder storms, the general
conclusion has been reached that two strokes of cloud-lightning
follow each other either in rapid succession, one setting off the
other, or only after an interval which may be reckoned in several
seconds or minutes. The time between strokes will vary
with the storms, but an interval of three to ten minutes was
usual in one locality. _

Starting discharges over an arrester in a laboratory test at
intervals as great as three minutes, would make an endurance
run of inconveniently great length. An arrester recovers from
a stroke of lightning quickly, and it is necessary to give sufficient
time only between strokes to dissipate the energy loss in the
arrester. In most cases, an interval of 10 sec. is sufficient to
dissipate the heat, but in a number of cases the writer has used
} sec. with a total endurance of 10,000 strokes.

If the arrester is intended only for intermittent lightning
strokes, the only rule that can be adopted is to make the in-
terval sufficient to avoid damaging the arrester by carrying the
effect- of one stroke over to the succeeding one; such an arrester
should be capable of successful operation also when the strokes
come in pairs, the interval between the two strokes of each pair
being in the range of one to ten cycles of the generator frequency.
In the test record, the interval should be noted.

If the arrester is designed for recurrent surges, its endurance
is expressed in the number of minutes it will carry the con-
tinual train of discharges until the arrester no longer protects
or is inoperative. Going out of operation may be the result.
of total destruction, destruction of some essential part, or in-
crease of equivalent needle-gap to a dangerously high value.

F. The dielectric spark-lag. Although there are no commer-
cial methods of measuring the dielectric spark-lag sufficiently
developed to present at this writing, the subject is too important
in lightning protection to leave without mention. Progress
in the development of protective apparatus requires a recog-
nition of its existencc, and a further study of the cases where
the dielectric spark-lag of an arrester involves a danger to
the insulation. Any arrester involving the use of a gap in series
has a dielectric spark-lag. Thus, eliminating other defects,
dielectric spark-lag is dangerous wherever it is possible to injure
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normal insulation placed in parallel with the arrester by sub-
jecting both simultaneously to any kind of a lightning dis-
charge. The converse of this statement, that the failure is
due to the dielectric spark-lag only, is evidently not true.
Each case must be discussed on its own merits based on the
previously mentioned tests. The use of one or more series gaps
necessarily involves a value of dielectric spark-lag. In reporting
on the lightning-arrester, it is necessary, for the present at least,
simply to state whether the arrester has or has not series gaps;
the use of series gaps does not condemn the arrester, although
it is a distinguishing feature.

As a brief summary, recommendation of tests of lightning
arresters should include at least the following:

1. The equivalent spark-gap characteristic-curve by the dis-
ruptive-discharge test.

2. The equivalent spark-gap at generator frequency.

3. The maximum discharge current at normal voltage and
at double normal voltage.

4. The half-wave equivalent spark-gap

5. The endurance of the device.

The principal protectiveapparatus to be considered areasfollows:

1. Lightning-arresters.

The choice of arresters will usually lie among the four following
types:

a. Multigap arrester.

b. Aluminum arrester (no-gap type and gap-type).

¢. Liquid-electrode arrester.

d. Magnetic-blow-out arrester.

2. Lightning-arrester choke-coils or reactances.

3. Overhead grounded wires, one or more, with or without
lightning-rods. .

4. Overload switches, either single-phase or multiphase.

5. Insulator protectors, horns or gaps, with or without fuses.

6. Static dischargers.

7. Earth connections.

8. Horn arresters with resistance.

The classifications of the circuits to be protected are as follows:

1. Constant-potential alternating-
current overhead systems : ﬁg%lfrg‘gﬁngzgt;ﬂutral.
2. Constant-potential alternating-

grounded neutral

current cable system {non-groun ded neutral.
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3. Constant potential direct-current systems.
4. Constant-current systems.

Comments on the prote’:tive apparatus. a. The multigap ar-
rester has been used for years, and has been described and dis-
cussed elsewhere down to the latest designs. Its excellent
qualities for discharging transitory lightning are well known.

b. The aluminum arresters are particularly well adapted to dis-
charging continual lightning. They do not replace the multigap
arrester, but complete the protection of a system by taking
care of lightning which endangers the rultigap arresters. Nearly
all cases of destruction of the multigap arresters of the old
design have been due to continual lightning. Every constant-
potential system should have at least one installation of alumi-
hum-cell arresters. This arrester is preferably installed on the
bus-bars so as to take care of all feeders, and the multigap ar-
rester on the feeders outside the switches for protection of the
particular feeders. The aluminum arrester is a winter and sum-
mer arrester, as continual lightning is not directly due to cloud-
lightning. The two types of aluminum arresters are the no-gap
and gap types. The gap type is the cheaper and has a less
maintenance expense, but the no-gap type is more effective.

¢. The liquid-electrode arrester is recommended for poten-
tials above 35 kilovolts, where the design of a multigap arrester
is difficult. '

d. The magnetic-blow-out arrester has been used for several
years. It is adapted to constant-potential direct-current
systems.

2. Lightning-arrester choke-coils or reactances have the
function of retarding high-frequency lightning traveling toward
the station. This retardation gives the lightning-arresters
time to relieve the lightning potential before it strikes the
apparatus. This high-frequency lightning seems to come in-
variably from cloud-lightning, therefore the installation of
choke-coils on the cable systems is unnecessary and not to be
recommended. Inmany cases, the installation of good lightning-
arresters both inside and outside choke-coils is to be recom-
mended.

3. Overhead ground wires. If a wire be placed underground.
it is protected from the static charge of cloud lightning. If
the insulated wire is simply placed in a metallic sheath and hung
overhead. it is still protected from electrostatic charges from the
clouds. Both these methods are often impossible of employ-
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‘ment on account of the unjustifiable expense involved. The
next best thing to do is to put the ground over the line wire.
The farther above the line wire the grqunded wire is placed, the
better is the partial protection. Dr. Steinmetz recommends
that an overhead grounded wire be so placed that two imaginary
lines drawn from this wire 45° down from the horizontal will
include all line wires between them. Each additional overhead
ground wire, properly placed, gives some additional protection
against induced static electricity from the clouds. The invest-
ment is the controlling factor in the choice.

The overhead grounded wire also has the function of pro-
tecting wooden poles from shattering by direct stroke of cloud-
lightning. It also has the possibility of carrying a direct stroke
of cloud-lightning to ground past the line wires without shatter-
ing theinsulators or causing a short-circuit. More data regarding
this point are needed. )

Lightning-rods at each pole add a slight probability that a
direct stroke will strike at the pole and not between poles.

If the overhead grounded wire is earthed at every pole, direct
strokes of lightning are likely to find a more direct path to
earth. The wave-front of a direct stroke is usually so steep
that the charge finds the natural inductance of the horizontal
wire a great impedance, and consequently it is likely to side-
flash to other lines and also over insulators to its natural terminus,
the earth. If the earth connection is made at every third pole,
there are of course more chances that a direct stroke will hit
a midway point and have a greater distance to travel parallel to
the line wire before it reaches the earth. The parallel movement
of the charge gives electromagnetic induction on the power
wires. Practically all reports of damages to lines by direct
strokes confine the line damage to about seven successive poles.
This fact is suggestive.

4. Overload switches are a part of the protective apparatus,
especially on grounded neutral systems. Multiphase switches are
usually installed and are to be recommended on all systems,
like a cable circuit, where a short-circuit between phases follows
quickly after a short-circuit from phase to neutral. On overhead
grounded neutral systems, phase-to-phase short-circuits are less
likely to occur, and consequently, if three single-pole switches
are used, the phase short-circuited may be opened automatically;
and the load, if not excessive, may be carried on the remaining
two wires with a ground return for a time.
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5. Insulator protectors. An insulator protector is a single
gap or horn gap placed beside the insulators and set with a gap-
length such that a spark will just prefer to jump the gap to
arcing around the insulator. The insulator should be in its
wet condition. The use of this protector is based on the principle
that if the arc must take place at the insulator, due to any high
potential, it will guide the flames so that the insulator wiil not
be cracked by the heat. The arc is then interrupted either by
a fus€ or by automatic trip-switches in the station. If no damage
is done to the generator or transformers, the line can be im-
mediately put back into service. Otherwise, the line is out of
service until the linemen locate and repair the damaged insulator.
On most alternating-current railway circuits, a momentary in-
terruption of service is not very objectionable.

There are some evident objections to the use of the insulator
protector.

In general, every electrical system should have some lightning
protection. There is a certain minimum of protection below
which it is not advisable to go. The amount of protective
apparatus above this minimum will depend primarily on the
value of the transmission apparatus and the value of continuity
of service. Since there is a uniformity in ‘these valuesin the
various installations throughout the country, there is consequently
a general uniformity of practice. There are, however, many
special cases which require the careful consideration of every
device described above. Such examples are found in large
factories and industries depending entirely on continuity of
electrical power, also in large lighting plants in cities. Thor-
oughly efficient protection is not much more expensive than
partial protection, and is cheaper than carrying duplicate
plants and apparatus, in addition to the repair bill and almost
inevitable interruption of service when apparatus is destroyed.
Arresters are of the nature of insurance. A reasonable per-
centage of the cost of the apparatus, cables, lines. etc., with
the factor of the cost of repair of each kept in view, should be
added to the monetary value of continuity of service. The
sum thus found should be the limit up to which it is justifiable
to make expenditures for protection and inspection.

Recommendations for protection of electrical plants in general.
These recommendations will vary with the class of circuit to be
protected.

1, Ccnstant-potential, alternating current, overhead systems.
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The first consideration is the question of connecting up
grounded neutral or non-grounded neutral (this includes straight
delta connection). The answer is somewhat influenced by the
kilowatt capacity of the generating apparatus and the multi-
plicity of the circuits. In general, it may be stated that the
distinguishing troubles on a non-grounded neutral system are
primarily potential or internal-lightning troubles; these may
finally result in a short-circuit which becomes a current trouble.
On the other hand, in the grounded neutral system the initial
trouble is usually a short-circuit which may become an internal-
lightning surge when the abnormal current is suppressed.
Until the advent of the aluminum arrester, there was no way of
taking care of the continual lightning on a non-grounded neutral
system, due to a phase becoming accidentally grounded, and
consequently practice has been favoring the grounded neutral
connection. It seems safe to predict that the non-grounded
neutral connection will now become more favored on account of
the possibility of operating for an indefinitely long time with a
grounded phase.

Insulators often fail one at a time, and such failure causes a
short-circuit in the grounded neutral connection. The subject
of overload-switches has already been discussed above.

On a non-grounded neutral system, the aluminum arrester is
absolutely essential. On a non-grounded neutral system, it is
advisable to use an aluminum arrester to take care of the pre-
liminary continual oscillations which sometimes precede a short-
circuit, and afterwards to take care of the low-frequency energy
surge that sometimes results from the interruption of the short-
circuit current. In the case of multiple circuits, an aluminum
arrester in a station may be used, connected directly to the
bus-bars. Multigap or other arresters for transitory lightning
should be installed on each line or feeder, and lightning choke-
coils should be used in each phase between the arrester and
bus-bars. Line arresters should be used on the line ‘at high
altitudes, exposed lengths, fractional multiples of the line
length to catch standing waves, and in the usual path of thunder
storms.  Transitory-lightning-arresters should be installed
on all incoming and outgoing lines in conjunction with choke-
coils in every sub-station. An aluminum arrester is probably
unnecessary, in general, in each sub-station, but in some cases it
will be advisable to install another arrester at the extreme end
of the line. .



1907] CREIGHTON: PROTECTIVE APPARATUS 1093

When low-potential systems are fed from high-potential
systems, special precaution should be taken to prevent the
destruction of the arrester, and then of the low-voltage apparatus
over the entire system by the accidental impression of the high
voltage on the low-voltage system. This may happen either
through electrostatic induction or direct connection of the
two systems. Continual and continuous lightning are pro-
duced on the low-voltage system. The multigap arrester without
series resistance will short-circuit by welding the cylinders
and thus save the apparatus. An aluminum cell will take
care of this condition without interrupting the service,
but the arrester must be of special design, as it may have to
operate continuously at its critical voltage until the fault
is removed. If it is only electrostatic induction through the
step-down transformers, the design is easy, but, if it is a direct
connection between one phase of the high-potential system and
the low-potential system, the aluminum cell must be capable of
carrying the condenser current of the high-potential line until
the fault is removed.

One substantial overhead wire well-grounded is a justifiable
investment on nearly all overhead systems. Two driven iron
pipes as earth connections are recommended, or one pipe and
the usual wire to the bottom of the wooden post. Using large
copper plates buried in the earth is as a rule unnecessary.

Earths. Make an earth connection as near the arrester as
possible, even if it must be a relatively poor earth, then extend
the earth connection to two good earths. It is advisable to
measure the ground resistance each year before the thunder
storms appear and to be assured that it is low.

Constant-potential cable systems. The choice of grounded ornon-
grounded neutral is again up for choice, as the conditions in a
cable system are quite different from those of an overhead system.
From a protecting standpoint, thedifference lies in the fact that the
phases are as 3 rule throughly isolated from one another in the
overhead system, and an arc fed by the capacity current of the
line can play from one phase to ground without affecting the
insulation between phases, but in the cable the capacity currents
are much greater, and an arc from phase to ground quickly
melts and burns away the insulation between phases. In the
usual multiple-feeder system, there is not time in this short
interval to locate and disconnect the faulty feeder. Since a
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short-circuit is to result anyway, and open the circuit-breaker,
" practice has favored the use of the grounded neutral connection.
This avoids most of the continual surges due to a grounded phase
on a non-grounded neutral. The aluminum arrester will protect
against the continual surges, and, if there are only a few feeders,
some evident advantage may be gained by using the non-
grounded -neutral connection.

The circuit should be broken as quickly as possible after an
arc 'starts, or the heat from the flame will cause widespread
damage to adjacent cables and wires. This is especially true
on large, high-current systems where even normal current
could quickly burn up considerable cable. The engineer should
take note of the effect of the heat of an accidental arc, and usenon-
inflammable separations for the cable.” Asbestos covering or
brick barriers are to be recommended in manholes or at terminal
bells. :

Unless there is some special reason for not doing so, the cable
sheath should be thoroughly and frequently earthed. It is unde-
sirable to make the sheath carry currents of fusing values, or
to allow even a small arc to play upon the sheath to the earth
in any spot, especially where inaccessible.

Except the transitory lightning due to switching, all surges
on a cable system are continual. Therefore, the multigap,
or any other arrester involving an arc in the discharge,
is not so well suited for this system as the no-gap aluminum
arrester. No choke-coils need be used on a cable system.

Mixed cable and overhead system  The only addition to
what has been said of each system is the statement of the
advisability of installing arresters at the junction point of the
two systems.

4. Constant-potential direct-current systems have been sat-
isfactorily protected by the single-gap arrester, notably the
magnetic blow-out type. In the future, it is probable that the
no-gap aluminum arrester will find an application where cloud
lightning is especially severe and where the conditions warrant
the extra expense.

5. On constant-current systems, the peculiar conditions
permit the use of a simple horn gap with a suitable series re-
sistance.

Although this paper has been carried to an unusual length,
not all the salient features of each subject treated-have been
discussed. It is hoped, however, that enough has been said
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to assist in bringing the practice in protective appara-
tus out from the somewhat indefinite speculative stage and to
establish the foundation of methods and tests which will place
the engineering on the same reasonable basis as that of other

electrical branches.
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PRACTICAL TESTING OF COMMERCIAL LIGHTNING-
ARRESTERS

BY PERCY H. THOMAS

Introductory. The question as to what tests for commercial
lightning-arresters might be properly incorporated in the stan-
dardization rules of the American Institute of Electrical Engi-
neers has lately been considered by the Standardization Commit-
tee. The committee finally decided not to adopt any lightning-
arrester tests in the new edition of the rules adopted June 21,
1907. However, the sub-committee on lightning-arresters hopes
to get a full consideration of the subject for the benefit of a later
Standardization Committee. The present paper, together with
another paper on the same subject by Mr. E. E. F. Creighton, is
prepared at the request of the sub-committee to serve as a basis
for discussion. As no lightning-arrester tests have ever been
included in the standardization rules, the initial treatment should
now receive especially careful attention.

Some idea of what constitutes suitable subject-matter for the
standardization rules of the Institute must be assumed at the
outset. It is the opinion of the writer that the purpose of the
standardization rules should be to give such directions and in-
formation for the comparison and test of commercial lightning-
arresters as may be likely to be of general practical use,and
which are of such a character as to be generally agreed to and
accepted by engineers having experience with the use or design
of lightning-arresters. This subject-matter need not be limited
to specific tests or specifications, but may properly include
general considerations, suggestions of forms of making tests, of
apparatus, etc. Individual personal opinions, as to the superi-
ority of particular designs of arresters, specific tests about the
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. value of which there is not a general agreement, untried tests,

and, in general, purely theoretical considerations should be
omitted. : .

Research work, covering the effects of various conditions on
the performance of lightning-arresters, the investigation of
really new types, for example, electrolytic arresters, and the best
conditions for determining the detail of designs, etc., is of great
importance and should be actively encouraged. But such
matter properly finds no place in the standardization rules.

All information and tests embodied in the standardization
rules must be sufficiently general to be applicable under all
conditions within their terms; for example, a test applicable
only to high-voltage alternating-current arresters should not be
recommended in such broad terms as to be applied to direct-
current railway arresters.

This matter must be capable of being readily understood by
any electrical engineer having experience with plants, likely to
require the lightning-arresters under consideration. No such
person should be expected to have to make a special investigation
of new types of apparatus or new methods of test to carry out
the rules. All rules should be such as not to favor any particular
manufacturer’s apparatus.

Tests may be made to determine:

1. The condition of individual arresters.
2. The effectiveness of a particular design.
3. The characteristics of different types.

In general, there will be little occasion for testing the condition
of individual arresters, since inspection will usually reveal any
defects in the materials or construction. The relative ad-
vantages of the different broad types of arresters will in most
cases be determined by general considerations and consensus of
opinion, rather than by definite tests. It is therefore with in-
dividual designs that practical tests on commercial arresters will
be found most useful, and here such tests will be of very great
benefit. For example, from time to time new commercial
arresters appear, advocated by comparatively irresponsible
persons. These arresters very often have little protective value.
Such arresters, especially on lower voltages, although they are
by no means confined to such voltages, find a ready sale entirely
independent of their merits, and the more frequently, since
engineers of low-voltage plants are often not at all familiar with
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the lightning-arrester problem. If a standard test -generally
accepted and capable of easy application can be determined, the
detection of such practically worthless arresters will be a com-
paratively easy matter. Similarly, the necessity of commercial
trials on a large scale of special forms of high-tension arresters
which have a very limited protective power, may be eliminated
by suitable comparative tests. Again, if generally accepted
tests were at hand for the criticism of commercial arresters,
the designs of many of these arresters would undoubtedly be
overhauled and perfected so as to appear to advantage under
such tests. If the tests were wisely chosen, a distinct advance
in the art would follow.

In testing the effectiveness of individual designs, one of the
most important features to be determined is the insulation
strength of the apparatus to resist the static strains existing
during actual discharge.

Tests should undoubtedly be made to cover auxiliary appara-
tus as well as arresters proper, for example, line choke-coils.

Conditions of actual operation. A recital of the various ways
in which lightning and other static disturbances can affect an
exposed commercial circuit has been often made. Practically all
result in the equivalent of the production of a sudden rush of
electricity, or wave, or surge along a line wire. Such a surge
usually passes both ways in the wire until it is discharged, dissi-
pated, or reflected. There is obviously no upper limit to the
electromotive force which may be applied to a line wire by light-
ning, and the wave or surge may be theoretically of any frequency.
As a matter of fact, however, since extremely high frequency—
for example, 100,000,000 million cycles—must necessarily be
associated with extremely small electrostatic capacities, in the
writer’s opinion such very high frequency disturbances need not
be here considered. (See appendix I.)

The distinctive characteristics of the static surge or wave are
its abnormal frequency and the fact that it is not directly sup-
ported by the power of the generator. It should,of course, be
remembered that these surgesnot only produce strains to ground
and between line wires, but they frequently cause concentration
of potential between turns of windingsin coils, especially near the
terminals.

Resonance, being usually supported directly by the power of
the generator, will not be cared for by lightning-arresters and is
here omitted from consideration.



1100 THOMAS: LIGHTNING-ARRESTER TESTING [June 25

There is another possible source of potential rise of a static
character; namely, the sudden interruption of a current flowing
through inductance, such asthe inductance of a transmission line.
It is evident that a short-circuit including the whole or a portion
of the transmission system, will store a relative.y large amount
of energy in the inductance thereof if by any means such a short-
circuit current be abruptly interrupted, a very high potential
will result, being limited only by the electrostatic capacity of the
lines and their insulation strength. It is the opinion of the
writer, however, that this condition never occurs where large
currents are involved, since the condition predicated for produc-
ing the short-circuit provides also a discharge path for any
voltage rise, and since the very energy stored in the choke-coil
will tend to maintain the current uninterrupted until the major
portion of this energy is dissipated. When, however, in the
case of the opening of such a short-circuit as in an open-air arc,
the extension of the length of the arc proper has reduced the
current to a value where it becomes relatively unstable, there will
be a tendency for the arc togoout suddenly, causing the remnant
of the energy, originally remaining stored in the inductance, to pro-
duce a rising potential. This residue will, however, never be
more than a smali portion of the maximum energy stored. A
great many direct tests of the opening of circuits through en-
closed fuses and circuit-breakers, where conditions have been
definitely known to be as assumed, have shown practicably
negligible rises of potential. The fact that high voltages have
appeared in electric accidents coincidentally with short-circuits
and arcs is no proof that these high voltages have resulted from
th. sudden interruption of heavy short-circuit currents.

The severity and general range of the static disturbances
actually materializing within an electric system is definitely
limited in certain ways.

A. The maximum voltage of a surge passing along a line
must be limited to the voltage which will cause a discharge to
earth over the line poles. That this is an effective limitation
is shown by the great number of transmission poles which have
been shattered by lightning. It is natural to suppose that on
this account, transmission lines having steel poles will not
make as heavy demands on the terminal protective apparatus,
as lines having wooden poles, since the discharge to earth can
presumably occur much more readily on the former. It remains
to be seen, however, whether the added annoyance of grounds
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and cracked insulators where the steel poles are used, does not
more than offset the advantage of the discharge from the wire
over insulator to ground.

B. Disturbances of very small energy.and hence very high
frequency discharges,can be neglected, since the electrostatic
capacity of the terminal line wiring and apparatus will be such
as to absorb their energy without serious rise of potential.

In general, then, it is the opinion of the writer that we are
safe in concluding that we have to deal only with static waves,
or surges of potential not over a few times line potential, on extra
high-tension circuits; namely, high enough to discharge to ground
over the insulators, such surges having frequencies usually very
high with regard to normal frequency, but not what is generally
understood by extremely high frequency ; for example, practically
never reaching fifty million cycles a second.

Lightning-arresters should discharge without serious rise of
potential and without otherwise disturbing the system, this
specific type of ‘ static,”—not static disturbances in general,
nor all kinds or forms of that can be devised or produced under
laboratory conditions,—but merely static discharges actually oc-
curring under the limitations imposed by commercial plants.

Choke-coils, static interrupters, or reinforced insulation
must serve to protect windings from local concentration of
potential under the same limitations as to the character of the.
static disturbances as above.

It should be stated in this connection that to enable an ar-
rester to exert its protective function properly; it is necessary
that all the insulation of the system, including the apparatus
and the lines shall be high, and especially that it be high against
static disturbances. Bushings and surfaces are often broken
down much more easily by static than by normal frequency
strains. It is by the strengthening of the insulation of the
system that immunity from lightning has been in the past most
readily obtained and will in the future be most effectively
increased.

TEsTS

Discussion and specification. The discussion in this paper will
be confined to lightning-arresters for electric lighting and power
circuits, alternating and direct current. Such arresters may be
of many types having radically different characteristics and
structures. For the sake of clearness, it will be well to enumerate
the principal of these types:
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Multigap arresters, with series or shunt resistances or both.
These arresters are used practically only on alternating-current,
constant potential. The multigap feature is, of course, intro-
duced on account of its non-arcing power.

Arresters relying for the suppression of the generator arc
upon the blowing of a fuse or upon the opening of a circuit-
breaker.

So-called horn arrésters.

Magnetic-blow-out arresters.

Electrolytic arresters.

Many special types, including such arresters as the water-jet,
the Gola, the Wurts railway arrester, and many others relying
on special materials or special forms for their non-arcing power or
discharge characteristics. .

The features of arrester apparatus most susceptible of satis-
factory tests are perhaps:

A. The initial break-down voltage.

B. The static equivalent during discharge.

C. The circuit-opening power.

D. The insulation strength.

E. The ability to stand repeated discharges.

F. The choking power and insulation strength of choke-
coils and equivalent apparatus.

HoLpine NorMAL VOLTAGE

General considerations. The determination of the voltage
necessary to cause an arrester to discharge is of importance;; first,
as ascertaining the minimum voltage at which protection begins;
secondly, the margin of safety which the arrester has in order
to secure itself against continuous break-down. The second
consideration is of special importance in the high-tension ar-
resters, especially voltages of 30,000 and above.

On very high-tension circuits, the power of multigap lightning-
arresters to hold the normal line voltage is very greatly affected
by attendant conditions; for example, the electrostatic capacity
of the intermediate unconnected cylinders forming the gaps
causes a break-down to occur at a much lower voltage on high
frequency than on low frequency. This subject has been fully
discussed before the Institute, for example, in connection with
the following papers:

‘ Methods of Testing Protective Apparatus’ by E. E. F.Creigh-
ton; see discussion by Chas. P. Steinmetz, TRaANsACTIONS, Vol.
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XXV, 1906; “ Protection against Lightning, and the Multigap
Arrester,” by D. B. Rushmore and D. Dubois. TRANSACTIONS,
Vol. XXVI, 1907, and “Multigap Lightning Arresters with
Ground Shields,” R. B. Ingram, Electric Journal, April, 1907.

Since the capacity of these gap cylinders is increased by the
nearness of grounded objects, the placing of arresters near a
wire or transformer case or similar object, or more particularly
in the neighborhood of other arresters or line wires on another
leg of the circuit, tends very greatly to increase this effect.
The effect is so marked that an arrester entirely capable of holding
the line voltage with a good margin of safety,if installed apart
from other objects, will be utterly unable to hcld normal voltage,
if installed in close proximity to another arrester connected to a
different leg of the line. From this, it follows that tests to de-
termine the power of an arrester to hold normal voltage must be
made under conditions equivalent to those under which that
individual arrester is to serve. The writer suggests that, on
voltages of 40,000 volts or higher, an excess of air-gaps may be
provided, and the exact number required to give a proper margin
over line voltage be determined by trial after final installation.

Too sensitive an adjustment of the series-gaps of an arrester
on very high tension circuits will be the cause of the greatest
annoyance, and probably will result in the destruction of the
arrester. The resulting frequent discharges of the arrester will
oftentimes be laid to abnormal static, due to some unknown
cause, when as a matter of fact the only difficulty is the ease
with which the arrester discharges on slight impulses of high
frequency or even fluctuations of abnormal voitage. This
condition has in the past, often been a source of great annoyance
in commercial plants where it has frequently not been recognized ;
it should always be carefully borne in mind.

Description of test. The actual measurement of the break-
down voltage of an arrester can best be made at normal fre-
quency. In making this measurement, the primary object is to
determine the margin of safety in the arrester over the normal
line voltage as read on a voltmeter. Thus in this particular
instance the use of the needle-point spark-gap for measuring the
voltage as provided in the standardization rules, though always
of value, is not as directly the criterion sought as the voltage
determined by the voltmeter. In making such a measurement,
all the conditions provided in the standardization rules under
“ Insulation Tests * should be followed, where applicable. The
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writer suggests that, where practicable, the determination of the
breaking down voltage of arresters on 40,000 volts or over be
made from the main generator of the system with the arresters
and neighboring apparatus in final position.

It is true that high-tension multigap arresters will break
down at a much lower voltage on high-frequency electromotive
force than on normal frequency; but, in the opinion of the
writer, since this phenomenon is in the direction of safety, and,
since it has been established by actual experience on high-
tension plants that this fact does not cause discharges on arresters
frequently enough to be troublesome, this may be accepted
as a favorable characteristic of such arresters. This matter is,
however, properly a subject for investigation and research.

MaximMmum IMPEDANCE OFFPERED TO A DISCHARGE—NEEDLE-GAP
EQUIVALENT

General considerations. The maximum impedance offered to
a discharge determines the protective power of an arrester, and
is therefore of the greatest importance. On the other hand,
since so little can be definitely determined as to the type of dis-
charges actually to be met, and so much depends upon the
characteristics of the circuit and apparatus being protected,
it is impracticable at the present time to devise absolute
tests of a general character which are not likely to be uncertain
or misleading. It is of course easy to choose condensers and
circuits, and apply static to arresters under a great variety of
conditions with presumably considerable variation in results,
but in the opinion of the writer such tests, except where they can
be shown to be reasonably within the conditions existing ina
transmission line, should not be specified for the testing of com-
mercial arresters, but should be considered as proper subjects for
investigation and research. However, comparative tests be-
tween arresters may be often made to great advantage.

If an arrester be subjected to a high-frequency discharge from
a condenser, and its static equivalent measured by the equivalent
needle-gap method, the numerical result will depend upon the
character and method of operation of the testing apparatus; for
example, it will depend on the electrostatic capacity of the con-
denser, the inductance through which it discharges, the voltage
to which it is charged, the auxiliary circuits providing for the
charging of the condenser, and the disposition of the arrester
itself. Since it is manifestly impossible to determine upon any
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reasonable number of definitive conditions as representing the
transmission line under all conditions, no general absolute test
should be attempted as such; that is, no attempt should be made
to treat each arrester as having so many units of protecting power
irrespective of conditions of service and of test.

The study of arresters through the agency of condenser
discharges has been an absolute necessity in the progress
of recent years. This progress has been notable. Tests with
any reasonable form of condenser discharges, as distinguished
from applications of normal frequency, will show practically the
same characteristic results, although numerically different
frequencies and different circuit arrangements, etc. will show
variations. Consequently, to get what advantage is practicable
out of such tests, the natural course would seem to be to use
some condition, or conditions, of condenser capacity, etc., known
to be reasonably well within the conditions of actual operation
and reasonably easy of realization, and then to make comparative
tests for what they may be worth. By this means, a large part
of the value of a complete range of static tests will be obtained.
Any further data that might be found by multiplying the tests
under different conditions, would probably produce only small
changes in the actual conclusions; such additional tests are
more properly subjects for investigation and research than for
practical tests of commercial arresters.

Taking up these tests more in detail, the various types of
arresters ‘will be separately considered, since their needle-gap
equivalents are controlled by radically different features.

1. Arresters offering no impedance to the discharge. Such arrest-
ers rely on special features for suppressing the generator arc.
Examples are the fuse type, the horn type, and the magnetic
blow-out type. If a horn arrester has also a series resistance,
it is no longer properly a horn arrester but a series resistance
arrester. It is obvious that the maximum impedance offered to
a discharge by this type is practically equal to the initial
discharge voltage, and no further test is required than Has been
already indicated under the head of holding normal voltage.
This type of arrester is especially effective in discharging the
line.

In connection with these arresters, the question must be
raised, however, that it is theoretically possible for the device
relied on for interrupting the generator current to introduce a
rise of potential. This question can be determined finally only
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by experience. The definite data available at the present time,
derived from direct tests, have, as far as the writer is aware,
failed to indicate any serious rise of potential from the operation
of fuses, horn, or magnetic blow-out arresters. The question is,
however, somewhat a matter of controversy.

2. Arresters with series resistance. Series resistance must neces-
sarily offer some impedance to a static discharge. The amount
of this impedance will depend upon the value of the resistance,
on its inductance and its capacity, on the abruptness of the
application of the charge, and upon the inductance through
which such charge must pass. Any inductance in the series
resistance will tend to impede the discharge; any capacity,
however, either internal or with other objects, will tend to
facilitate the discharge. The higher the frequency, that is,
the greater the abruptness of the discharge, the greater will be
the relative importance of the inductance and capacity in the
series resistance in comparison with the ohmic resistance.

It is evident that the danger to apparatus introduced by the
series resistance will be negligible if the discharge be small
enough, or may theoretically be dangerous with the lowest
resistance if the discharge be abrupt and heavy enough. Since
both the magnitude and abruptness of the discharges which can
be produced in a commercial system are limited by certain
maximum conditions, it becomes an open question just how
much danger will result in practical operation from a definite
series resistance.

Series resistances for lightning-arresters have been designed on
two principles; first, sufficient to cut down the generator current
following a discharge, to render the device easily non-arcing, and
to prevent all burning of cylinders; secondly, usually with multi-
gap arresters, to allow as free a discharge as possible while still
maintaining the non-arcing quality. In the latter case the shunt
resistance has ordinarily been used as well, and helps decidedly
in cutting down the minimum allowable series resistance.
Experience shows that the first mentioned high series resistance
does seriously impede the static discharge on commercial lines
and it has been practically a