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DISCUSSION ON, "HIGH POWER SURGES IN ELECTRIC DISTRI-
BUTION SYSTEMS OF GREAT MAGNITUDE ", AND "AN
EXPERIMENTAL STUDY OF THE RISE OF POTENTIAL
ON COMMERCIAL TRANSMISSION LINES, DUE TO STATIC
DISTURBANCES SUCH AS SWITCHING, GROUNDING, ETC."

H. G. STOTT: In opening the discussion on the two important
papers presented this morning, I think very little can be added
to either of them, except to outline what has been done in the
endeavor to prevent a repetition of this very disastrous rise of
potential which, besides putting one generator out of commission
for a week or two, destroyed the insulation on, I think, 13
cables. Each of these cables was punctured in one, two, or three
places, apparently without relation to their distance from' the
power-house. Singularly enough no damage whatever was done
in the sub-stations. After that occurrence the Interborough
Company took up the matter with both Mr. Steinmetz and Mr.
Thomas, who aided us in proposing different methods for pre-
venting such a rise, and in the general investigation of the whole
subject.

In the first place it has been invariably noticed that the static
ground detectors indicate the presence of a ground on one
phase before a short circuit occurs in the feeder. The indication
might come from 5 to -25 min. before the short circuit occurs. In
this case the indication was given several minutes before the
short circuit took place, as shown by the fact that the sub-
stations telephoned to the main power-house that they had
static display on insulators, oil-switches, etc. From this it seems
that if the cable w-hich had the ground in it could be isolated and
cut out of service before the current had burned the insulation
on the neighboring phases no damage would be done. With
something like 35 feeders it is a very tedious process to isolate a
feeder having a ground, as it, would not be possible to test all
feeders in less than 45 min., because an oil-switch would have
to be opened at each end of each feeder; meantime the sub-
station would have to be communicated with and arrangements
made to carry the load on other feeders. If the feeder in
question happens to be the last one to be tested it might be 45
min. before it would be reached; chance might determine that
it be the first one tested, but this kind of good luck is rare.

If the feeder in trouble were isolated what would happen to
the lead sheaths on the surrounding cables in the manhole? If
the short circuit occurred in a feeder would the feeder not be
carrying more current through the lead sheaths than they would
safely stand? and would the short circuit burn places through
these lead sheaths, especially in the manholes where there is
more or less ground on the cable hangers? In order to get
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around that we have put in a resistance of large carrying
capacity, one with a resistance of 6 ohms, and a rated capacity
of 1 000 amperes for 2 minutes. The reason for this is, of
course, the Y voltage is approximately 6 300 and sufficient cur-
rent must pass through that ground resistance, and through
the ground which mignt occur at any future time, to make
certain of opening the oil-switch on an overload. That in itself
will evidently discriminate and pick out the bad feeder im-
mediately, and ought to do so at both ends simply by the
use of plain overload relays on each end of each feeder. This
system is now installed. Putting the system into service has
been delayed by the fact that two power-houses are operating
in multiple, and grounding one set of generators without the
other has been purposely avoided. In future it is expected
that any cable which grounds will be cut out of service auto-
matically long before it can do any damage.

Another point wl-lich was brought out very strongly by Mlr.
Steinmetz was that we ought to guard in evTery way possible
against the open arc. This is well taken care of in an oil-switch,
as more than three and one-half years experience under all con-
ditions of operating have failed to shake confidence in the
ability of the oil-switch to perform its functions satisfactorily
under the most severe operating conditions.

In the dutcts the cables are enclosed so that a flaring arc is
impossible. We have never seen any indication of a rise of
potential from a fault which happened in the duct. The only
case where we have had a rise of potential -there have been
several-has been where the arc was free to play in the air, so
that the cables in the manholes were the weak point.

After a great deal of thought, it was decided to surround
these cables with an iron sheet which would probably be heavy
enough to withstand the short circuit incurred until the oil-
switch opened, and so prevent a flaring arc. These cables were
already covered with two layers of asbestos tape wrapped spirally-
in opposite directions, and then wrapped with steeltape. Covered
as they now are with an iron sheath, every cable is completely
enclosed. Since covering these cables-they have been covered
now for some time-short circuits have occurred, but there have
been no indications of a rise of potential in the manholes where
they are covered.

There is another advantage to be gained, by the ground-
ing of the neutral, which is this: the Y points of the gene-
rators probably have zero potential relatively to the earth, in
fact tests show that there is no perceptible difference of potential
whatsoever. That of course is due to the effect of the balanced
system, free from disturbances at the time. What the result
might be during short circuits is of course difficult to foretell,
but by grounding the neutral the sudden change of potential
from zoro at the- neutral to zero on one of the phases is
prevented. It seems to me the effect of sweeping a charging
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current, of something like 160 amperes, across the generator
windings (that is to have a capacity current traveling througlh
inductance), must result in a large rise of potential in the
generator windings. On making the ground connection, the
charge will sweep backwards and forwards across the gene-
rator windings from the zero point to the phase which is
being grounded. That in itself will, I believe, cause a very
serious rise of potential on the generator.

P. N. NUNN: The papers by Mr. Steinmetz and by Mr. Thomas
apply to the weakest spot in the weakest branch of electrical
work. The question is frequently asked by investors and busi-
ness men, how far is it really practicable to transmit power
electrically? They are usually referred to what is being done in
Canada, in Washington, in California, and in Mexico. But when
it is asked whether more or less trouble is not being experienced
in the operation of the plants the electrical engineer has no clear
and conclusive answer. -

The time was when it required a machine shop to operate a
few motors, and an expert winder to operate generators. To-day
the mechanical apparatus involved in the application of electrical
power has been perfected to a greater degree of continuity of
service and to a lesser cost of maintenance than that of steam
or water-power. The transmission has reached no such per-
fectness. A few years ago the limiting factor was the trans-
former; nowadays jtust as reliable transformers are built for
60 000 and 80 000 as for 5 00or10000 volts. Later the question
became how to construct the insulator, and 75 cents each seemed
a large price. To-day we cheerfully pay $3.00 or $4.00 for an
insulator which is reliable for 60 000 volts, perhaps for 80 000 or
100 000 volts, yet the history of daily transmission operation
impresses one with a feeling of uncertainty.
The simple pole line carrying three or six wires, has given

place to the more complex transmission system with trunk
lines in parallel or in triangle and with branches from many
points in all directibns. A generating system of equal com-
plexity is equipped with apparatus whereby each generator,
when in trouble, may be automatically cut off without serious
disturbance to the remainder of the system. As yet, however,
there is no means whereby a section of a long high-pressure
transmission may be cut out without danger of interrupting
the whole system.

It is not a question of lightning. If lightning puts a plant
out of service, there is some dignity about that; it is an "Act of
God". But when an operator in the usual course of operating
attempts to cut out- a defective section of line, and a moment
later finds the entire system shut down, he feels that there must
be a glaring defect both in his science and in his application of it
to the problems of transmission.
To quote a sentence from Mr. Thomas' paper, " Our knowledge

cf the phenomena of static disturbances in commercial circuits
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is in a much confused and comparatively undigested form".
Although it seems that we know much of the theory involved,
yet this statement appears true. One reason for this may lie in
the extreme difficulty of testing the theory and working out the
values of its factors upon practical transmissions. 100-mile,
high-pressure lines cannot be taken into the laboratory and
treated with the exactness and refinement of laboratory
methods, nor can research work bear the expense of building
long lines for experimental purposes. No sooner is a commercial
line completed than it is put into service, frequently without
allowing even a few days for test. Therefore opportunities to
conduct experiments so prolonged and unbroken and under such
constant conditions as those reported by Mr. Thomas are ex-
tremely rare.
The expression " without interruption " in Mr. Thomas' paper

may be misleading. It is true that the purpose at first was to
attempt only such experiments as could be conducted without in-
terrupting or crippling the system, with the result that Mr.
Olmsted became so engrossed in the theme that his demands
upon both customers and operators became broader and
broader, to the serious embarrassment of operating the plant.
To make this discussion the more complete some further

tribute should be paid to the memory of Mr. F. D. Olmsted,
a Member of the INSTITUTE, who died in September, 1903.
As stated in the paper, the greater part of the experiments
were conducted on the lines of the Telluride Power Company.
Mr. Olmsted had immediate charge of these experiments; and
to his personal efforts and cooperation throughout were chiefly
due the rare opportunities for making the tests and the com-
pleteness and accuracy of the results secured.

S. Al. KINTNER: Mr. Steinmetz has given an exceedingly
plausible theory, if nothing else,and such experience as I have had
with lines of this character seems to bear out that theory. I
have made certain laboratory tests, which, as Mr. Nunn aptly
states, are exceedingly limited in regard to any conclusions of
value that can be drawn therefrom, but which also seemed to
verify this same conclusion. I have succeeded to a limited degree
in producing an open-air oscillating arc, and in getting excessive
voltages therefrom. In only one case have I noticed this in prac-
tice on an actual transmission line, and there the data were not
;sufficientlv accurate to warrant accurate conclusions. I was
present on only one occasion when these phenomena occurred,
although I was told by the operators in the station at the time
that they had occurred in exactly the same manner on other occas-
ions. The phenomena occurred in somewhat this order: a ground
was indicated first of all on the ground-detectors; the telephone
lines paralleling the circuit became noisy; and it was a question
of only a few moments when the other disturbance came on, and a
voltage much greater than normal, probably several times
greater occurred, flashing over the terminal of the circuit as it
entered the power-house. The arc that jumped across the open
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air-space must have had a voltage of two or three times normal
-value. The question of the steepness of the incoming wave, as
Mr. Steinmetz has pointed out his reduction of this to a certain
wave-front steepness, if we may call it such, of a higher fre-
quency circuit-is particu-larly interesting, and I have found it
collvenient to employ this same idea of looking at these phe-
nomena though I had not formerly reduced it to a mathematical
expression.

I have made some tests along this line in connection witi
choke-coils for determining their reflective power, etc., in which
an attempt was made to produce the same wave-front steepness
in each test. This has been a very interesting work, and a
.very difficult one on which to get any accurate data. The
-measuring implements for such work are as yet exceedingly
crude, and it requires the averages of a great many tests to get
any thing like consistent data.

F. A C. PERRINE: When hearing these two papers the first
thought was that Mr. Thomas had given data which could be
used directly in designing plants, while Mr. Steinmetz had given
the explanation 6f circumstances that may arise, but which can
not be guarded against. In this thought the obvious remedy
which Mr. Stott has described to us was missed; namely, that
Mr. Steinmetz's paper points out that anything that can
be done to suppress the third frequency of the train-wave will
tend to prevent the occurrence, and anything that can be done to
prevent an open-air arc on the system will reduce the train-
wave to such frequency and amount that its effect cannot be
destructive.

Though, of course, the method that Mr. Stott has proposed of
making cables always enclosed so that no open arcs of high
enough frequency can occur to produce destructive effects, may
be applied to certain systems, i.t may not be applied to others.
One of the first and most serious occurrences of this nature to
which my attention has been called happened in California,
where a destructive arc occurred at the time when an oil-switch
under short circuit was opened and blown to pieces by the arc,
the oil scattering over the station. At that time the surge
is said to have produced inductive currents in the iron structure
of the power-house, so that one could see flashes all over the roof.
There has been another occurrence in Hartford, experiments
I think, performed under Mr. Steinmetz's instructions with
lightning-arresters, where they attempted to perform a series of
experiments on lightning-arresters attached to an idle line paral-
leling another carrying a current for lighting a theatre, without
interfering with the service, but when the lightning-arrest-rs
acted the lights in the theatre went out and people in Hartford
were left without light. That is to say the surge was so intense,
that it opened the circuit-breakers on the parallel line, without
destroying the insulation of the parallel line.

Mr. Steinmetz has intimated that lightning-arresters may stop
the generating current very quickly. This difficulty is liable to
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be encountered, because stopping, the generating current
which would follow a lightning discharge, with great rapidity,
might cause an exceedingly steep wave which might cause this
result.

In Mr. Steinmetz's paper there is an observation that I think
leads to a possible misunderstanding. He writes of the third
frequency of the train wave as being independent of the line
constants. He obviously does not mean this. The train wave
must have a frequency that is largely dependent upon the con-
stants of the circuits, but which is principally dependent upon
the rate of interruption of the short-circuit current. In con-
sequence it is not susceptible of calculation simply from the con-
stants of the circuit, but also one must assume some rate of inter-
ruption of the short-circuit current in order to assume the steep-
ness of the interrupted wave, in order to obtain the frequency of
the train wave. The effect is exactly similar to the method of
producing high rate of alternation by interrupting a circuit of
known capacity and self-induction by means of a magnetic
blow-out.
We are at this time greatly indebted to the conditions pre-

vailing on the Manhattan Railway circuit which were so simple
as to admit of calculation, but more especially to the care with
which all the conditions were observed by Mr. Stott's assistants.
The calculations given by Mr. Steinmetz are not open to ob-
jection if one allows his assumptions as to frequencies. The two
ends of the calculations are tied together, and I do not think
it can be said that this is in consequence of theoretical reasoning
only. There are definite results here.

Finally, Mr. Steinmetz has pointed out the importance of the
effect of the static discharge. There is no such thing as harmless
static discharge. For a number of years engineers have been
observing static effects. People say, "That is nothing but static
discharge". But there never has been a static discharge that did
not represent defective insulation and a leak. The result of
the particular instance considered by Mr. Steinmetz shows how
serious may be the consequences following static discharges;
which invariably can be prevented by making insulation perfect.
Such discharges invariably indicate defective insulation.

Mr. Thomas's paper shows the result of switching, and what
may be considered as the worst conditions under switching. In
consequence in the paper there is a very clear plan on the basis
of which a remedy which can be definitely provided for the matters
that are to occur every day. They do not represent, however, the
worst conditions that may occur on identically the same lines; for
example, the circuits that were made and broken under the
conditions described in Mr. Steinmetz's paper.

H. W. FISlIER: About 12 or 15 years ago I discovered
the dangerous effects produced by breaking the capacity
current going to cables. For several years I thought that
large disruptive rises in voltage were only produced in power-
houses where considerable cable was employed; but recently a
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rise of voltagc of 6 to 8 times the normal was produced in a
piece of cable about 20 ft. long. In this case the insulation
was broken down but the lead was not punctured, showing that
it is possible to get a very abnormal rise of voltage without a
direct arc in air.
PRESIDENT LIEB: In connection with these papers I should

like to say a further word on a matter that has been
referred to by one of the speakers, and that is the extent to which
the human element enters into the disturbances that are likely
to take place on large transmitting and distributing systems. In
the transmitting and distributing system of the New York
Edison Company, I believe ten times as many disturbances take
place due to mistakes and failures on the part of the operators
as to any other cause. One of the serious problems that have
to be contended with is to reduce the number of possible mis-
takes from this cause. In many of the plants of this company
it is possible to reduce the number of probable mistakes by
interlocking switching gear, and such a method of throwing
switches in and out as would make it necessary to follow a pre-
conceived method of procedure, thereby eliminating mistakes
in the sequence of operation. But this is not always practic-
able.
Another important element that should be referred to is

the difficulty of starting up large systems when once shut
down. That difficulty is, of course, less with a railway system
but it is great with a large lighting system; and the proper
precautions and method of procedure which should be fol-
lowed in case of a general shutdown of an extensive sys-
tem with 20 or 30 sub-stations, with synchronous converter
equipments and storage-batteries is a matter of very serious
importance. These are systems which, unlike that of the
Telluride Company, it is not possible to play with.
The Edison Company has desired to make tests on a large

scale of the starting of such a system from a complete shut-
down; not temporarily to deprive the whole city of New York
of electric light and power but to undertake to start up a gene-
rator with converters connected with it, and also with their
load. This was done satisfactorily on a small scale recently,
by putting New York in connection with Brooklyn and starting
up " Dreamland ", at Coney Island, from one of the New York
stations; but unfortunately it was on a limited scale. We
should like to establish the possibility of doing this on a larger
scale, but the requirement of absolute continuity of service
does not permit an opportunity of making such a test.
SAMUEL SHELDON: I should like some information from Mr.

Steinmetz or Mr. Thomas. As I understand Mr. Steinmetz,
the excessive rise of potential upon opening the circuit is due to
the high natural frequency of the circuit. This high frequency
makes the inductance and resistance different from what they
would be at ordinary frequencies, and also brings into effect the
distributed character of the capacity. The obtaining of this.
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high frequency is dependent upon all of these quantities-the in-
ductance, the capacity, and the resistance. Is it not a fact that
upon opening a circuit the resistance becomes the determining
factor, and that the resistance of the arc, varying as it must
because of air current fluctuations and of its temperature, is the
determining factor that gives rise to these high frequencies?

CHAS. P. STEINMETZ: My conclusion is that the origin of the
disturbance and of the breakdown was due to the high-
frequency oscillation of the traveling wave. But the high vol-
tage was due to the oscillating short-circuit of the cable caused
by the traveling wave, and was not an effect of distributed cap-
acity, but due to an oscillation of massed capacity (that of the
cable system, which has very little inductance) and massed induc-
tance of the generating system. In this latter oscillation, the fre-
quency was low and the destructiveness great, but it would
never have started if there had not been a very high-frequency
traveling wave preceding it.

P. H. THOMAS: In spite of the unusually full detail available
in this case, it is impossible to establish any particular theory
of the phenomena as the correct theory. As is almost univer-
sal in such cases, it is necessary to consider all possible theories
and to accept provisionally that which seems most reasonable
and most nearly fits the observed facts.
One cannot consider that the theory put forward in this paper,

involving a self-interrupting arc, to be demonstrated to be a
correct theory of what took place. This explanation may or
may not be the true one. Personally, it has always been very
difficult for me to conceive of a series of rapid self-interruptions
of a very severe arc associated with an extreme rise of poten-
tial at the point of interruption, such as assumed in the paper.
On the other hand, it is a fact that very often things that are
not easily understood may, nevertheless, be true.
The extremely rapid heatin8 and cooling of the gas which is

taken to have a more or less steady condition of interruption,
together with the fact that such a large majority of severe arcs
occur without noticeable rise of potential, make it seem probable
that in those cases, such as the present instance, in which a rise
of potential is actually observed there is some other condition in
addition to the presence of the arc, which is really the essential
condition causing the extraordinary voltage.

In a considerable number of cases within my knowledge, pre-
arranged for the opening of a short-circuit, apparatus for
measuring instantaneous voltages has shown no sensible rise
of potential. The opening of the charging circuit to an open-
circuited line is another matter.
A careful examination of the details of the breakdown at

the Manhattan Railway Co.'s power-house has suggested to
me the possibility of another explanation of th6 phenomena,
which differs from that p-,oposed in the paper and does not
involve a self-interrupting arc.
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Consider the outline of circuits shown in Fig. 1 in which
a number of generators in parallel feed three-phase bus-bars,
which in turn, feed three-phase feeders, each feeder supplying
a group of step-down transformers connected with synchronous
converter. Assume a ground to occur on one leg of one feeder,
as indicated at the point a; the full charging current of the
system then flows from wi-re to earth at this point. This cur-
rent is between 100 and 200 amperes. This will produce a
certain amount of unbalancing of potential together with a low
static noise at the cable heads, which is probably not sufficient,
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FIG. 1.

however, to account for the hissing observed in the sub-stations
-immediately before the breakdown. Suppose, again, that th'Is
chargi'ng current ultimately burns off the feeder at the point a, as
shown, and that the charging current to earth continues on the
-end of the cable toward the converter, but drops out at the other
side of the open circuit. The charging current -is now passing
from ground to the short end of the cable through the step-
,down transformers to the capacity of the rest of the system,
,and the leading current passing through the inductance of the
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transformers, which are built with a large magnetic leakage for
the purpose of automatic regulation in the synchronous con-
verters, with the result, provided the frequency be right., that
resonance must occur tending to build up a high voltage
between line and ground and across the transformers. A calcu-
lation of the capacity of the high-tension system and the induc-
tance of the transformers indicates that the frequency of the
system is not far from that required for perfect resonance. The
calculations do not show, however, that the normal frequency is
" the exact frequency for resonance ". The electromotive force
supporting the resonance must come in this case from the rotary
transformer.

If the frequency be assumed to be somewhere near but not
quite that of perfect resonance, there must be a complete.
building up of voltage to a certain maximum, and then there
will be a decrease of the electromotive force as it gets:
out of step with the resonating circuit, down to normal again
then later a repetition of the rise of potential, and so on-
indefinitely. If the rise of potential is assumed to be insuffi-
cient to break down the insulation at any point, the hissing
noise observed in the sub-stations can easily be accounted for;
and then if some slight change in conditions of load or speed is
assumed to cause a higher resonance rise so that a breakdown
occurs, then there occurs a short circuit across the generator,
probably on one of the other feeders, or possibly on one of the
static dischargers, which may open the circuit-breakers on some
feeder other than the one originally causing the trouble. In this
case the short-circuit is eliminated and resonance will again
start, causing another breakdown, and the opening of another
circuit-breaker, and so on until the entire plant is shut down.
According to this view of the phenomena that may occur the
large number of breakdowns are accounted for by the permanent
condition of resonance, which causes breakdowns and short
circuits, the short circuits being immediately cut out by circuit-
breakers. Naturally, the damage is finally stopped by the
shutting down of the plant.

It should be noted here that it would be likely for the cable
that was originally grounded to remain in circuit, since it was
grounded and not short-circuited. On the subsequent start-
ing up of the plant this cable would operate properly for a.
time until some circumstance causes the ground to be re-
established, in which case a second resonance condition would be:
established, as in the first case, causing other breakdowns. A
second breakdown actually followed a night after the original
breakdown, and, subsequently, a cable was found with one wire
open-circuited, but without short-circuit between conductors as
has been assumed above.

Mr. Stott has stated that in many cases cables that have
been grounded and seriously burned have subsequently failed to
break down on test tlntil as high as 20 000 volts between con-
ductor and ground has been reached. This statement should
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be taken in connection with the assumption above that it was
feasible to operate with one leg open-circuited and a puncture
to ground. In this connection, it is important to notice that
the synchronous converter at the end of the first injured cable
will presumably keep in step in view of the fact that one phase
remains intact, even after the opening of one leg at the point a.
As a natural result, the open end of the conductor on the in-
jured cable on the side toward the generator will not receive
the potential to ground that is impressed upon the rest of the
system, by an amount equal to the generator voltage.
A careful detailed study of the different arcs and punctures

indicated that the results could all be readily explained by the
presence in the circuit of abrupt changes of potential of not over
40 000 to 60 000 volts. In a number of cases considerable air-
spaces apparently were jumped, but it seemed always possible
that the original exciting spark causing the arcs started by a dis-
charge over the surface of the insulation, and that the same sub-
sequent arc so transferred itself to some other point as to give
the appearance of having jumped a considerable distance. Ac-
cording to the above theory the breakdown in the cable at the
street was the last rather than the first of a long series, as
assumed in Mr. Steinmetz' theory. This subject is Qf sufficient
interest and importance to warrant a much fuller discussion of
the phenomena, but the above outline of an alternative theory
is all for which space will be taken here.
A similar occurrence of less magnitude, in Berlin, has been de-

scribed in an electrical magazine. Investigation and discussion of
the accident showed conclusively that a cable system was made
to resonate through the inductance of a small step-down transfor-
mer on account of the opening of one leg of its feeder. In general
wherever it is possible for one leg of a circuit, supplying apparatus
containing inductance, to become opened without the complete
cutting off of the apparatus, there is a possibility of resonance,
if the system has a considerable capacity, as will usually be the
case with underground systems. This is a real danger, though
it will not often be met with because only occasionally will the
constants of the circuit be such as to cause resonance with the
normal frequelncy of the generator.

Every engineer operating a plant should make calculations to
determine whether any of the circuits contain the proper amount
of inductance and capacity to resonate at normal generator fre-
quency in case an accident should occur that might produce the
necessary electrical connections. Usually it is easy to avoid
the danger.

CHAS. P. STEINMETZ: To refer to the last question first: I
have also been of the opinion that fuses are not permissible in
a very high-voltage transmission system. However, in the last
years we have made a number of tests with fuses in cutting off
branch-lines of moderate power in large, high-capacity and high-
voltage systems, and found that with certain types of fuses the
oscillograph showed practically no voltage rise; that is, these
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fuses apparentlv did not cause instantaneous rupture, so that
for branches of systems, (not the main line), that carry only a
moderate amount of power, and for which, therefore, this
elaborate and expensive system of control by automatic oil-
switches, etc., is rather undesirable, the question of fuses
may be reconsidered. I cannot yet say that I should recom-
mend it broadly, but it may be taken into consideration in
,special cases.

In regard to Mr. Thomas's paper, I believe the statements
made by Mr. Thomas on page 320 are important general dis-
cussion of the phenomena resulting from what I call wave-trains,
or traveling waves, and of which in my paper, I endeavored to
give the general outline of the theoretical equations; that is,
oscillations resulting from a disturbance in a system of distributed
capacity and inductance.- I have not had time carefully to digest.
Mr. Thomas's paper, but it seems to me from the data of tests
given therein that the phenomena observed by him were not so
much the phenomena of a traveling wave as the phenomena
of a surge of the system of fundamental frequency. The
observed distribution of potential along the circuit, rising from
the end where the switching takes place, towards the end where
the circuit is open and the wave reflects, is the distribution of
potential on a circuit resulting from a sudden change of circuit
condition. This consists essentially of the fundamental wave
but it is not the same as the traveling wave to which
I have referred above. This would a.so account for the ob-
servations on branch lines, that the triple and quadruple
voltage that a traveling wave should give on a branch line
was not observed by Mr. Thomas, but that the branch line
is merely a localized capacity oscillating together with the
rest of the system. I had occasion to carry out investi--
gations of this character a few years ago on a transmission
system at Kalamazoct; but there I was able to double back
a number of lines so as to get a considerable capacity, and
also to choose the load, and to experiment with a non-in--
ductive load, and with a load of very high self inductance; that is,
a load of very low power-factor, and with a combination of both.
I got rises of potential, with an impressed electromotive force of
30 000 volts, showing peaks of 100 000 to 118 000 volts. In these
experiments I got a surge of the fundamental frequency of the
system. I believe that the observations recorded in Mr.
Thomas's paper are mostly of the same character.
A number of causes of such disturbances are mentioned on

page 322, but what I consider the most important cause; that is,
the oscillating or self-rupturing arc, is not given, possibly because
Mr. Thomas is not quite satisfied with the existence of such
phenomenon.

There is, however, no doubt that an alternating arc may be
self-rupturing; that is, blow itself out with extreme suddenness.
Such a self-rupturing arc becomes an, oscillating arc if thlh
supply voltage of the circuit is greater than the striking volt-
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age of the gap between the arc terminals; that is, after the
rupture of the arc, the supply voltage, by striking across the
gap, restarts the arc; it again ruptures itself, to be restarted,
and so on. As seen, the oscillating arc is a natural conse-
quence of the self-rupturing arc.

This phenomenon of the self-rupturing arc was first brought to
the attention of engineers a number of years ago by Mr.
A. J. Wurts, in his paper on non-arcing metals. The discovery of.
the self-rupturing alternating arc announced in this paper has
not made the impression it deserves, possibly because it was
coupled with the announcement of a new form of lightning-
arrester, and also because the conditions under which the phe-
nomenon occurred were not completely known. As a result there-
of, when repeating the experiments myself it frequently did not
succeed. For instance, in starting an alternating arc between
non-arcing metals, with a non-inductive resistance in series to
limit the current, the arc is not self-rupturing, but is maintained.

This feature of self-rupturing arc is, however, now exten-
sively used in lightning-arresters, and is practically the only
known method of producing oscillating currents of very high
frequencies. It occurs not only with the non-arcing metals, but
more or less with all metals, and even with electrolytic con-
ductors, and is, I believe, the explanation of the action of the
electrolvtic, or Wehmelt, interrupter.
The conditions most favorable for the production of an oscil-

lating arc are that the flow of current the instant after
the arc strikes is practically unlimited, and that after the strik-
ing of the arc the voltage drops practically to zero. and
remains low for a finite, even if extremely short, time after the
rupture of the arc. The first condition is fulfilled by a con-
denser or equivalent device in shunt to the arc; the latter by an
inductance in series with the arc and the condenser. When the
arc strikes, a larger rush of current, (the discharge current of the
condenser) passes, and since, due to the series inductance, the
supply current cannot instantly rise, the voltage drops. At the
moment of rupture of the arc, the supply current still continues
to flow into the condenser, and the voltage across the arc-gap
therefore remains low, rising gradually while the condenser is
being charged. If the supply voltage of the system is greater
than the striking voltage of the gap, as soon as the latter voltage
is reached, by the jumping of an electrostatic spark, the arc is re-
started, and ruptures itself by the explosive effect of the sudden
heating due to the condenser discharge, etc., and so the arc
becomes oscillating. As seen, then, by reducing the arc-gap, the
striking voltage, and thereby the time required for the condenser
to be raised to the striking voltage, is reduced; that is, the
period of open circuit of the arc-gap is decreased; and because
of the decrease of the condenser discharge resulting from the
lower voltage, the duration of the arc flow is also reduced;
that is, the frequency of oscillation is increased. I especially
desire to call attention to this very interesting feature of an
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electric circuit, in which the frequency of oscillation not only
depends upon the circuit constants, inductance, capacity, etc.,
but also very largely upon the length of spark-gap and supply
voltage; the frequency of oscillation increases with decrease of
the gap-length, with increase of supply voltage, with decrease of
capacity and of inductance. The frequency can be varied by
varying the length of the spark-gap. As is well known, this is
the usual method of varying the frequency in apparatus for pro-
ducing very high-frequency oscillating currents.

It is obvious now, how an alternating arc, with resistance in
series with the arc, cannot well be oscillating, since coincident
with the breaking of the arc the voltage would reappear at the
arc-gap and so keep the arc from breaking. It also shows how
the discharge between a conductor of a cable system and ground
is specially liable to be oscillating, since with the passage of cur-
rent between ccnductor and ground the potential difference that
produced the discharge, disappears by the grounding of the con-
ductor. The meaning and the effect of the inductance in the
electrolytic rectifier, etc., is now easily explained by consider-
ing its action as due to an oscillating arc.
Under conditions like or similar to those described above an

arc is oscillating, not only in an alternating-current circuit, but
also when the supply voltage of the curcuit is constant or uni-
directional.
The phenomenon becomes somewhat more complex when

instead of the localized capacity and inductance, as described
above, a circuit of distributed capacity and inductance is con-
sidered as in my paper. In its general character, however, the
phenomenon is essentially the same, and an attempt at a mathe-
matical investigation has been given in my paper.

Speaking in favor of this explanation of the oscillating arc, a
rather strange coincidence is patent in Mr. Stott's statement
that short circuits were almost always preceded by ground and
static displays.

In regard to the numerical values given in my paper and in Mr.
Thomas's paper, it is obvious that these values must be con-
sidered only as approximate, or restricted to the conditions
under which the tests, or the assumptions, were made. Especi-
ally is this the case with the frequency of the traveling wave.
This frequency is merely assumed by me, and it may be different.
The numerical values of the voltage rise given in Mr. Thomas's

paper, I believe, do not mean that the voltage can never rise
more than 30% or that it will always rise up to 30%.
In all such cases where numerical values result from definite
experiments they must be considered as merely showing the
character of the phenomenon but not its magnitude. One
may observe, for instance, that if the circuit of an electric
conductor is closed the conductor rises in temperature by 300
cent. Now the conclusion would be, that the electric current
heats the conductor, but not that it raises its temperature by 30'.
The numerical value of the effect depends upon the conditions
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of the particular instance. So here the rise of voltage can
-not be determined generally, but frequently one can get at least
the maximum possible values, and this may be sufficient. If the
voltage of the surge were over 100 000, as it sometimes may be,
and as I have observed by the oscillograph record, and the current
during the surge as high as 9 000 amperes, then there is no
chance to insulate and protect against these surges, and the only
thing to do is what Mr. Stott has done, to avoid the cause of the
surge, by eliminating the continued occurrence of a spark dis-
charge between the conductor and ground, by disconnecting
automatically that particular cable in which the spark dis-
charge appears before the damage can spread further and
cause the destructive short-circuit surge of the system, of
high-power and low-frequency surge.

P. H. THOMAS: Mr. Steinmetz in stating that the result of
certain tests in mypaperdoes not support the statement that
a rise of potential at the end of a short line that is connected
to the end of a long line, indicates that Mr. Steinmetz has mis-
interpreted my experiment. The rise of potential occur-
ring at the end of the short line results only in the case where it
acts as a continuation of a longer line, or, in other words, where
the wave of the longer line is forced to enter the shorter line.
The short line referred to in the test is a branch line and further-
more has the same capacity as the main line. Mr. Steinrm-etz's
statement that the experiments given in my paper show nothing
with regard to other line conditions on other plants is, I think,
hardly justified. The object of the tests was to verify or dis-
prove certain fundamental laws, derived theoretically. It
appears to me that these laws have received a strong confirmation
by the tests, which means that they are to that extent applicable
to other cases. Because Ohm's law has never been tried for
every possible case it is not assumed that it does not apply in
any new problem that may arise.


