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MEETINGS

of the

American Institute of Electrical Engineers

REGIONAL MEETING, Middle Eastern District No.
2, Cincinnati, Ohio, March 20-22, 1929

REGIONAL MEETING, South West District No. 7,
Dallas, Texas, May 7-9, 1929

SUMMER CONVENTION, Swampscott, Mass., June
24-28, 1929

PACIFIC COAST CONVENTION, Santa Monica,
Calif., September 3-6, 1929

REGIONAL MEETING, Great Lakes District No. 5,
Chicago, Illinois, December 2-4, 1929

For future A. 1. E. E. Section Meetings see page 158.

MEETINGS OF OTHER SOCIETIES

The American Institute of Mining and Metallurgical Engineers,
Annual Meeting, Engineering Societies Building, New York,
N. Y., February 18-21, 1929

Institute of Radio Engineers, Annual Convention, Mayflower
Hotel, Washington, D. C., May 13-15, 1929

The Society of Naval Architects and Marine Engineers, 37th
Annual Meeting, Engineering Societies Building, New York.
N. Y., November 14-15 1929
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‘¢ E was a live wire in our Student Branch

!

!

?

So reads a sentence in a letter answering an inquiry regarding a recent graduate. 5

But the graduate had overlooked the importance of continuing his contact with a

the Institute after leaving college and had thus missed what would have been an advantage 2
in seeking the position he desired. Z

Question :—Is it better for the graduate to maintain his Institute connection unbroken, {
even at some sacrifice, or to drop out and join later when he finds what a help membership can Z
be to him in his professional progress? (

The principal function of the branches is to make available to students opportunities to z
carry on activities very similar to those carried on by Institute members in their meetings, Z
conventions, and committee work. Branch meetings can thus be made to serve very effec- Z
tively in the development of the latent abilities of the students by supplying important train- 2
ing in leadership and preparing them in general for active participation in the broader field of
Institute affairs. One who has been a live wire in branch work can very soon become a live
wire in section meetings, regional meetings, and the national conventions. The greatest
benefits of membership in the Institute are received by those individuals who are most in-
terested and most active.

Young men who have graduated should be encouraged to retain their connection with
the Institute by becoming Associates before their periods of Student enrolment expire, and to
enter immediately into active participation.

A recent action by Mr. Ludvig C. Larson, Secretary, of the Madison Section, is cer-
tainly a step in the right direction. Mr. Larson prepared a list giving the name of every 1928
graduate who had been a member of the University of Wisconsin Branch, giving his present
address and the Institute section nearest to him. To the secretary of each section shown on
this list a copy of it was sent together with a letter urging the section to invite the graduates
to meetings. The list was also sent to each graduate with a letter suggesting that he get in
touch with the section, attend meetings, and take part in the activities.

which would make the annual sending of such lists regular practise for all the branches. The
lists would be sent to Institute headquarters in New York. There the names would be grouped
by location with respect to nearest section and the proper group list then sent to each section
that has any of the graduates in its locality.

Counselors, this sounds like a call to you. If you will prepare the lists, headquarters
office will see that they are sent to the interested sections. The sections officers, I am con-
fident, will take the necessary next step, and all will profit.

3 isiri—

President.
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Mr. Larson'’s letter to the sections expresses the hope that a general plan may be adopted é
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Some leaders
of the A1, }, k.

Howel }1 Barnes, Jr, District Manager of the
General Fleetrie Company, New York, N. Y., Fellow
of the Institute since 1913, one of its Managers, 1910
1913, and its Vice-President, 1913-1915, was horn in
New York City, December 15, 1875,

In 1897 he was graduated from the Polytechnicum in
Stuttgart, Wuerttemberg as Electrical Fngineer. lle
then entered the Charlottenburg Works of Siemens &
Halske for special test experience, and in 1899 was
sent by them to the City of Mexico as General Superin-
tendent of the Mexican Electric Works, which had a
contracet for lighting that city and its suburbs and also
carried on a general lighting and power business.
In 1902 he joined the Stanley Electric Manufaeturing
Company at Pittsfield under Mr. (', C. Chesney, who
was then its Chief Engineer and with whom Mr. Barnes
remained in close association until 1907 when the
company was merged with the General Electric Com-
pany. During 1904 he conducted tests on an experi-
mental transmission line at the Stanley Works, using
voltages up to 120,000 volts, to determine the relation
between corona loss and line spacing, size and type of
conductors and other factors. Other engineering
assignments led to work not only in all parts of the
United States, but in Canada and Europe as well.
Mr. Barnes' transfer to the New York Oftice of the
General Electric Co. as consulting engineer took place
in 1907 and a year later he was placed in charge of engi-
neering and construction as district engineer which
brought him constantly in touch with power problems in
his territory and the engineers and executives handling
them. During the war he was engrossed in the ship-
building program and in 1920, was chosen Assistant
Manager of the New York District in addition to his
engineering work, which he finally relinquished in 1927
in order to devote his entire activity to executive
duties. In May, 1928, upon the retirement of Mr.
Theodore Beran, Mr. Barnes was made District Mana-
ger for his Company.

He has served as President of the New York Electrical
Society, President of the Engineers’ Club, is an Asso-
ciate of the Explorers Club and a member of various
other social and scientific organizations. He repre-
sented the Institute on the Board of Trustees of the
United Engineering Society, 1912-1917 and 1921-1926,
and has also served it on its Board of Examiners, the
Law Committee, the Edison Medal Committee and
others. He was an organizer of its New York Section,
and its Chairman 1924-1925. His paper, “Notes on
Fly Wheels,” before the Institute in 1904 was a valuable
contribution to technical literature, in that it not only
showed the agreement between observed values and the
Boucherot formula, for the natural period of oscillation,
but made manifest the application of this formula to
determine the proper size of fly-wheel to be used,

election by thls means EIving 1n maost ¢ + much
lighter wheel than would have been chosen by other
methods in use at that tim.

1928 Progress
in Physics

In summarizing the greut progress in physices in 1925
Professor M. |. Pupin refers to thres outstanding
groups of experiments: (1) concerning the relations of
waves and particles, as typified by light rays und
electrons; (2) the interaction between atoms and hght
quanta; (3) the relation between mass and eneryy, and
the production of matter in interstellar space.

“In the first group are the experiments of Davisson
and Germer on the scattering of narrow beams of
electrons by single crystals of nickel. ‘| hey found
complete analogy between this phenomenon and the
scattering of X-ray heams hy crystals, thus confirming
the theory of the French physicist, de Broglie, that
electrons or electric particles may behave like waves.

The “‘equivalent wave-length” of an electron 1s
found to depend on its velocity. Similar results were
obtained by G. P. Thomson by passing electrons
through erystals and observing the diflraction patterns
formed, and by E. Rupp, who diffracted electrons with a
ruled grating.

These results mean that Just as light rays, ordinarily
considered to be waves, have been found to act like
corpuscles, so electrons, ordinarily considered to be
corpuscles, are now found to act like waves.

Concerning the second group of experiments, Prof.
Arthur H. Compton discovered that = quantum of
X-rays may interact with a {ree electron, according to
the ordinary laws of mechanies, giving the electron a
part of its energy and monentum, which energy and
momentum is lost by the X-ray.

The experiments of Raman, Davis and Mitchell
extend this result to the case of electrons which are not
free, but are held by forces of attraction inside the atom.
A striking difference is that here the X-ray quantum
may either gain or lose energy, depending on the con-
dition of the electron with which it reacts. The
energy gained or lost correspond to the energy dif-
ferences between two states of the scattering electron.

The third group referred to consists of the experiments
of R. A. Millikan on cosmic rays, which had pre-
viously been discovered and studied in Kurope by Hess,
Kolhorster, and others.

He has been able to meuasure the approximate wave-
lengths and hence the energy of the cosmic ray quanta.
One of these quanta was of such magnitude as to sug-
gest that it may be produced in interstellar space by the
union of four hydrogen atoms to form an atom of
helium. Since the mass of an atom of helium is less
than that of four hydrogen atoms, the excess mass
must be emitted as an energy quantum according to the
mass-energy equation of Einstein.




Abridgment of

Theory of the Deion Circuit Breaker

BY J. S. SLEPIAN

Fellow, A. I. E, E.

Synopsis.—Three major features incorporated in the Delon circuil breaker are discussed.

surfaces, the function of the static balancer, and cold electrode arcs.

HE switching of electric power circuits calls for
T elements which, subject to control, shall function
sometimes as good electrical conductors and at
other times as good insulators. When “closed” the
element must pass hundreds or thousands of amperes
with at most only a few volts drop; its resistance or
impedance must be of the order of a fraction of an ohm.
When “open” it must withstand hundreds or thousands
of volts, with the passage of at most a few milliamperes;
its resistance must be in the hundreds of thousands of
ohms. Also it must be able to change from one state
to the other in a fraction of a second. So far, the onl&
materials found which can meet these requirements
are the gases and arcs in air; and ares in the vapors and
decomposition products of oil are serving regularly to
control power circuits. Careful study shows that the
arc, instead of being merely an unpleasant accompani-
ment of the opening of a switch, plays a very necessary
and desirable part, and that if the arc did not occur
spontaneously on separating contacts, it would have
been necessary for us to discover or invent it or its
equivalent for the purpose of circuit interruption.
Recognizing the importance of the arc in switching
equipment, five years ago the Westinghouse Electric &
Manufacturing Company began an extensive theoretical
and experimental study of the electric arc as it appears
in switches, and more particularly the study of what
happens when the change-over occurs from the state of
conductor to the state of insulator; that is, at the
moment of extinction of the arc. Some of the results
of this study have already been presented.! As was
perhaps to be expected, the study revealed some new
and interesting possibilities in the application of arcs
to circuit interruption, and the Deion a-c. circuit
breaker in which these possibilities have been developed
promises for certain classes of high power work to take
its place with, or perhaps replace, the oil circuit breaker.
While there are many details of the Deion circuit
breaker which are of great scientific interest and which
required months, and even years, of intensive work for
their mastery, there are three general principles which
are outstanding and will be described here.

I. DEIONIZATION AT SOLID SURFACES

The subject of the rate of recovery of the dielectric

1. J. Slepian, Extinction of an A-c. Arc, A. I. E. E. Quarterly
Trans., Vol. 47, October 1928, p. 1398.

Presented at the Winter Convention of the A. I. E. E., New York,
N. Y., Jan. 28-Feb. 1, 1929. Complete copies upon request.

29-26

They are deionizalion at solid

strength of the space carrying a short a-c. arc immedi-
ately after arc extinction has been treated in some
detail in a previous paper,' when it was shown that the
ability to withstand the first few hundred volts was
recovered almost instantly, but that later increments of
dielectric strength were recovered at a very much
slower rate. This is brought out in the curve of Fig. 1,
derived from the data of Fig. 6 of the previous paper.
Theory and experiment indicate that the first 250
volts are borne almost entirely by a thin layer of gas
immediately adjacent to the cathode. Electrons
readily leave this layer, but others to replace them
cannot enter from the metal. The positive ions dis-
charge into the cathode; thus this cathode layer is
deionized very rapidly. The subsequent slow growth
of dielectric strength is due to the growth of the

deionized cathode layer, and the disappearance
rﬁav_tﬂ; oF OIELE(—:;IC STRENGTH OF ARC SPACE ij . |
SHORT ARC t
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of the ions in the other parts of the gas space by
recombination.

It is evident then that it is the slow rate of recombina-
tion of the ions in the arc space away from the electrodes
which limits the applicability of the are in air for inter-
rupting high voltages. A fairly obvious suggestion
would be to reduce so far as possible the arc space
remote from a cathode, and also, so far as possible, to
cause all the arc to play in space close to a cathode.
In other words, to use a large number of short ares in
series. This is what is done in the Deion circuit
breaker.

As now developed, the Deion breaker consists of a
stack of copper plates 1/16 in. thick, separated by
1/16-in. spacers. The arc which is drawn on contacts
below this structure is blown by a magnetic field into
the stack, and is thus broken into short ares in series,
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each 1/16 in. long. Therefore in each inch of structure,
there are eight cathodes with their eight immediately
adjacent rapidly deionizing gas layers. Immediately
alter the current passes through its zero value in its
normal cycle, each cathode layer is almost instantly
deionized, and acquires the ability to withstand 250
volts much faster than any practical power circuit of
corresponding voltage can supply the 250 volts. Thus
the voltage necessary to reignite the arcs after the cur-
rent zero is eight times 250 or 2000 volts per inch of
structure. Hence the structure will interrupt circuits
whose voltage is not over 2000/+/2 or 1414 volts
r.m. s. per inch length.

This seems like a very high voltage for arcs in air,
but it by no means represents the limit. The plates
in the Deion circuit breaker have been made 1/16 in,
thick for the sake of thermal capacity, so that it may
operate many times without an excessive rise in tem-
perature. So far as concerns extinction of the arces,
the plates could be 1. 32 in. thick or 1/64 in. thick. The
spacing between the plates was made 1/16 in. so as to
permit free motion of the individual ares. Experiment
shows that 1/32 in. spacing still leaves sufficiently free
motion of the arc. Using these last figures, there
would be 21.3 plates per inch, and therefore the struc-
ture would interrupt 3760 volts r. m. s. per inch.

In the present Deion breaker the circuit volts per
plate is kept very much less than the theoretical limit
of 175 volts r. m. s., in fact it is less than 130 volts.
This is partly for the sake of having a factor of safety,
and partly because when a voltage is impressed upon a
long stack of plates insulated from one another, the
potential does not divide among the plates in a uniform
manner. This lack of uniform voltage distribution is
compensated for in the Deion breaker by a static
shield as described in the next section, but the com-
pensation cannot be made exact, so that a sufficient
margin between the theoretical limit and the working
volts per plate is necessary.

——T 1
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II. THE FUNCTION OF THE STATIC SHIELD

When voltage is applied to the ends of a long uniform
stack of plates insulated from one another, the potential
does not divide uniformly among the plates, but the
potential differences between successive plates at the

Journal A 1. K, ¥

end of the stack may be many times the potential
differences between successive plates in the middle of
the stack. This is in consequence of the elementary
principles of electostatics and need not he gone into
in greater detail here. The example of this phenome-

POTENTIAL DIFF ERENCE ACROSS GAPS IN
e STACK OF PLATES
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Fig. 3

non best known to the electrical engineer is probably
the non-uniform distribution of potential among the
units of a long string of suspension insulators.

The distribution of potential among the members
of a stack of plates in a Deion breaker has been studied
experimentally by B. P. Baker. A resistance bridge
method with telephone receiver as null instrument
proved satisfactory. The stack studied consisted of
72 plates of 1/16 in. copper, spaced 1/16 in. apart,
each plate having the shape of a P with the round part
17 em. diameter, and the straight part 17 em. long.

When unshielded, the potential distribution was
found to be that shown by curve (b) Fig. 2. The
departure from uniform distribution given by curve
(a) 1s very great. The point of inflection of curve b)
marks the potential of space remote from the stack.
That it did not occur at the center of curve (b), and
that curve (b) was not symmetrical is due to the
influence of the frame supporting the stack.

Fig. 3a gives the relative potential differences across
the gaps formed by the plates. It shows that the end
gap received an impressed potential 9.1 times as great
as the average voltage per gap. So large a ratio might
be expected to seriously diminish the average volts per
gap upon which the breaker could operate, and this
had been found to be the case.

A static shield consisting of a micarta cylinder formed
to fit over the stack, and with pieces of tin foil imbedded
in it of such shape and size as to make uniform the
distribution of potential among the plates was then
made up The resulting curve as determined experi-
mentally is given by (c) of Fig. 2. This curve follows
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the ideal distribution more closely, and as shown in
Fig. 3 (b), the maximum gap potential is 2.6 times the
average as compared with 9.1 for the unshielded stack.
The curve of Fig. 2 (c) is for the first static shield made.
Later designs of static shield give still better results.

At first thought it would seem that the average volts
per gap at which the unshielded stack would operate in
a Deion breaker would be reduced in the ratio 9.1 so
that if 176 volts r. m. s. is the theoretical limit for a
single gap, 176/9.1 or 19.4 volts per gap would be the
limit for the unshielded stack and 1375 volts r. m.s.
would be the limit for the whole stack. Similarly for
the shielded stack, 176,/2.6 or 67.8 volts r. m. s. would
be the limiting average voltage per gap, and 4810 volts
r. m. s. would be the limit for the whole stack.

Actually, however, by test, the unshielded stack was
found to be good for nearly 6000 volts r. m. s. and the
shielded stack for more than 10,000 volts; how much
more was not determined. The limit for the case of
perfect uniformity of voltage distribution would be
about 12,500 volts.

To explain these results it is necessary to examine in
areater detail the mechanism of the reignition of an arc
immediately following a current zero. It is very
probable that in the course of breakdown to an are,
for a brief moment the discharge takes the form of a
glow. If the current in the discharge is sufficiently
small, this glow may be stable, in which case the
broken down gap may continue to withstand more than
its proportionate share of the total voltage on the
stack.

III.

As explained in Section I, the efficacy of the Deion
breaker rests in having all parts of the arc in close
proximity to deionizing surfaces. This is accomplished
in the heavy current switch by blowing the arc into a
stack of closely spaced plates, so that no part of an arc
is farther than 1/16 of an inch from a deionizing
cathode. If the short arcs in this structure stood still
for the duration of one-half a cycle, 1/120 second, the
structure would quickly be destroyed by the welding
together of some plates and the burning of holes through
others.

At the time this work was begun it was believed that
the cathode of an arc was necessarily at a very high
temperature; in fact, the theory generally accepted then
required thermionic emission of electrons from the
cathode for the maintenance of the are, and for most
metals the temperature for so intense a thermionic
emission is far above the boiling point. How well
entrenched this theory was may be seen by referring to
the writings of K. T. Compton? and Seeliger.! On this
ac?ount much work was done on speeding up the
deionization of an arc by causing it to play through the

2. Phys. Rev., v. 21, p. 269, 1923.
3. Physik der Gaseniladungen, Leipzig 1927, p. 360 ot seq.
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openings of gauze sheets, thus avoiding the develop-
ment of arc terminals on the deionizing structure.

In the course of this work, however, it was forced
upon the author’s attention that sometimes arcs were
obtained which did not have a hot cathode. There-
fore, although it required considerable courage to take a
stand opposite that espoused by so many eminent
authorities, the thermionic emission theory of the cath-
ode of an arc was abandoned, and arcs with cold
cathodes were accepted as possible. Experiment
soon showed that by moving the terminals of the arc
sufficiently rapidly over the electrode surfaces melting
could be avoided even for very heavy currents. Ares
of more than 20,000 amperes have thus been carried on
copper electrodes for more than 0.01 seconds with
only slight oxidation of the electrodes.

A theory of the cathode of an arc also was developed
based on the hypothesis that the metal itself is not
necessarily at a temperature sufficient for thermionic
emission but that a layer of gas or vapor immediately
adjacent to the cathode is so intensely ionized, perhaps
by virtue of very high temperature, that the arc current
can be carried to the cathode by positive ions only.!

Shortly after this, papers by Stolt® described experi-
ments with rapidly moving arcs of moderate current
(up to 12 amperes) which seemed incompatible with
the thermionic theory of the cathode of an arc, and this,
with some theoretical work on heat balance at the
cathode, is causing general abandonment of the ther-
mionic theory.® Another theory of the cold cathode
arc has been proposed by Langmuir,” who states that
electrons are drawn from the cathode by intense electro-
static forces arising from space charges developed close
to the cathode. A theory of the cold cathode are,
however, is not essential for the understanding of the
Deion breaker. Merely the possible existence of ares
with cold cathodes must be accepted.

In the Deion breaker, the melting of the electrodes is
prevented by causing the arc terminals to move very
rapidly over the electrode surface by means of a mag-
netic field. The first experiments were carried out with
a stack of long straight plates asthedeionizing structure.
It was found, however, that the velocity of the arc
terminals necessary to prevent the melting of electrodes
was so great that for 10,000 amperes, plates more than
10 ft. long would be necessary. These would be pro-
hibitive from the standpoint of size for most applica-
tions, and would require too expensive a magnetic field
structure.

This difficulty was surmounted by causing the arcs
moving with high velocity to retrace over and over

4. J. Slepian, Phys. Rev., 27, p. 407, 1926. Jour. Franklin
Inst. 201, 1926, p. 79.

5. H. Stolt, Ann. d. Physik 74, 1924, pp. 80-104. Zeits. .
Phystk 262, 1924, pp. 95-101.

6. K. T.Compton, Trans. A. I. E. E. 46, 1927, p. 868.

7. 1. Langmuir, Zeiis. f. Physik 46, 1927, p. 282.
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again an annular path. On adopting this expedient, a
very important new advantage was obtained. The
deionizing structure became an almost completely
closed structure. The arc, when once driven in, could

not get out again, and had to stay in until its extinction
at the end of the half cycle. Thus the danger of the
arc getting across live parts outside the switch and
causing short circuits, was practically eliminated.

Abridgment of

The Structural Development of the Deion
Circuit Breaker up to 15,000 Volts

R. C. DICKINSON

Applicant for Membership

INTRODUCTION

P to the present time, the interruption of an
a-c. circuit has been accomplished generally in
one of two ways. The arc may be drawn between
contacts located in some insulating liquid such as oil.
In this case, the irsulating value of the oil depreciates
with each current interruption until it reaches a point
where it must be renewed. On the other hand, the are
may be drawn in air with no means of extinguishing it
other than lengthening it to such an extent that the
generated voltage is no longer able to maintain it. For
modern generating voltages, this requires ares of great
length and, for the upper range of transmission voltages,
results in arc lengths which are impractical. As a result
of this limitation, the oil circuit breaker has assumed a
position of paramount importance on modern operating
systems.

For some time there has been a growing demand on
the part of operators for a circuit-interrupting medium
which does not involve the use of 0il. The chief reasons
for this demand are the removal of possible fire hazards
and simplification of maintenance problems. The
demand has been recognized by manufacturers, and
although research work toward this goal has been
carried on for a number of years, no satisfactorv general
purpose apparatus of this kind has been placed on the
market up to the present time.

At the Westinghouse Electric and Manufacturing
Company, fundamental research in this field has been
carried on for a long period and has served to give a
deeper insight into the nature of arc conduction. It has
suggested the use of means for deionizing the path of an
arc drawn in air other than by merely extending it to a
great length. Experimental cireuit interrupters have
been made utilizing such deionizing means in a variety
of forms and the name “Deion Circuit Breaker” has
been applied to these devices.

The work on all of the methods of deionizing an arc
stream has contributed much to the fundamental

' & Mifg. Co.,

1. Electrical Engineer, Westinghouse Elec.
East Pittsburgh, Pa.
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knowledge of are phenomena, and some of them may be
further developed for practical application in the future.
One of the most promising of these various methods was
developed and applied to the Deion circuit breaker
described in this paper, and in which an are is drawn in
air and forced into a deionizing chamber, where it is
broken up into a multiplicity of short ares which are
moved over metal plates at a velocity sufficient to
prevent burning. This movement of the arc is main-
tained over an annular path until the current wave
reaches zero, after which the arc stream between the
metal plates is deionized, quickly changing from a good
conductor to a good insulator. A further discussion of
this theory of deionization is found in other papers
presented before this and previous Institute meetings.?

Development of the “deion” principle has been car-
ried to the point of building and testing circuit breaker
structures up to 15-kv. ratings with rupturing capacities
comparable to some present day heavy duty oil circuit
breakers in the power-house class. These breakers
have been subjected to extensive laboratory and field
tests, successfully interrupting three-phase grounded
and ungrounded short circuits in excess of 15,000
amperes at 12,000 volts consistently. The results of a
recent series of field tests with one of these breakers is
the subject of another paper presented before the
Institute.?

GENERAL CONSTRUCTION

The 15-kv. Deion circuit breaker shown in g 1
1s made up of three single-pole units, each consisting of
a deionizing chamber, an arc-drawing mechanism with
main contacts for carrying load current, and a control-
ling mechanism. The deionizing chamber consists
essentially of a stack of thin copper plates spaced a
short distance apart to form a series of gaps. In these
gaps are placed insulating spacers which enclose are
runways each having a straight entering portion and a
circular portion.  One of these plates with its insulating

2. J. Slepian, Theory of the Deion Circuit Breaker. Winter
Convention, A. 1. E. E.. 1929, and Extinction of an A-c. Are,
A. L E. E. Quarterly Traxs., Vol. 47, 1928 p. 1398.

3. B. G. Jamieson, Field Tests of the Deion Circuil Breaker
Winter Convention, A. I. E. E., New York, 1929
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spacers, in position is shown in Fig. 2. These gaps
formed by the plates and spacers are divided into
groups and separated by coils connected in such a way
that the magnetic fields of adjacent coils are in Opposi-
tion, which causes flux to be diverted radially through
the gaps, as shown in Fig. 3.

In the blow-in magnet for moving the arc from the
contacts into the deionizing chamber the coils are wound
so as to cover the entire space in which the arc is drawn
and extended. The cores on which these coils are
wound are fabricated of iron and insulating material
in such manner that the field in the air gap is concen-
trated at the necessary points for rapid movement of the
are. The cores and coils are supported by a laminated

Fic. 1—Turee-PoLe DeioN Circuir BreEaker wires Con-
TINUOUS RATING oF 2000—AMmpERES—15,000 VoLts

return circuit passing over the top of the deionizing
chamber. This return circuit acts also as a partial
return path for the flux of the radial field coils previously
referred to. The general appearance of this magnet
may be seen be referring to Fig. 1.

A practically uniform distribution of recovery voltage
over the gaps between metal plates in the deionizing
chamber is an essential condition for satisfactory
operation of the Deion circuit breaker. In the longer
deionizing chambers required for the higher voltages,
it i1s necessary to use a shielding device to prevent a
concentration of voltage across the end gaps due to the
electrostatic capacity of the metal plates to surrounding
space. The electrostatic shield, which also serves as
insulation between the deionizing chamber and the
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blow-in magnet, has layers of metal foil embedded in it.
These layers of metal foil are so shaped and located
that each plate is forced to assume its proper electro-
static potential. The deionizing chamber, the blow-in

I Trg. 2—PLATE FroM DEIONIZING CHEAMBER WITH INSULATING
SpacERs IN Posrtion, SHOWING THE TrAILs LEFT BY THE ARC
TERMINALS IN MovING OVER THE RUNWAY
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F16. 3—ScrEMATIC RELATIONSHIP OF PLATES AND RADIAL
Fierp Coms ror Tue DrroniziNe CHAMBER, SHOWING THE
MaNNER IN WaHICHE THE RADIAL FIELD 18 PRODUCED

magnet and the electrostatic shield form a complete
structural unit which is hinged at the rear support so
that it may be rotated upward for inspection. =
The insulating uprights carrying -the deionizing
chamber and the arc-drawing mechanism comprise a
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complete pole unit which may be operated by its own
individual closing mechanism as a single-pole breaker.
Three of these pole units may be assembled on a struc-
tural steel base and operated by a single closing mecha-
nism, for three-phase service. Barriers between pole
units permit a spacing the equivalent of that in a
modern oil-insulated breaker of comparable rating.
This circuit breaker is well adapted to use in isolated-
phase service either with individual closing mechanisms
or through remote control from a common mechanism.

OPERATION

The theory of the Deion circuit breaker deals only
with an arc after it has been drawn and is in no way
connected with the method of securing a tripping
impulse. Inasmuch as standard closing mechanisms
are used to operate this breaker, tripping may be
obtained in any conventional manner applicable to
modern breakers of other types. The operation of the
breaker up to the time of drawing the arc is similar to
that of conventional circuit interrupters drawing an arc
in air.

When the are is drawn on the areing contacts, the
action of the blow-in field moves its terminals onto
stationary arc horns very quickly, permitting the mov-
able arcing contact to continue its opening stroke
independent of the motion of the are. To prevent
possible retardation due to movement of the arc into a
closed chamber, vents are provided at each end, as
shown in Fig. 7. As the arc travels up the horns
past the vents, it impinges on the metal plates of the
deionizing chamber. As illustrated in Fig. 2, the
lower end of these plates have a tapered slot. When
a number of these plates are stacked together, these
slots form a groove, roughly V-shaped, into which the
arc is forced. The contour of the groove is such that
as the arc moves upward, its cross-section is decreased
and the current density increased with a corresponding
increase in arc voltage. When a sufficiently high arc
voltage is reached, the arc strikes to the plates forming a
series of short arcs which move into the circular portion
of the plates under the influence of the blow-in field.
Under the influence of the radial fields, the short arcs
trace on annular path around the circular portion of the
plates. This motion continues until a zero of current is
reached, at which time deionization prevents further
flow of current. Under these conditions, ares have
been found to move around this path more than 15
times in a half cycle with a velocity several times that of
sound. This high speed results in what has been termed
“The Cold Cathode Are.”*

Fig.2showsaplate taken froma Deion Circuit Breaker
on which approximately 300 rupturing tests were made,
where arc terminals of currents up to 14,000 amperes
have passed over the metal surface thousands of times
without deterioration. - The mottled area extending

4. J.Slepian, Jour. Franklin Inst., 201, 1926, p. 79; J. Slepian,
Phys. Review, 27, 1926, p. 407.

from the end of the slot upward and around the circular

portion of the plate is the retraced trail left by the are.

This mottled marking is only a very thin filin of copper

oxide and does not affect the operation of the breaker.
TEsSTS

The first experimental Deion eircuit breakers built
and tested were single-pole units. A large number of
tests were made at 13,200 volts, 60 cycles, with two
20,000-kv-a. generators supplying the short-circuit
current. Currents interrupted varied from one ampere
to 17,000 amperes, r. m. s. at 13,200 volts and to 28,000
amperes, r. m. 8. at 6600 volts.

Fig. 4 shows a typical oscillogram made during these
tests. The most noticeable features are the short
period of arcing and the shape of the are voltage wave.
This is the characteristic form of are voltage produced
by a Deion circuit breaker. It will be noted, in con-
trast to most conventional wave forms, that the are
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Fic. 4—08CILLOGRAM OF SINGLE-PHASE INTERKRUPTION ON A
SINGLE-PoLE DEIoN Cincurr BREAKER. (NOTE THAT VOLTAGE
ACROSS THE BLOW-IN COIL WAS MEASURED [N THIS CASE)

voltage is roughly proportional to the current. Actually
it has been found that the maximum arc voltage occurs
at the highest value of current existing while the arc is
in the deionizing chamber.

The three-pole, 15,000-volt Deion circuit breaker
described in this paper was given several series of inter-
rupting tests, a part of which were laboratory tests and
the remainder field tests. The most comprehensive
laboratory series consisted of 250 rupturing tests at
currents varying from 13,100 amperes to 586 amperes
at 13,200, 7600, and 6600 volts, grounded and un-
grounded, with both star and delta generator connec-
tions. These tests were made at average of 12 tests
per day, the highest number on a single day being 32.
The total of 250 tests were made without a failure to
clear the circuit and with very little maintenance.
One hundred and fifty of these tests were made with no
maintenance whatever. During the remainder, only
minor adjustments were made and several of the arcing
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contacts were renewed. At the end of these tests,
the breaker was in satisfactory operating condition.

Fig. 5A shows current and voltage characteristics
of an ungrounded short circuit interrupted by this
Deion circuit breaker. The generator voltage in this
test was 18,200 line-to-line and the average current in
the three phases was 8170 amperes, . m. s. The oscillo-
gram shown in Fig. 5B was made on the same test by
means of instantaneous watt oscillograph elements and
from it the total arc energy can be obtained. Fig. 5¢C
is a side view of the breaker made simultaneously
with these oscillograms, while the breaker was inter-
rupting the circuit. Fig. 6 is similar to Fig. 5 except
that the short circuit is grounded, the average of the
three currents in this case being 9630 amperes, r. m. s.
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12,000 amperes, r. m.s. At the end of each one of
these series of tests, the breaker was in satisfactory
condition to perform further interrupting duty. In all
series of tests in which the deionizing structure was
heated to its limiting temperature, it was only necessary
to allow the breaker to cool before further interruptions
could be made.

APPLICATION

From the manner in which the Deion circuit breaker
functions, it is apparent that zero points in the current
wave play a most important part in its operation, which
makes it most effective as an a-c. device. Strictly
speaking, the type of deionizing chambers referred to in
this paper is applicable to d-c. circuit interrupters but
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5—A Turee-PoLE DE1oN Cikcuir BREARER INTERRUPTING A THREE-PHASE UNGROUNDED SHORT-CIRCUIT

wiTH OsciLLoGrRAMS SHOWING LINE CURRENT, LINE-TO-NEUTRAL VOLTAGE, AND INSTANTANEOUS ARC POWER

The photograph made with this oscillogram is repro-
duced in Fig. 7, which is a rear view of the breaker.

It is apparent that a large part of the arc energy
liberated in interrupting a short-circuit will be absorbed
by the metal plates of the deionizing structure. The
average arc energy per interruption per pole is small in
comparison to the large thermal capacity of the deioniz-
ing structure, so that the breaker is capable of with-
standing much more severe operating duty than is
encountered in modern applications. To investigate
this, several series of laboratory tests were made on the
three-pole breaker described in this paper. These
§er’ies consisted of 12 CO interruptions at two-minute
intervals in a total time of 24 minutes with the average
value of the r.m.s. currents interrupted exceeding
8000 amperes. Currents interrupted in individual
phases varied from approximately 5000 amperes to

there are some indications at present that the voltage
at which a given structure will function on d-c. may be
in the order of 0.2 of the limiting a-c. voltage, so that
the advantages to be gained by the use of this form of
structure on d-c. circuits are not at the present time
outstanding. Due to extensive development over a
long period, sufficient data and experience have been
obtained to make possible the extension of the Deion
principles to a large number of different classes of
commercial a-c. switching apparatus. Industrial con-
tactors operating on the Deion principles have been in
service in considerable numbers for periods up to one
year operating at as high as 440 volts. For more than
one year a limited number of three-phase Deion circuit
breakers has been operating under service conditions on
2300-volt circuits. The performance of both the
industrial contactors and the 2500-volt circuit breakers
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has been entirely satisfactory and represents a consider-
able advance over results obtained with conventional
magnetic blowout devices applied to this class of
service. [Extensive tests have been made also on

6240 Volts R/7S.
6100 Amps. AM.S.

5770 Volts R MS.
L 9900 Amps AMS.
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F16. 6—OsciLLocras op s THREE-Puase GroUxpep SHorT Cli-
ctiT INTERRUPTED BY A THREE-PoLE Driox Circoit BrEAsxER

Deion circuit breakers at 4500 and 7500 volis, the
rgsults of which warrant the belief that they ean be
placed in heavy duty service withoui encounterin;
serious difficulties. This general development has
led up to the byilding and testing of heavv-duty
three-pole Deion circuit breakers for operation in the

L

Fic, 7—View Taxes wirn Oscitrocrav Suowx 1Ny Fig. 6
15,000-volt class. The results obtained in laboratory
and field tests, as presented in this and other papers
before the Institute, warrant the behef that Delon
circuit breakers as at present developed are applicable

through the power-house class of breakers at modern
generating voltages.

With reference to higher voltages, there appears to
be no great difficulty in extending the Deion principles
bevond 25 kv. There are, however, certain detail
problems involved which are not yet worked out, and
the discussion of developments along this line will be
left for future papers.
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HIGHER VOLTAGES FOR GENERATORS

Generators ever grow in size, transmission lines
ever grow in length and voltage, but the generator
voltage remains forever. So it would seem: when looking
back upon the enormous development of the electrical
industry in the last few vears. Nothing stood still;
everything seems to have progressed except the genera-
tor voltage. Istherea law of nature or a constitutional
amendment against the use of a generator voltage over
13,8007 To be sure there are difficulties. But were
there no difficulties in designing huge transformers and
turbines or 220-kv. oil breakers? The study and
development of insulating materials, iron and other fea-
tures affecting generator design has not stood still; a
great deal more is known about these features than was
known twenty vearsago, and more can be done withthem.

Radical changes in apparatusare only seldom initiated
by manufacturers. They are more often brought about
by the intelligent and farseeing purchaser, who goes
about finding out what can be done and then requests
that quotations be submitted accordingly. For many
vears distribution and transmission in large cities were
done at 13,800 volts; but 22,000 volts is becoming quite
common for such purposes, and 33,000 volts will soon be
very popular. Generators rated at 22,000 volts are now
being asked for by some purchasers, and in the near
future many utilities will no doubt request manu-
facturers to bid on 33,000-volt units, and the manu-
facturers will find means to build such units. They
found means in the past to build 13,800-volt generators
when anything over 2300 volts, or at most 6600 volts
was considered impossible.

The 33,000-volt generator will come as a result of the
recent tendency of public utilities to simplify their sta-
tions. It will eliminate troublesome transformation
and unnecessary switching.— Electrical World.
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Field Tests of the Deion Circuit Breaker

BY B. G. JAMIESON!

Fellow, A. I. E. E.

Synopsis.—The operaling principles of a new type of air
circuit breaker for allernating currents are herein outlined, logether
with results of field test of a 2000-ampere, 15,000-voll, three-phase
unit. The special lesting facilities of the Commonwealth Edison

Company used for the test, the performances of the air circuit
breakers under lest, and the effects of the test currents on the power
system are described.

T was with considerable interest that the author
of this paper received information from a representa-
tive manufacturer of switching apparatus that a new

type of circuit breaker, operating without oil, had been
developed to the point of interrupting consistently the
maximum short-circuit current available from a 40,000~
kv-a. test circuit operating at 13,200 volts. The
interrupting function of this device called the Deion
circuit breaker is based on a means for deionizing the
arc stream at the zero point of the current wave to
such an extent that the impressed voltage is not suffi-

cient to reestablish the circuit and permit current to

pass on the succeeding alternation. By this means, an
arc is extinguished in air without resorting to the

expedient of extending it to great length as is character-

istic of the present day conception of the air-break
circuit breaker. A discussion of the theory of this
device and its operation is contained in other papers?®
to be presented before this meeting of the Institute and
need not be presented in further detail here.

Arrangements were made for a series of tests at
the Crawford Avenue Station of the Commonwealth
Edison Company.

The breaker supplied for these tests was a three-pole,
2000-ampere, 15,000-volt, electrically-operated Deion
circuit breaker of the multiple single-pole form of
construction as shown in Fig. 1. The three pole
units were mounted upright on a common structural
steel base at 16-in. centers, and were operated through
a single shaft by means of a conventional solenoid
mechanism. The base or common mounting frame
was at ground potential but the contact operating
linkage for each pole unit is alive at line potential and
is mounted on upright insulating posts supported by
the grounded base. The deionizing chamber, which
is the real interrupting medium is mounted at the top
of the structure in such relationship to the contacts
that an arc drawn from the arcing members is moved
into the chamber by a magnetic blow-in field of new
design especially developed for this device.

1. Engineer of Inside Plant, Commonwealth Kdison Com-
pany, Chicago, 111,

2. Theory of the Deion Circuil Breaker, by Dr. J. Slopian.

Structural Development of the Deion ('ircuit Breaker up lo 15,000
Volts, by R. C. Dickinson and B. P. Bakor.

Presented at the Winter Convention of the A. I. E. E., New York,
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At the end of the initial series of tests with the
breaker in the form supplied by the manufacturer,
arrangements were made for a further series of tests
on the basis of an isolated phase application. The
three pole units were accordingly mounted on individual
structural steel bases, each with its individual solenoid
closing mechanism, and connected to the testing circuit
as individual units with no mechanical tie between
poles other than the short-circuiting bar, which was
connected across the terminals of the three units.

Fia. 1—THuree-PoLg, 2000-AmpErg, 15-Kv., Deion Circulr
BRrEAKRER

Used at Orawford Avenue test circuit for the group-phase tests

TeEST EQUIPMENT AND METHODS

A testing circuit with permanently installed recording
equipment had been set up at Crawford Avenue Station
over two years ago in connection with the general oil
circuit breaker testing program of the Commonwealth
Edison Company. The purpose of this installation was
not solely to conduct interrupting tests on circuit
breakers hut to make a study as well of the eflects of a
fault and its interruption on the remainder of the sys-
tem linked to the fault. For some time it has been
apparent that inability of large operating systems to

101




102

withstand shocks is a serious limitation to their useful-
ness as sources of power for commercial and industrial
purposes. The question assumes Increasing importance
as the trend continues toward larger and larger concen-
trations of generating equipment, on the one hand, and
the linking of heavy systems through interconnection
on the other.

Through suitable switches in Crawford Avenue
Station the test circuit proper is derived from the
12,000-volt distribution system. It consists essentially
of approximately 500 feet of 22-kv. underground cable
and roughly the same length of three-phase overhead
line mounted on wooden poles and insulated for 66-kv.
Test houses of portable construction are located at
intervals directly under the overhead line with tapped
connections bringing the three phases into a rack in
each house. Hand-operated disconnecting switches
are located in the overhead line at the pothead connec-
tion to the cables, permitting complete isolation of all
test apparatus without recourse to switches in the
station. Two backing-up oil circuit breakers are
permanently connected on the test circuit side of the
disconnecting switches. In the event of tests being
made on the “CO” basis one of these breakers isused for
closing purposes and in order that its opening operation
may not cloud the results to be obtained from the test
breaker its controls are arranged to retain the contacts
in the closed position until tripped manually. The
second breaker is arranged to open through relay con-
trol at a predetermined time interval after the short
circuit has been applied to clear the circuit in event of
failure of the test breaker.

A larger house of the same general construction as the
test cells is used as a control room with all circuit
controls and recording instruments permanently in-
stalled. There is a 125-volt battery for solenoid opera-
tion, and 110- and 220-volt a-c. circuits for control
purposes when desired. The control room is used also
as an observation post when tests are in progress.
Telephone connections to the load dispatcher’s desk
and to other stations are available for the coordination
of test operations with the general operation of the
system.

The main control table has been specially developed
for use with this circuit. All test operations are con-
trolled through a motor-driven controller, consisting
essentially of a number of adjustable cams rotating on a
common shaft and so arranged as to close or open the
desired control circuits in proper sequence and at
predetermined time intervals. Two years’ experience
with this controller indicates that it is greatly preferable
to control through relay operation, since all operations
are related to a common source,—the revolving shaft,—
and variables are thus reduced to a minimum. Strictly
speaking, test operations conducted with this device
are electrically non-automatic, but it is felt that the
ability to increase or decrease the durationjof short
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circuit accurately in very short steps is a valuable
feature in conducting tests of this nature.

Two six-element Westinghouse oscillographs are
mounted on the control table and permanently con-
nected to the motor-driven controller.

As a part of the study of the system under fault
conditions, Hall Recorders were installed at points in
the system where experience indicates the greatest
voltage disturbance will occur. In this manner,
valuable information is obtained as to the transient
effects at different points due to various system set-ups
under fault conditions. The operation of this device
and the results obtained through its use have been dis-
cussed In a paper previously presented before the
Institute.?

When tests with the Deion circuit breaker had
reached the point of maximum current obtainable with
the portion of the system connected, the breaker’s
performance in interrupting the circuit with a very
short duration of arcing had been sufficiently consistent
to warrant the belief that it would function satisfactorily
over the next succeeding steps in the current range and
a generator was, accordingly, connected direct to the
test bus in Crawford Avenue Station in order to increase
the current value at the point of short circuit. This
means of securing additional power had never been
attempted before in previous circuit breaker tests due
to the fear of severe system disturbance following a
prolonged duration of fault with the current values
involved. The results obtained were therefore regarded
with considerable interest aside from performance of
the test breaker.

Three different generating units, varying in capacity
from 60,000 to 75,000 kv-a., were used in this manner
during the series of tests with the Deion circuit breaker.
These generators are driven by steam turbines and in
order to minimize the possibility of tripping out the
steam end it was considered advisable to have them
carrying some load rather than running light when the
short circuit was applied. Accordingly, they were
operated to feed power into the system during these
tests in amounts varying from 10,000 to 38,000 kw.
The circuits were so arranged that closing in on the
short in the test circuit had the effect of short-circuiting
the generator, and clearing the test circuit automatically
returned the generator to the system. Permanent
generator reactors to the value of one-eighth of an ohm
were connected between the generator and the test bus.
The generator neutral was grounded through approxi-
mately four ohms resistance with no neutral ground
other than this on the various busses involved in the
circuit. Tests made with the system alone were un-
grounded on the rewinding of the transformer. No
extensive cable system was directly connected to the
test bus except that two idle three-phase cables were

3. The Hall High-Speed Recorder, E. M. Tingley, A. I. E. E.
Quarterly Trans., Vol. 47, January 1928, p. 252.
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allowed to remain connected. at times to note the effect
on arc rupture.

The addition of steam-driven generating capacity
proved very satisfactory on the Deion circuit breaker
tests, and added quite materially to the current values
obtained on the test circuit. For tests made on the
“OCO” basis, the load on the generator was varied
from 10,000 to 28,000 kv. With this maximum load,
the first-cycle short-circuit current was approximately
19,000 amperes r. m.s., and the current interrupted
approximately 14,000 amperes, average for the three
phases. For “CO” tests, the generator load was
increased to a maximum of 38,000 kw. for tests where
the motor-driven controller was set to give a duration
of short circuit of from two to three cycles. This
maximum load gave first-cycle short-circuit currents
of approximately 30,000 amperes r.m.s., and the
current interrupted was approximately 22,000 amperes,
average for the three phases.

A total of 38 tests was made with a generator feeding
varying amounts of load into the system, and in all
cases the generator returned automatically to feeding
the system as soon as the short circuit was cleared,
without system disturbance other than four-volt dips
in lamp voltage in a few cases and without injury to the
generator. The maximum duration of short circuit was
16 cycles, varying from this time down to four cycles
for maximum currents except for two tests in which
difficulty was encountered in operation of the test
breaker and in which the circuit was cleared by the
backing-up breaker after a period of 49 cycles (as
determined by the motor-driven controller). On none
of these tests did the generator drop out of step, nor
was any effect noted on low-voltage releases on the
system and but very little effect on lamps in the station.
No so-called transients appeared during the course of
these tests.

Connection of the generator to the test bus produced
a noticeable effect on short-circuit characteristics as
compared with tests which involved use of the system
alone, and this effect becomes more marked as the
loading of the generator was increased. Considerable
variation appears between the values of short-circuit
current for the individual phases, the degree of assym-
metry is more pronounced, the current decrement
becomes larger and at the maximum currents tested,
several cycles were required for the delta recovery
voltage to approximate the initial voltage.

SUMMARY OF OBSERVATIONS AND DEDUCTIONS

Severity of Test Duty Imposed. It was anticipated in
arranging for these tests that on the same test duty the
Deion circuit breaker would yield a performance
superior to that of an oil breaker because of the absence
of oil, higher speed, and definiteness of arc suppression.
Accordingly, the number of cycles of operating duty was
increased from two to three, and the time interval
between cycles reduced from two minutes to one
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minute. Also, while no special effort was made to
increase the number of tests to a maximum in a repeti-
tive sense as in all system tests certain time allow-
ances must be made for necessary supervisory func-
tioning and for ascertainment of effects on the
system, it was realized that the factors which were
assumed would enable the more severe operating duty
would also allow a considerable increase in the number
of tests possible within a given period. Also it was
appreciated that the service requirements for this
type of breaker would not necessitate the extremes
required of breakers in industrial service from the stand-
point of frequent operation.

It was expected that the choice of this more severe
operating duty would expedite the whole schedule of
tests toward the end, that the limitations of the breaker
would become apparent more quickly, and, in a sense,
procedure on this basis might be regarded as an ap-
proach towards a destruction test rather than the
establishing of safe operating interrupting capacity
rating.

Speed of Test Program. On the first day of the group
phase tests, a total of 21 three-phase interruptions, with
currents varying from 2000 to 10,000 amperes, was made
in a period of two hours and 23 min. without evidence
of limitation on the part of the breaker. On the
succeeding day, nine three-phase operations with cur-
rents varying from 11,000 to 15,000 amperes were made
in a period of one hour and 9 min. This series of tests
was ended by a disability of the breaker which, upon
investigation, appeared to be partially due to heating
of the deionizing chamber.

On the first day of the isolated phase tests, 12 three-
phase interruptions with currents varying from 7000 to
13,000 amperes were made in the period of one hour and
The test breaker interrupted all of these short
circuits when difficulty of a mechanical nature ended
this series.

On the final day of the isolated phase unit tests, a
total of 15 three-phase operations with currents varying
from 12,600 to 22,400 amperes were made in the period
of two hours and forty minutes. These tests were
made in the afternoon with breaker starting at a tem-
perature somewhat above the ambient due to seven
three-phase interruptions at varying currents made
during the morning. This series of tests was ended by
the temperature of the deionizing chamber becoming
excessively high at the beginning of the final group of
tests. .

Performance of Test Breaker. In the foregoing text,
mention was made of the fact that the group phase
breaker had undergone a protracted series of tests in
the factory, and it should be stated that the isolated
phase breaker was assembled on short notice expecially
for the field tests and perhaps, therefor, not a com-
mercial standard to the same extent as the group phase
breaker. Considerable difficulty was experienced in the
mechanical adjustments on the isolated phase breaker,
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but all of the original contacts with the exception of
one remained intact throughout the tests.

Very few renewals were required for the group phase
breaker. Throughout its test there was no renewal of
insulation except that following the final interruption
which was a failure due to the excessive temperature,
the renewal ol insulated parts in the vicinity ol the are
contacts would have been required for further testing.
During the tests there were no renewals of arcing of
auxiliary contacts and despite the previous factory
tests the main current carrying contacts were apparently
in a condition to carry normal rated current with
excessive heating at the end of the Chicago tests.

Summarizing the performance, the two breakers
jointly interrupted 92 short circuits. Of the 82 opera-
tions, two were unsuccessful in clearing the circuit.
These two failures are especially interesting from the
point of view comparable with oil breaker failures.
In neither of these cases was there any damage to the
test house or barriers or other equipment in the test
circuit. There was no resultant fire and due to the
absence of oil-throwing the work of preparing the test
cell for succeeding tests was very much expedited.
The fact that practically instantaneous determination
of the extent of the damage was possible should be a
feature of paramount interest to all operating companies.

Another feature of interest in these tests was the
extent to which it was possible to visualize the per-
formance. In contrastto the oil breaker, witnesses at a
distance of one hundred yards could judge from the
flashes any irregularities in the closure or displacement
of time with regard to the sequential phase operations
or inequalities in amount of gas or smoke emitted.
Moving pictures which were taken disclosed the pres-
ence of gas and sparks to an extent not possible with the
naked eye, and it might be well to reemphasize the
importance of such records. At the same time it is
realized that only experience in judging the performance
by the movie camera films, or actual presence at the
same tests, justifies conclusions from either of these
visual indications of performance.

Limating Factors in Interrupting Capacity. In this
series of tests certain factors recognized as determinants
of interrupting capacity were carefully measured or
observed. They are, maximum current values,
resultant temperatures, mechanical strength, arcing
time and also restoration voltage. Of these the current
values reached 25,800 amperes without definite signs
of distress on the part of the breaker. On account of
the rapidity of successions of the test cycles the tem-
peratures reached a value which appeared to limit the
safe interrupting capacity of the breaker. Need of
reinforcement of the mechanical strength in the con-
struction of blow-out coils was indicated. One factor,
however, which is regarded as a limiting influence in the
operation of oil breakers, namely, the production of
restoration voltage of relatively high value, as far as
this factor may be attributed to the action of the
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breaker, was absent and since according to the theory of
the Deion breaker the extinguishing of the current at the
zerovalueisafundamental characteristic of its operation,
the Deion breaker should be given full credit for the
absence of this limiting leature of performance.

Imdeterminate Factors of Interrupting Capacity. While
these tests indicated a superiority of performance of
the Deion brealker from relatively low ranges of current
values, its performance at extremely low values guch
as that due to magnetizing current or charging current
of cables was not disclosed, and this test must he made
before the performance of the hreaker can he compared
to that of an oil breaker. Neither did the tests permit
observation of the action of the breaker on closure under
the maximum current duty since these values were
employed only in the “CO” tests.

Attention is again invited to the fact that while the
performance of the breaker must be ultimately judged
from service on an operating system, the advantages of
the Deion breaker expected were established by the
test performance. It also appears that the limitations
of the breaker are more capable of definite determina-
tion than those of oil breakers, and finally it should be
remembered that the tests as conducted were but test
of a unit the first of a type and that as such they may
be fairly construed to indicate ultimate results from
the deionizing type of circuit breaker not possible with
types having a less scientific principle of arc disposal.

LIGHTING AIRWAYS IN HUDSON AND
MOHAWK VALLEYS PROPOSED

Plans for the lighting of airways through the Mohawk
and lower Hudson valleys, which have been under
survey by the Airway Division, U.S. Department
of Commerce, took form recently when the New York
Power & Light Corporation submitted a definite pro-
posal to supply service for government beacons and
fields lying in its territory.

The proposal includes service to beacons on the
Albany-New York airway between Albany and the
Dutchess county line, and on the Albany-Cleveland
airway between Albany and Syracuse. On the first
route, beacons will be located near Bethlehem, Schodak,
Columbiaville, Blue Hill, south of Hudson, and Nevis.
At Columbiaville an intermediate landing field will be
provided. On the Albany-Cleveland route, beacons
will be built at Florida, Tribes Hill, Yosts, St. Johns-
ville, and Canastota. An intermediate landing field
will also be located near Yosts.

The airway beacons will be placed on steel towers
from 40 to 80 feet high and will have a beam illumina-
tion of three million candlepower. They are so con-
structed that if a lamp burns out, another automatically
takes its place. Landing fields will be equipped with
boundary, landing and obstacle lights.

The proposal for service submitted by the New York
Power and Light Corporation is believed to be the first
of its kind in the Empire State.—Transactions I. E. S.




Uses of Radio as an Aid to Air Navigation

BY J. H. DELLINGER!

Non-member

Synopsis.—Use of radio for guiding airplanes along fized
airings during fog or other conditions of low visibilily is the principal
topic of this paper. A directire radio beacon sysiem is described
together with a receiving sysiem which gives simple and direct

HE possibilities of radio as an aid to flight are being
actively developed. This development includes
the following lines:

A. Communication
B. Course navigation
C. Field localizing
D. General

Under D are included miscellaneous developments, for
example, the use of radio methods in connection with
altimeter devices. This paper is largely devoted to
item B, presenting a successful system of guiding air-
planes along fixed airways during fog or low visibility.
[ shall speak particularly of the work of the Bureau of
Standards because I am most famihar with that. [t
is, however, only one of many organizations pursuwing
active work and making contributions in this field.
These organizations include transport companies,
communication corporations, and research organiza-
tions, as well as government departments.

At the present time the transportation of passengers
bv air is far from the ideal service expected in the future.
Genuine service of interest to the public can hardly be
said to be available until the air traveler can count on a
scheduled service as regular as the railway trains,
independent of weather or other contingencies. The
present nullification of the most essential feature of the
air passenger travel as a serious service arises entirely
from the hazards of weather. As we shall doubtless
learn from other accounts of progress.in the various
phases of aviation, all other limitations are in a fair way
to be overcome. Airwavs and airports are being
provided in abundance, aircraft of adequate strength
and stability are more and more available, every pro-
vision of comfort and convenience is offered the air
traveler, and yet air traffic can still be halted when low
visibility prevents the pilot from seeing his landmarks
or lights on the ground.

It Is impossible to exaggerate the solitude and help-
lessness of an airplane flying in dense fog. Deprived
of all landmarks, under incessant strain at the controls

1. Chief of Radio Section, U. S. Bureau of Standards, Wash-
ington, D. C.
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visual indications of the location of the airplane. Methods of oir
navigation on other than established courses are also discussed as
well as simple radio communication between plane and grou nd.
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to maintain equilibrium and direction, the aviator must
frankly abandon dependence upon his senses and
navigate according to the information conveyed by his
instruments. It is contrary to all human instinct to
throw overboard the testimony of the senses and stake
life itself on a mute instrument dial. Not every pilot
can do it, and unquestionably the oceans hide the sad
remains of more than one hero whose only mistake was
failure to learn “instrument flying”* before he essayed
the great adventure.

By means of the familiar instruments such as the
altimeter, turn indicator, and compass, a pilot can
continue flying in fog, but it is only by radio means that
he can be certain to keep on a given course and find his
landing field when the ground is invisible. Accurate
as a compass may be, it cannot tell the pilot how much
he is dnfting sidewise due to cross winds, nor what
actual progress he is making forward because of the
unknown effects of head or tail winds. Unless radio
aids are used, fog always brings the hazard of getting
off the desired course into unfamiliar or dangerous
areas, and also makes even the possibility of a landing
unknown.

By radio means, however, particularly by the use of
the radio beacon system which is being established on
the atrways of the United States, the pilot can, regard-
less of fog, keep accurately on his course, know the
points he is flying over, and proceed unerringly to the
landing field. This, [ believe, largely destroys the
menace of fog. When this system is fully established
there i1s every reason to believe that the last great ob-
stacle to safe flying will have been conquered, scheduled
flights will be dependable, and passenger flying can be
considered established as a serious service.

Directional Radio Off the Airways. Before describing
the radio beacon system I should like to indicate briefly
the possibilities of navigation by radio on other than
the established airways. The beacon system will
mark out the airway routes but will give no aid to the
flver on an independent course. There are several
ways in which radio can be adapted to this navigational
need.

One is the system used in Europe: radio direction-
finding stations are maintained by the governments at
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various airports, and each airplane carries both a trans-
mitting and a receiving set. Upon request by radio
from an airplane, two or more of the direction-finding
stations determine the direction of travel of radio waves
from the airplane; combining their determinations
they calculate the airplane’s position and send this
information by radio to the airplane.

A second means of radio navigation for the inde-
pendent flyer is the use of a radio direction finder on the
airplane. By steering a course in the indicated direc-
tion of a radio station on the ground, the airplane can
be certain of reaching that point, the accuracy of the

1—TrE First Rapio BeacoNn Towrer oN THE CIVIL
AIRWAYS
Experimerttal station of the Bureau of Standards at College Park, Md

I'iG.

indicated direction increasing as the objective is
approached. Direction finders are used extensively as
a navigational instrument on marine vessels and on
lighter-than-air craft. On airplanes their use is dif-
ficult. It is considerably more difficult to protect
them from error and disturbances caused by the
engine ignition and other sources aboard an airplane.
They have been used successfully to some extent,
and their use will doubtless increase; they do,
however, require expert handling. This method of
navigation has the inherent limitation that it does
not prevent wind-drift from shifting the air-plane
off its course; the method does eventually bring
the airplane to its destination, although by a circuitous
route if there is a side wind.

A third method of furnishing navigational aid to the
independent flyer is the rotating radio beacon. This
1s a radio transmitting station, located at an airport,
which has a rotating directive antenna. This causes
a sort of beam of radio waves to sweep constantly
around. A special signal indicates when the beam
sweeps through the north. A pilot listening for this
beacon’s signal with his receiving set can determine his
direction by the time elapsing between the north
signal and the instant when the beam is heard with
maximum (or minimum) intensity. The elapsed time
is determined by means of a stop-watch, which can be
calibrated to read direction.

The Airway Radio Beacon. The radio beacon system
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for the United States airways has been designed to
operate with the minimum of apparatus and attention
on the airplane. The objective in its development was
to place a simple visual indicator on the airplane instru-
ment board to tell the pilot whether he is on the course
or how far off, which should operate without any effort
or attention by the pilot. This has been successfully
accomplished, and navigation over the official air routes
thus has the advantage of a superior means of radio
navigation not available to the independent flyer off
those routes. The three methods of radio navigation
for the independent flyer described in the foregoing
require the pilot to listen with headphones through
the roar of noise on the airplane. Also, each of them
requires other apparatus besides a radio receiving set;
thus in the first method the airplane must carry a radio
transmitting set, in the second a direction finder, and
in the third a special type of stop-watch.

While the radio beacon system for the airways at-
tained practical development only this year, its origin
goes back to 1920. At the request of the War Depart-
ment, the Bureau of Standards undertook to develop
a directive radio system for airplane navigation. A
method was devised in which radio waves were trans-

Fic. 2—GONIOMETER USED IN RADIO BEACON STATION
To orient the course marked out by the beacon in any desired direction,

mitted alternately from two directive antennas
placed at an angle with each other. Equality of signal
intensity from the two antennas along a certain line or
zone determined a course which an airplane could
follow. The system was tried out successfully in
Washington and in Dayton, Ohio. In succeeding years
the Army engineers at Dayton developed the system
further.

When the Aeronautics Branch was formed in the
Department of Commerce in 1926, it determined that
radio aids would be necessary on the civil airways, and
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assigned their development to the Bureau of Standards.
As part of this work, the Bureau undertook to perfect
the radio beacon, particularly by developing a visual
indicator so that a pilot would have a direct indication,
on his instrument board, of his location.

Fic. 3—AIRPLANE sHOWING 10-Foor VERTICAL ROD ANTENNA

‘The required radio equipment on the airplanes is
reduced to a short pole antenna and a simple receiving
set weighing a few pounds, plus the indicator on the
instrument board which tells the pilot whether he is
on the course or how far off. All of the expensive and

FiG. 4—INsTRUMENT BoARD wiTH BrACON INDICATOR

MOUNTED ABOVE THE OTHER INSTRUMENTS

powerful apparatus necessary for the system is on the
ground, maintained by the Government.

The radio beacons operate in the frequency band 285
to 315 kilocycles. Airway radio telephone stations are
to communicate with airplanes in flight, in the band
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315 to 350 kilocycles. These are allocated to air ser-
vice by the 1927 International Radio Convention.
For the present the beacons are adjusted to the fre-
quency of 290 kilocycles, and the telephone stations to
333 kilocycles.

The directive radio beacon is a special kind of radio
station, usually located at an airport, just off the land-
ing field. Instead of having a single antenna like an
ordinary radio station, it has two loop antennas at an
angle with each other. Each of these emits a set of
waves which is directive, 7. e., it is stronger in one
direction than others. When an airplane flies along
the line exactly equidistant from the two beams of
radio waves, it receives signals of equal intensity from
the two. If the airplane gets off this line it receives a
stronger signal from one than the other.

Fig. 5—VisvaL Beacon INDICATOR

Comprising the pair of reeds to show deviations to either side of course .
and single reed (at right) which indicates when airplane is passing over a
marker beacon

The current in the two antennas is of exactly the
same frequency, but is modulated at a different low
frequency in each, . e., the current in one antenna has a
tone of 65 cycles impressed on it, and the current in the
other antenna has a tone of 85 cycles impressed on it.

The indicator on the instrument board of the airplane
shows when the signals from the two beams are received
with equal intensity, by means of two small vibrating
reeds. When the beacon signal is received the two
reeds vibrate. The tips of these reeds are white in a
dark background so that when vibrating they appear as
a vertical white line. The reed on the pilot’s right is
tuned to a frequency of 65 cycles and the one on the
left to 85 cycles. It is only necessary for the pilot to
watch the two white lines produced by the vibrating
reeds. If they are equal in length, he is on his correct
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course. If the one on his right becomes longer than the
other, the airplane has drifted off the course to the right.
If he drifts off the course to the left, the white line on
the left becomes longer. Thus if the pilot leaves the
regular course either accidentally or to avoid a stormy
area, the radio beacon will show him the way back.

SIDE oFF IOUH{,
. :,\

Fig. 6—INTERIOR OF BEACON INDICATOR

Showing electromagnets. pair ofsreeds in place, lamp, and detail of detached
reed

The whole receiving system comprises a small indi-
cator unit on the instrument board weighing one pound,
a receiving set weighing less than 10 pounds, and a
10-pound battery. The same receiving set can be
used to receive radiotelephone messages, by plugging
in a pair of headphones. The receiving system is very

Fic. 7—CoMPLETELY SHIELDED MAGNETO

Illustrating how all parts of the electrical circuits on the airplane have to
be enclosed in a a grounded metal sheath

little affected by interference, including static, other
radio stations, and airplane ignition interference, which
has hitherto been the bar to satisfactory use of radio on
airplanes.

The beacon stations will probably be placed at air-
ports in general averaging about 200 miles apart.
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The Airways Division of the Department of Commerce
Aeronautics Branch has begun a program of installing
them on the various airways. The directive beacons,
with a straight airway hetween them, will be supple-
mented by small marker beacons at intervals (perhaps
20 miles) along the route. These are simply very low-
power radio transmitting stations serving as mile-
posts. A characteristic signal from a marker beacon
will show on the visual indicator aboard the airplanes
what point is being flown over.

Thus the radio beacon system guides the airplane
along the airway regardless of fog, informs the pilot of
the distance passed over, and brings him to the landing
field. There are two other services which directional
radio can eventually perform to complete the conquest
over fog, the providing of a field localizer and a landing
altimeter; 7. e., to mark out clearly the landing area
and to indicate distances above ground in the act of
landing. While it is not yet certain whether radio or

Fic.

A 10-watt transmitter located at intermediate points between airports to
show distance flown along the airway

8—TRANSMITTER FOR M ARKER BEACON

other methods will be the best means to provide these
two services, the need of a field localizer is already par-
tially met. When the pilot arrives at the radio beacon
station and flies over it, there is a sudden deflection of
his indicator which enables him to ascertain the location
of the radio beacon station within 100 feet. This is
accomplished by virtue of the peculiar properties of the
vertical pole antenna on the airplane, and is of material
assistance when landing during poor visibility.

The practicability of this system, both for course
navigation and field localizing, may be illustrated by a
recent trial flight. On a day of low visibility, a pilot
unfamiliar with the route took the air in Philadelphia
for Washington with no maps or instructions as to
landmarks; he was told to proceed to Washington (a
distance of 120 miles) and land at College Park field
solely in accordance with the guidance given by the
beacon indicator on his instrument board. He not
only flew in a straight line to Washington, but when
over College Park field, which he had never seen before,
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the special deflection of the indicator told him he was
at his journey’s end, whereupon he landed.

Valuable as directional radio is, it is perhaps not as
fundamental a service to the aviator as simple radio
communication between airplane and ground. On the
United States civil airways, radio telephone stations are
being installed to inform the pilots of weather and land-
ing conditions. This instantaneous service is a power-
ful addition to flight safety. The radio telephone mes-
sages may be received by the same simple receiving set
used for the radio beacon signals.

As time goes on there will be more and more demand
for two-way telephony between airplane and ground.

Fig. 9—Rapio TELEPHONE TRANSMITTING STATION AT

BELLEFONTE, PA’

The first of the airways stations established to give weather and other
information to airplanes in flight

A number of demonstrations has shown that such com-
munication can readily be provided with quality suf-
ficiently good to justify connection to the regular tele-
phone exchange. In some of the demonstrations,
officials sitting at their desks in Washington had two-
way conversations on their regular desk telephones with
other personsin an airplane. On one of these occasions
Assistant Secretary MacCracken at his desk 1In
Washington demonstrated the applicability of this
service by warning the occupants of the airplane of the
rising of a severe storm near the landing field.

The possibilities of radio in flying havebeenillustrated
in some of the spectacular transoceanic flights. The
Southern Cross, on its remarkable trip from California
to Australia in the summer of 1928, was in touch with
the world throughout the trip, by means of high-
frequency (short wave) radio communication. The
successful flight of Goebel and Davis from California to
Hawaii in 1927 was made by the aid of the radio beacon
of the aural type. A long flight over sea, terminating in
a relatively small objective like the Hawaiian Islands,
is extremely hazardous if undertaken without radio aid.
Navigation by compass is subject to the indeterminate
effects of wind drift, and the airplane’s path may easily
be shifted entirely away from the objective.

Any practical scheme for transoceanic air service
would seem to require directional radio aid. It would
be imperative for a system such as that involving a
number of seadromes anchored at intervals across the
ocean. Navigation on such a system without direc-
tional radio could not be considered; there is no other
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known means of being sure to arrive at the next air-
drome.

Exploration by air is another instance where radio
must be used. An exploring party takes unnecessary
risks if it neglects directional radio aids to reach its
objective or to find the way back to its base. This is
recognized by Commander Byrd who istaking direction
finding equipment along on the airplanes which he will
use in exploring the Antarctic Continent.

The principal use of radio, however, will doubtless
come on the regular commercial airways. The radio
beacon system developed for airways is now being sub-
jected to the test of routine operation.

As the radio aids have been slow in coming, compared
with the advances in airplane design, engine reliability,
and airway development, there has been a constantly
increasing percentage of aviation accidents due to the
hazards of weather. Radio seems the answer to those
hazards, and there is ground for hope that not only this
percentage of accidents but the whole number of
accidents will become vanishingly small when the
present possibilities of radio are realized in practise.
Commercial reliability of air travel seems to depend
directly upon the use of radio.

RESEARCH AS A BUSINESS HELP

Research is no longer considered a business phi-
lanthropy. Itis no longer a side issue or hobby to
be supported or neglected in the degree that money is
donated by its friends. On the contrary, as recently
stated by Irving Langmuir: “The leaders of industries
are frequently conscious of the need of improvement in
their processes and even of the need of new discoveries
or inventions to extend their activities.”” Research is
the modern tool by which to work out commercial
success in any industry.

But beyond the commercial incentive to survive
under highly competitive conditions there are broader
aspects of research that affect business directly. Here-
tofore the world has been built and operated largely
through the wasteful use of raw natural resources.
Many of these have now been reduced in volume, but,
despite this, man-made products derived from researches
have supplied the public demand with cheaper and
better products than those made from the original
materials. For example, cheap lumber for building is
a thing of the past, but cement, steel and special
building materials have replaced lumber, and con-
struction methods have changed, so that buildings
today are better and cheaper than those made from
raw lumber.

Under the spur of a diminished supply, research
comes into being to replace old materials with new, and
business today realizes that only through scientific
research can it remain prosperous under modern
conditions. No organization economies can replace
research as a direct method for maintaining business
success.—FElectrical World.




A Precision Regulator for Alternating Voltage

BY H. M. STOLLER:
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Synopsis.—A recently developed precision vollage regulalor for
use wilth allernating current is described. It will mainiain ils
outpul vollage constant (o within 0.08 per cent over an tnpul vollage
range of 10 per cent and a load range of from zevo to full load.

and J R POWER!

Non-member

T'his regulation is accomplished by means of u small transformer
inserted in one of the lines which boosts or bucks the impressed
voltage by the required amount. 7'he transformer 1s controlled by a
vacuum lube circutt acting through an inductance bridge.

INTRODUCTORY
MODERN industrial conditions are making it

more and more imperative that the voltages used

for testing purposes be held within precise limits.
In some cases the requirements have far exceeded the
regulation obtainable by the commonly used types of
regulators.

This paper will describe a vacuum tube type of a-c.
regulator which will maintain the output voltage within
0.03 of 1 per cent over the extreme range from maximum
load minimum input voltage to minimum load maxi-

mum input voltage. This regulator is employed in the
inspection of telephone equipment and is designed for
operation on a line whose voltage fluctuates between
85 and 90 volts, 20 cycles.

For the great majority of tests, the line voltage
limits are sufficiently precise, but there are frequent
cases where a much higher degree of precision is neces-
sary. It is therefore advisable to use a regulator of
small power rating situated at the test position rather
than at the power source because of line drop and
because it would be uneconomical to regulate the entire
alternator output so precisely.

APPARATUS

The circuit employs a small transformer whose
secondary is in series with the line so that any voltage
induced in it either aids or bucks the line voltage.
The primary voltage supplied to this transformer is
derived from a bridge circuit. Referring to Fig. 1,
this circuit consists of the two halves of the primary

1. Both of Bell Telophone Laboratories, Ine., 463 West St.,

New York.
}  Presented at the Winter Convention of the A. 1. E. E., New York,

N.Y., Jan. 28-Feb. 1, 1929.

winding of the power transformer 7', the fixed retarda-
tion coil L,, the variable retardation coil L. and the
output transformer 7'.. In the variable arm L. of this
bridge, the inductance is varied by the commonly
known method of changing the degree of magnetic
saturation of the reactor by means of a direct eurrent
in an auxiliary winding. For this purpose a three
legged core with a winding on each leg is used (Fig. 2).
The two outer windings consist of an equal number of
turns and are connected in series so as to aid each other
in producing flux in the outer legs of the core. As they
are very carefully balanced no flux is set up in the
middle leg by these windings. Any flux set up by the
middle winding divides equally between the two outer
legs. If, then, a direct current is sent through the
middle winding it tends to saturate the entire core and
so reduce the impedance of the outer windings to
alternating current. In the present instance the ratio
of turns of the d-c. winding to the a-c. winding is large.
By this means a direct current of a few milliamperes
can control the impedance of a reactor capable of hand-
ling several amperes of alternating current.

The important feature of the fixed retardation coil
(L4, Fig. 1) is that it must be so designed that it will not
saturate over the working range. This condition 1s
met by the use of a large air-gap. An auxiliary wind-
ing used for compensation is placed on the same core
and is connected in the regulating circuit.

The two element vacuum tube, V,, is the primary
source of control. It is supplied with an excess of plate
potential (from the rectifier tube V1) so that the space
current is entirely controlled by filament emission.

110
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The filament is made of tungsten® and is 0.001 inch
diameter so as to have small time lag between current
and temperature. This filament is connected in series
with a resistance across the voltage output terminals so
that a change in voltage produces a proportional change
in filament current. A change of 0.1 per cent in fila-
ment current will cause about a 2 per cent change in the
space current or, in other words, the tube has an effec-
tive amplification factor for current of about 20.

The tubes V, and V, are amplifier tubes supplying

rectified current to the d-c. winding of the inductance
L.

The plate-voltage supply for these tubes is derived
from the transformer T, which is connected across the
output circuit of the regulator. Thus the tubes have a
constant source of potential which is essential to satis-
factory operation of the circuit.

The assembled apparatus is shown in Fig. 3.

PRINCIPLE OF OPERATION

Referring again to the circuit in Fig. 1, the secondary
of the transformer T. is in series with the line. Its
primary is connected across the mid-points of the bridge
formed by the transformer T, and the retardation coils
L, and L.. When the impedance drop across L. is
equal to that across L, the bridge is balanced, and no
potential is applied to the output transformer and none,
therefore, is induced in the line. Under this condition
the output voltage is equal to the input voltage except
for the impedance drop in the transformer. If the
impedance of the variable reactor changes, this balance
1s disturbed and a voltage is induced in the line that
either bucks or boosts the line voltage. As described
above, the impedance of this reactor is a function of the
direct current through it. This current is controlled
by the vacuum tube circuit.

If the input voltage should increase, the instantaneous

2. The tungsten is pure and contains no thorium or other
materials having thermionie activity.
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effect would be an increase in output voltage. This
would cause the filament current of the regulator tube
to increase and, as a result, its space current would
increase at a much greater rate as shown in Fig. 4.
The space current flowing through the coupling resis-
tance R. would change the balance of the resistance
bridge of which the tube and this resistance form one
side. This change is in such a direction as to bring the
potential of the junction between the tube and the
resistance R, nearer to that of the-junction between the
resistances R, and K. which form the other side of the
resistance bridge. By this means the negative bias
on the grids of the amplifier tubes is reduced and their
output increased. This increased output flowing
through the winding of the variable reactor decreases its
impedance which changes the balance of the inductance
bridge and either reduces the aiding voltage supplied
to the line by the transformer T or increases the buck-
ing voltage, depending upon previous conditions.
This change in induced voltage will bring the output
voltage almost back to its original value. In practise
the operation of this sequence of events is sufficiently
rapid to prevent the transient increases in output
voltage from attaining noticeable proportions except on
a verv sudden and severe change in input voltage.

This reaction to an increase in input voltage would
restore the output voltage almost, but not quite, to
normal except for the acfton of the compensating
auxliary winding on L,. With the aid of this winding
the required increase in filament current through tube
V. is secured without raising the output voltage at all.
This effect is secured by making use of the increased
voltage across L, due to the changed condition in the
inductance bridge.

By using the proper number of turns in the auxiliary
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winding, the voltage may be kept constant or even
be caused to rise. This feed-back effect does not cause
hunting because there is a slight time lag in its action
due to the high inductance of the d-c. winding on the
variable retardation coil L..

In the case of load variation, the action of the regu-
lator circuit is similar to its operation with voltage
variation, an increase of load causing the same action as
a decrease in applied line voltage and a decrease of
load the same action as an increase in applied voltage.
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There are two pieces of auxiliary apparatus that con-
tribute to the precision of the regulator. They are the
capacity C, and the a-c. by-pass circuit composed of the
capacity C, and the resistance B,. The by-pass circuit
smooths out the pulsating current through the coupling
resistance R;. This pulsation is due to the cooling of
the regulator tube filament between peaks of the alter-
nating current through it. As there are two peaks per
cycle the pulsation will be at twice the line frequency.
If these pulses were it phase with the line voltage they
would be permissible as the resultant pulsation in the
grid potential of the amplifier would be in phase with
its plate voltage and an acceptable output could be
obtained from the amplifier. This phase relation does
not exist, however, on account of the time lag introduced
by the heating characteristics of the regulator tube
filament. If capacity alone is used in the filter an oscil-
lation is set up that causes the output voltage to hunt
or, with an excess of capacity, the regulator is sluggish
In its reaction to transients. In order to prevent these
effects a small capacity is used and a resistance placed
in series with it. The effect of this resistance is to
damp the oscillation to such an extent that hunting is
prevented but. without causing a marked decrease in
the filtering action.

The capacity C; aids the regulation with respect to
load. The cause of a change in output voltage with a
change in load is two fold. The first is a change in the
impedance drop across the winding of the output trans-
former in series with the line. The other (the more
important cause) is that the line current in the secon-
dary of this transformer causes a corresponding current
to flow in the primary. The path of this current is from
the line through the fixed retardation coil, the primary
of the output transformer and half of the primary of the
power transformer to the other line. This current
changes the balance of the bridge in such a direction
as to reduce the output voltage. The condenser C,
is placed across the high-voltage secondary of the power
transformer. The volt-ampere input to this capacity
is made large compared to the watts drawn by the
transformer T'; and results in a large leading component
in its primary current. This adds a steady leading
component to the line current through the output trans-
former. Any output current of the regulator adds
vectorially to this steady current. This vectorial
addition decreases the importance as viewed from the
bridge circuit of all load variation on the regulator,
especially lagging, and unity power factor loads. At
the low frequencies employed in this case it was not
considered probable that the leading component of the
load would exceed 25 per cent of the rated full load of
the regulator and the operation under these conditions
was found to be satisfactory. Other important func-
tions of this capacity are that of power factor correction
for the entire regulator and the by-passing of harmonics
in the amplifier circuit.

PERFORMANCE CHARACTERISTICS

The output characteristics of the regulator are
shown in Fig. 5. The curves show the output voltage
plotted against the input voltage with the load on the
regulator as a parameter. These curves are plotted in
per cent of normal voltage instead of in volts because the
normal voltage may be adjusted over a range of several
volts by means of the variable resistance R,.

The regulator is not critical to frequency over a range
of about 4 10 per cent of the normal frequency. Also
the normal frequency can be adjusted over a range of
about 30 per cent by adjustment of the by-pass circuit
Ciand R, and of the inductance L.

The distortion of wave form due to the regulator is
slight. In the worst condition, that of low input volt-
age, the harmonics introduced are barely noticeable
when viewed on a cathode ray oscillograph, and were
estimated to be less than one-fourth of 1 per cent.

The limits of the regulating range with respect to
input voltage are due largely to amplifier characteristics.
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The upper limit is fixed at the point where the grids of
these tubes draw current. The lower limit is due to the
ineffectiveness of a change in grid potential near the
cut-off value and also to the insensitivity of the variable
reactor at low values of direct current.

Fig. 5 shows clearly the effect of a load on the regu-
lator. It will be noted that this effect consists entirely
of a shift of the regulating range and does not impair
the regulation within this range. As a result, the maxi-
mum load that the regulator can carry depends upon
the input voltage.

It is estimated that the life of the tubes should be
about 3000 hr. It isnecessary to readjust the resistance
R, about once in 100 hr. of operation in order to com-
pensate for the gradual reduction in the size of the
filament of V, due to evaporation of the tungsten.
The other apparatus in the ecircuit has a practically
indefinite life.

It should be noted that no auxiliary sources of power
supply are required for the plates or filaments of the
tubes so that the circuit is well adapted for practical
shop testing purposes.

DiscussioN

The precision obtainable from a regulator of the type
described is determined by the following factors:

Journal A. I, Ii. E.
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1. The intrinsic precision of the voltage measuring
device. (In this case, the emission characteristic of the
tungsten filament of tube V).

2. The amplification between the measuring device
and the controlling means.

3. The use of a suitable compensating means to
offset the small change in output voltage which would
otherwise be required to actuate the regulating circuit.

Asregards the first factor, the tungsten filament gives
a good intrinsic precision. If operated at a low emission
it will give a long tube life.

The second factor is a matter of balancing cost
against the value of the precision and range attained.
In the circuit of Fig. 1 only gne stage of amplification is
employed. Another limiting factor in amplification is
the tendency to hunting of the regulator. This ten-
dency is reduced by reducing the time elements in the
circuit between the measuring means and the control
means. In this circuit the time factors are the heating
lag in the tungsten filament, the time required to change
the charge on the condenser C, across the grid circuit
of tubes V, and V; and lastly, the time required to

KARAPETOFF: TRAVELING ELECTRIC WAVES
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change the current in the highly inductive d-c. winding
of LQ.

The third factor of compensation is essential in
order to realize the full benefit of the circuit. For
example, the circuit described would show a precision
of only 0.70 of 1 per cent without compensation as
compared with 0.03 of 1 per cent with compensation.
The means of compensation must be such as to avoid
impairing the stability of the circuit. This is most
readily accomplished by introducing a small time ele-
ment between the operation of the regulator and its
compensation.

It may be concluded therefore that the limiting
factors in the design of this type of regulator are eco-
nomic rather than physical. By employing more ampli-
fication and suitably reducing the time factors in the
circuit, it appears that a still higher degree of precision
or a wider operating range could readily be obtained.

The circuit could of course be equally well designed
to operate on 60 cycles or any other frequency of that
order; in fact, the higher the frequency, the smaller
and cheaper the apparatus would become.

Abridgment of

‘A Graphical Theory of Traveling Electric Waves

Between Parallel Conductors
BY VLADIMIR KARAPETOFF:

Fellow, A. I. E. E.

Synopsis.—The analytical theory of simple traveling waves
along parallel conductors is well known. Its disadvantage is that the
relationships among the incoming, reflected, transmitled, and
absorbed currents and voliages are expressed by a number of simul-
taneous equations difficult to grasp, from a physical point of view,
in their entirety. For this reason, a graphical theory has been
developed according to which all the quaniities tnvolved are repre-
sented in a so-called star diagram and the whole phenomenon con-
veyed to the eye quantitatively.

The star diagram 8 then applied to the following practical cases
of a simple rectangular-front non-altenuated long traveling wave:

(a) Reflection from and absorption in a non-inductive terminal
resislance;

(b) Reflection from an open~circuited and from a short-circuited
end of a line;

(¢) Thecaseof critical resistance;

(d) Repeated reflections from the ends of a line:

(e) Discharge of a wave to the ground, directly or through a
resistance;

(fY Passage of a wave through the junction point of two conduc-
tors having different values of surge impedance;

(g) Same as (f), only the junction provided with a series or
shunted resistance,

(h) Effect of a lumped series inductance or shunted capacitance
in reducing the steepness of a wave front.

In each case, the results agree with those deduced analytically,
for example by R. Ridenberg in his book ‘‘Elektrische Schaltvor-
ginge.” Some reciprocal relationships are pointed out at the end
and further problems suggested to which the star diagram may be
applied.

INTRODUCTION
THE purpose of this paper is to explain graphically
the fundamental properties of electric traveling
waves between parallel conductors (such as
transmission lines), especially where a wave strikes an
obstacle, for example, a resistance, an inductance, an
open end, a junction point between a cable and an
overhead line, etc. While the general analytical
1. Professor of Electrical Engineering, Cornell University,
Ithaca, N.Y.

i~ Presented at the Winter Convention of the A. I. E. E., New
York, N. Y., Jan. 28-Feb. 1,1929. Complete copies upon request.
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theory of such waves is well known (see the references
below), a graphical representation of the quantities
involved is believed to be new, and it may give a
clearer idea of the important relationships useful in the
solution of some practical problems. The so-called
star diagram, developed for this purpose, is the founda-
tion of the graphical treatment given below.

1. GENERAL PROPERTIES OF ELECTRIC WAVES
TRAVELING ALONG PARALLEL CONDUCTORS

Whenever some electric or magnetic conditions in a
circuit are changed suddenly, a traveling electro-
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magnetic wave starts {rom the point of disturbanece and
is propagated into the various conductors which
constitute the circuit or the network. The wave is
gradually attenuated because of the resistances of the
circuit, is reflected at local obstacles, experiences
changes in the values of its current, voltage, and shape
upon entering conductors of different characteristics,
ete. Ultimately, its energy is completely converted
into heat.

Traveling hydraulic waves of similar character oceur,
for example, in a city water supply system. Should a
pipe burst and the pressure be suddenly lowered locally,
a wave of depression would start from the fault and
spread over the whole system. Should a valve be
suddenly closed in one of the branch pipes, the water
hammer so created would also spread in the form of a
pressure wave throughout the system, and after
numerous reflections its power converted into vibra-
tions and heat.

In this paper, only long rectangular-front waves
(Fig. 1) are considered, first, because they are simpler to
be treated theoretically, secondly, because other kinds
of waves may be composed out of such simple waves,
and thirdly because they are at least as harmful for
electrical apparatus (if not more so) as any other waves
known. In Fig. 1 the voltage wave, e, and the current
wave, 1, are shown separately, although in reality e and
t are but two characteristics of the same traveling wave
of electric energy. The direction of propagation is
indicated by the arrowheads and the wave front is
denoted by f.

The actual physical conditions corresponding to the
symbolic representation in Fig. 1 are shown in Fig. 2.
B is a battery, s is a switch, and a and b two parallel

>

Fig. 1—A LoNG RECTANGULAR-FRONT TRAVELING WAVE OF
CURRENT AND VOLTAGE

conductors. When the switch is closed, a wave starts
to the right, charging the conductors. This means that
an electrostatic field is established, shown by the
vertical lines, and a magnetic field, indicated by the
dots and the crosses. These two fields, together with a
cross-section of the conductors, are also shown to the
right.

Theory and experience show that such a wave,
between two parallel conductors of comparatively small
cross-section, is propagated nearly at the velocity of
light (or of other electromagnetic disturbances) in the
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dielectric medium in which the conductors are im
mersed. Thus, for overhead lines the wave velocity
is that of light in air, for a cable it is that of electro-
magnetic waves in impregnated paper, ete. This does
not mean that the actual carriers of electricity in the
conductors (ions) move at such enormous velocities,
nor is it necessary to assume this velocity of motion for
the electrostatic and magnetic lines of force. All we
know is that the electromagnetic state advances at this
velocity. This difference hetween the velocity of
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propagation of a wave (or state) and that of the material
particles in it, is well illustrated for water waves in
W. S. Franklin's “Electric Waves,” pp. 15 to 25. If
the depth of a canal (Fig. 3) is D, the velocity of pro-
pagation of the wave front is

v=+'9gD (1)
where ¢ is the acceleration due to gravity. On the
other hand, the average velocity, v, of the particles of
water is much lower, being represented by the expression

v =V (h/D) (2)

In an electric conductor, the velocity of motion of
electrons which constitute the current is quite low, but
as soon as the electrons in a cross-section begin to
move, they disturb the equilibrium and cause the
electrons in the next cross-section also to move. So the
velocity of the wave itself simply characterizes the rate
at which consecutive carriers of electricity are set in
motion. Similarly, it is not necessary to assume the
lines of force to be traveling at the velocity of light.
New lines of force are built up as soon as a voltage
and a current reach a point on the line, while the older
lines of force remain at places where they have been
created.

This difference between the two velocities may be also
llustrated as follows: Think of a front of soldiers with
their heads turned to the right, and let each be in-
structed to begin turning his head slowly to the left as
soon as he sees the preceding man beginning the motion
of his head. It will take but a fraction of a second
for each man to begin his motion after his neighbor,
so that the wave front of motion will be propagated
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along the row quite rapidly, whereas the actual motion
of the heads may be quite slow.

There is nothing contradictory in the fact that the
current in Fig. 2 seems to flow in an open circuit.
Positive electricity may be thought of as flowing
through the upper conductor to the right, creating a
displacement current in the dielectric downward and
thereby forcing a flow of positive electricity in the
lower conductor to the left. Or else, the same process
may be thought of in terms of negative electrons, with
the polarity and direction of motion reversed. Simi-
larly, there is no contradiction in the existence of a
considerable voltage difference, ¢, between two adjacent
points of the same conductor, just before and behind
the plane f. New magnetic lines of force arising in
that plane induce an e.m.f. which balances the
voltage e. The relationship shown in Fig. 2 could not
exist if f were a stationary plane, but as the front of
the wave moves at the proper velocity, the transient
conditions at new points of the conductors make
stationary values of ¢ and ¢ possible behind.

We shall limit our discussion to conductors whose
ohmic resistance and leakage conductance are negligible.
In other words, the attenuation of a wave will be
disregarded. Not only is the theory much simplified
thereby, but in a study of destructive action of traveling
waves it is not safe to count on an attenuation because
in a most unfavorable case a wave may originate in the
immediate vicinity of a device upon which it impinges,
so that there is practically no attenuation.

With this assumption, and denoting the inductance of
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Evecrric TraveLing WAVE

a line or cable by L and its capacitance by C, both per
unit length, the following well known relationships
hold true.?

. (@) The velocity of propagation of a traveling wave
is

V=1/vLC 3)
With proper units, for overhead conductors, V comes
out equal to the velocity of light in air. In a power

cable, the velocity of propagation is much lower, of the

order of magnitude of one-half of that along overhead
conductors,

(b) When a wave is propagated along an ideal

2. For a proof, seo the references at the end of tho paper.

KARAPETOFF: TRAVELING ELECTRIC WAVES

115

conductor with uniformly distributed L and C, its
shape remains undistorted and identical with that at
the entrance into this particular conductor. A sudden
change in line constants, or a concentrated (lumped)
impedance, causes changes in the values of ¢ and 3,
and in the shape of the wave front.

(c) For a given conductor, the ratio of a wave volt-
age to its current is constant; that is

e =271 4)
where

Z == \/L/C ° (5)
Z is known as the surge tmpedance of the line. The
reciprocal of Z,

Y = vC/L (5a)
is called the surge admattance of the line. In prelimi-
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nary estimates, Z may be taken equal to 500 ohmn
for overhead lines and to 50 ohm for power cables.
Whereas I, and C usually are understood to be per
unit length, Z is expressed in ohms (not in ohms per unit
length).

(d) The electrostatic energy of a traveling wave, per
unit length, is 0.5 C ¢?; the corresponding electro-
magnetic energy is 0.5 L4%. In a pure traveling wave,
such as are considered here, the amounts of these two
energies are equal, so that

Cet = L2 (6)
Extracting a square root of both sides of this equa-
tion, gives KEquation (4). Thus, the law of surge

impedance follows from that of equipartition of energy,
or vice versa. At a terminal, or at a joint of two
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conductors with different values of Z, some magnetic
energy 1s converted into electrostatic, or vice versa.

2. THE STAR DIAGRAM OF A RESISTANCE TERMINAL
LoaAD

In Fig. 4, a single-phase line of surge impedance Z
is shown bridged by a lumped resistance K at one end.
A traveling electric wave which is propagated from
left to right, is partly reflected and partly enters the
resistance, to be absorbed there. Knowing the voltage
and the current in the original wave, it is required to
determine those in the reflected and absorbed parts of
the wave. The voltage notation is shown in the upper
sketch, the current notation in the lower sketch. Of
course, the same transmission line and the same wave
of energy are meant in both sketches, the division
having been made for the sake of clearness.

The quantities in the impinging or forward-going
wave are provided with the subscript f (corresponding
to the subscript » in Riidenberg’s book); the quantities
in the reflected or return wave are distinguished by the
subscript r. The arrowheads shown are in fact super-
fluous because the subseript itself indicates the direction
of the motion of the wave with respect to R. The
guantities e; and 7, are shown above the axes of abscissas
to indicate that in this particular case they are positive.
The positive sign of 4, means that the current is flowing
to the right. If ¢, were negative, the current (positive
1ons) would be flowing to the left, whereas the wave
itself (the front of the electromagnetic state) would still
be moving to the right. This happens in a wave of
depression.

The wave e, is shown on top of ¢, to indicate that its
voltage is also positive and is added to ¢, On the other
hand, %, is shown negative, that is, subtracted from 1,.
The negative sign of 7, means that the current flow is to
the left. In this case, this happens also to be the
direction of the motion of the wave front. In other
cases, however, for example if B were quite low, i,
may be positive, the actual motion of positive ions
being to the right, and the motion of the wave front
to the left.

In this paper, the fronts of the waves marked ¢, and
i, are always assumed to move to the right, and those
of e, and ¢, to the left. The actual current flow, whether
in the wave i, or 4., is always to the right when these
currents are shown positive, and vice versa.

The quantities 7, and e, have no real existence. After
the incoming wave, e, i;, has reached the resistance R,
the voltage changes from e, to E and the current from
i, to I. The region in which this change has taken
place spreads to the left at a velocity egual to that of the
incoming wave. It is more convenient, however.',.to
consider the actual voltage E as a result of superposition
of the incoming voltage ¢, and a fictitious reflected

voltage, e, so that

E=ef+er (7)
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Similarly, the actual eurrent I, flowing into the resis-
tance I, may be thought of as an algebraic resultant of
the currents 4, and /,; in other words,
I =1 + 1 (8)
In addition to these equations, we also have the follow-
ing relationships, according to Equation (4):
e =21 (9)
2y Z1, (10)
The minus sign in Equation (10) is necessary because
when e, is positive and moves to the left the actual
current in the reflected wave also flows to the left, so
that 7. is negative. For the resistance £ itself, we have
E=1IR (11)
The foregoing five equations contain six quantities, e,
e, i, i, E, and I. If one of these quantities, for
example e/, is given, the equations may be solved for the
remaining five. The algebraic solution and an analysis
of the results will be found in some of the references

+e’

€r

Fic. 5—A Star DiacraM oF THE CURRENTS AND VOLTAGES
SeownN 1N Fig. 4

given below. Here we propose to solve the problem
graphically, using the star diagram shown in Fig. 5.

In Fig. 5, positive values of 7, are measured along the
axis of abscissas, to the right of O; positive values of 4,
to the left of O. Positive values of e, are measured
along the axis of ordinates upward, positive values of
e. downward. The two inclined axes, m ¢ and o’ n, are
drawn at an angle to the axis of abscissas corresponding
to the surge impedance Z. This means that if, on the
chosen scale of currents, O g, equals one ampere, then
go ko and gomo are each numerically equal to Z volts
on the chosen scale of voltages. Consequently, in
accordance with Equation (9), any point on the line
m ¢, such as ¢ or h, gives values of ¢; and 2, which satisfy
Equation (9). In other words, the line m ¢ takes the
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place of Equation (9). For the same reason, the line
o' n takes the place of Equation (10). It will be seen
that for points on this line to the right of O, e, is positive
and 4, is negative. The opposite is true for points to
the left of O.

Let now O go be numerically equal to one ampere, as
before, and let go co be numerically equal to R volts.
Then any right-angle triangle similar to O go ¢o will give
values of E and I which will satisfy Equation (11).
It remains to choose the size and the position of a
triangle in such a manner as to satisfy Equations (7)
and (8) as well. It will be seen that the triangle a ¢ d
satisfies these conditions. Its vertical side, E, is equal
to the sum of the voltages ¢; and e, and its horizontal
side, I, is equal to the difference between 1yand .. How-
ever, in this particular case ¢, is negative so that in
reality I is equal to the algebraic sum of i, and ¢..

Thus, in place of solving the foregoing five simultane-
ous equations, we simply mark on the star diagram the
point ¢ corresponding to the given value of e;, draw ca
parallel to ¢, O and complete the triangle a ¢ d. All the
five unknown quantities can then be scaled off.

The product of the wave voltage by the corresponding
current gives the power 'in the wave, that is, the
electric energy which passes through a given point on
the line, per unit time. Therefore, the area of the
triangle O ¢ g is a measure for the energy flowing towards
the resistance R, per unit time. Similarly, the area
O o b is a measure for the energy reflected and flowing
into the line per unit time. The area a ¢ d represents
the energy absorbed in the resistance per unit time.
Accordingly we must have

areaacd =areaOcg—areaOab

(12)

This relationship may be proved geometrically as
follows: The areas a k¢ and a b g d are equal because
the altitude @ d is the same, and the base, a &, of the
triangle is twice the base, a b, of the rectangle. Sub-
tracting the area a b f from both and adding fcg, we
find that

areaacd = areabhcyg (13)
But the area bk ¢ g is equal to the difference between
the areas O ¢ g and O h b, and this proves Equation (12).

Throughout this paper, the important triangles which
characterize electric power are cross-hatched in the
same manner, as indicated in the following table:

TABLE 1

Kind of energy Direction of shading

Inecoming wave. ......
Reflected wave........

diagonally rising to the right
diagonally rising to the left

Loeally absorbed. . . ... horizontal
Transmitted through
the junction. ... .. vertical
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The latter shading is not used in Fig. 5, but will be
found in some other star diagrams below, for example
in Figs. 13 and 16.

Instead of scaling off the unknown currents, voltages,
or impedances from the diagram, they may also be
determined analytically from the geometry of the
figure. For example, the triangles acn and O co Mo
being similar, we have

Ze;/E' = (Z + R)/R

from which any of the four quantities may be com-
puted if the remaining three are known.

In the particular case shown in Fig. 5, R is greater
than Z, and, as a result, the reflected voltage is positive
and the reflected current negative, as shown in Fig. 4,
For another value, R’, less than Z, the relationships
become those indicated by the dotted triangle a’c d’.
The reflected voltage, o’ b’, is negative and the reflected
current, O b/, is positive.

Critical Resistance. An important case arises when
R equals Z. The triangle of reflected energy, Oba,
collapses to point O and the triangle a ¢ d coincides
with O ¢¢g. Thismeansthate, = i, = 0, and the whole
energy of the incoming wave is absorbed in the resis-
tance R. This fact is receiving an increasing attention,
both in the design of protective apparatus and in im-
pulse testing where reflected waves are liable to vitiate
the results.

When R > Z, the wave is reflected without a reversal
in the sign of the voltage, but with a current reversal
(Fig. 4). Consequently, the total “piled up” voltage
E is higher than that in the incoming wave. Such a
combination of Z and R (or of Z and some other device)
may be conveniently called a step-up joint, by analogy
with a step-up transformer. Also, a resistance R,
greater than Z, may be called a step-up load. On the
other hand, when R < Z, the voltage E at the joint is
lower than e;, because e, is negative. In such a case,
I is greater than 7, because i, is positive. Such a joint
may be called a step-down joint. A resistance K,
which is lower than Z, may be called a step-down load.

Whether a load is of step-up or step-down nature,
some energy of an incoming wave is reflected and has
to be dissipated elsewhere. Thus, from the point of
view of energy absorption, a critical resistance, B = Z,
deserves serious attention. It is possible that in the
future lightning arresters and other over-voltage
protective devices will be provided with such a series
resistance (as is sometimes recommended in European
literature). This resistance would absorb an incoming
wave and thus prevent subsequent line oscillations
due to repeated reflections, sometimes accompanied by
high-voltage resonance oscillations in transformer
windings. On the other hand, it must be remémbered
that such resistances would be large and expensive
because the line current may follow the breakdown.

(14)
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Some Photoelectric and Glow Discharge Devices
and Their Applications to Industry

BY J. V. BREISKY! and

Synopsis.—During the past few years, intensive research work
has been carried out on some pholoelectric and glow-discharge
devices. More recently, cerlain applications of these devices lo the

INTRODUCTION

PHOTOELECTRIC phenomena and phenomena
attending the passage of electricity through gases

have been the subject of much concentrated
study. Some of the devices resulting from such study
found their way into general use long ago. Others,
however, such as the photoelectric cell, even though
of not very recent origin, have had only recent
applications.

The general skepticism as to the applicability of
vacuum devices is gradually decreasing and it is felt
that as the possibilities of such apparatus become
more and more evident the devices will find a wide
application in the industry.

It is the purpose of this article first to describe these
recently developed vacuum devices: Photoelectric
cells, selenium cells, photo-glow tubes, and grid-glow
tubes, some of which have attained a state of per-
fection where they may be depended upon like any
other kind of well ‘developed apparatus. Second, we
shall consider their applications, as in smoke recorders,
smoke, fire, and flash detectors, apparatus for the
sorting of materials, paper machine control, oil-burner
safety devices, ete.

For a fuller understanding of the principles involved,
as well as for details of application, reference should
be made to the unabridged paper.

LiGHT SENSITIVE DEVICES

1. Photo-Electric Cell. A cell of the type developed
by Dr. Zworykin of the Westinghouse Research Lab-
oratories is shown inserted in the Amplifier Unit in
Fig. 4. The spherical portion of this cell is 214-in. in
diameter. The cell is mounted in a standard tube base
for ease in mounting and making connections. A smaller
cell 114-in. in diameter has also been developed. In
both sizes the photo-electrically active alloy is de-
posited on the inner surface of the spherical portion
of the cell. A central mounted wire ring serves as the
second electrode.

1. Both of the Supply Engineering Dept., Westinghouse Elec.
& Mitg. Co., East Pittsburgh, Pa.

Presented at the Regional Meeting of the Southern District of the
A. I. E. E., Atlanta, Ga., Oct. 29-81, 1928. Complete copies

upon request.

€. 0. ERICKSON!

industry have been undertaken. This paper presents some of the
resulls attained. A more complete discussion of the devices them-
selves and of their applications is given in the unabridged paper.

Both sizes are made in the high vacuum and in the
gas-filled types. A typical curve of cell response
plotted as current in microamperes per lumen of light
flux at various voltages for a high vacuum cell is shown
in Fig. 1la. Curve 1 of IFig. 1b shows the relation
between the same quantities for a gas-filled cell.

The high vacuum cells are seen to yield their satura-
tion current at a comparatively low voltage. The gas-
filled cells, which display a similar behavior at the lower
voltages, show a rising characteristic on the higher
voltage due to the added conductivity resulting from
the ionization of the gas. Curve 2 of Fig. 1b is the
illumination limit curve applying to a gas-filled cell,
showing the maximum illumination to which the cell
can be subjected for various applied voltages without
glowing. Obviously, the high vacuum photo cell, by
reason of its tendency towards saturation, is not subject
to these limitations.

2. Photo Glow Tube. The photo glow tube is a light
sensitive glow-discharge device and is discussed under
the heading of Glow-Discharge Devices.

3. Selensum Cells. The selenium cell is a form of
light sensitive device which functions by reason of the
variation in conductivity of the metal selenium with
illumination.

The current output of a selenium cell at constant
voltage varies with the square root of the illumination.?
Some cells have appeared on the market, but they
have been very low voltage cells capable of delivering
only small amounts of energy in the output circuit,
which energy is insufficient to control sturdy relays.

GLOW-DISCHARGE DEVICES

1. Grid-Glow Tube. The grid controlled glow tube,
as developed by D. D. Knowles,® consists essentially
of a cylindrical aluminum cathode, an anode and a
grid, both of the latter being of heavy nickel wire. The
three electrodes are enclosed in a glass tube containing
neon gas at a low pressure. A photograph of the tube
1s shown in Fig. 2a, while the details of the tube con-
struction are shown in Fig. 2b.

A unique feature of the grid-glow tube is the fact

2. ‘“Photoelectric Conduction in Selenium,” I J. Piersol,
Phys. Rev. 30. p. 664, November, 1927.

3. ‘‘The Grid-Glow Tube Relay,” D. D. Knowles, Electric
Journal, April, 1928.
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that the main discharge is subject to control by means
of the grid or third electrode. The controlling effect
of a leakage resistance connected between the grid and
the anode is shown in Fig. 3.

A condenser can also be used as a leakage path.
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The sensitivity can further be varied by connecting
in a second leakage path between the grid and the
cathode. The two impedances function as a potenti-
ometer with the mid point at grid potential.
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2. The Photo-Glow Tube. The photo-glow tube as
developed by D. D. Knowles is a device in principle
esssentially the same as a gas-filled photoelectric cell
with the exception that it is designed to operate at a
voltage above what is called the glow point voltage in
the case of the photoelectric cell.

The voltage at which the tube will begin to pass cur-
rent is dependent upon the incident illumination, being
lower for an increase in illumination. The response of
the photo-glow tube is practically instantaneous and
the current is of sufficient magnitude to operate small
relays directly.

As developed at the present time the life of the tube
is not very long; hence its application is limited to those
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cases wherein the tube is not called upon to glow
continuously.

Applications
LIGHT SENSITIVE DEVICES

Photo-Cell Amplifier Unit. The normal current out-
put of the photoelectric cell being of the order of micro-
amperes is not readily put to use directly except through
the use of very sensitive instruments; it requires that a
degree of amplification be given it in order that less
sensitive associated apparatus may be employed.

The photoelectric-cell amplifier unit providesin con-
venient form a stage of vacuum tube amplification re-
sulting in amplified currents of the order of several
milliamperes. A change in cell illumination causes a
change in grid bias on the amplifier tube, thereby result-
ing in a change in the amplifier plate current. A
photograph of the amplifier unit is shown in Fig. 4.

A layout of the panel, wiring diagram, typical
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amplifier tube characteristic and performance curves
for the complete unit are shown in Fig. 5.

Sorting and Counting. Irregularities in the reflecting
power of the surfaces of materials can be detected photo-
electrically and automatic devices arranged to bring

F16. 4—IuLusTrRATION PHOTO-CELL AMPLIFIER UNIT SHOW-
ING A 2Y4-IN. DIAMETER PHOTO CELL AND A STANDARD
201-A Rap1o TUBE IN POSITION ON THE PANEL
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about the sorting of the materials according to the
degree of those irregularities.

By means of apparatus similar to the smoke detector
herein described, the passage of opaque objects through
a beam of light can be detected for the purpose of auto-

matic counting.
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By the use of color filters, photoelectric cell circuits
can be used for matching the colors of materials.

Smoke Recorder. A photoelectric smoke recorder
has been developed for power plants for the purpose of
recording the smoke density in the smoke stack.

Ilig. 6 shows a sketch of an outdoor installation. A
pipe extends through the breaching or stack; on one
end of this pipe is mounted a light source and lens.
On the other end is located the photoelectric cell and
amplifier unit, similar to that shown in Iig. 4, plus
other control equipment. In the boiler room is located
the indicating or recording meter, calibrated in degrees
of smoke, as well as an alarm which rings whenever the

Siack ot ’

Breaching Wall
10 to 30 Ft B
|4a n )
{3 J ::I—
al . Eﬁt“ Fra—:—u:f =,
Cuter Bo

Light Source Umit (Cover Removed)

Photo Celt Amplifier
and Control Unit

Frc. 6—PuotoeLEcTiic SMOKE RECORDER INSTALLATION FOR
MEASURING SMOKE DENSITY IN SMOKE STACK

smoke density reaches a predetermined amount. Both
of the outdoor units are in weatherproof housings.

Photoelectric Smoke Detector. “This device is similar
to the smoke recorder except that it is simplified
mechanically. It consists of two units, the light source
and the photo cell amplifier unit, shown respectively
in Figs. 7a and 7b.

Whenever smoke interrupts the beant of light, or
cuts off part of the light, a relay in the amplifier circuit

Fic. 7—PnroToELECTRIC SMOXE DETECTOR

a. Light source unit
b. Photo-cell amplifier and control unit

operates. An important application of this device
is in connection with fire extinguishing apparatus,
such as CO, equipment. It can be used for protection
of electrical machinery such as generators, trans-
former and switch vaults and in many industrial
fields, particularly where a fire is apt to spread
quickly and cause damage in a short time, as in dipping
tanks, lacquer spray booths, etc. This device can also
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be used for counting objects, as mentioned previously.

GLow DISCHARGE DEVICES

Grid-Glow Tube Used with Contacting Arrangements.
The leakage resistance control of the grid glow tube as
presented in Fig. 3 provides a means for relaying by
means of very low energy primary contacts. A pair
of contacts placed in series with the grid resistor are
called upon to make and break currents of the order
of microamperes while the relay whose coil is placed
in the main discharge circuit can handle currents of
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the order of an ampere. Such a device can also be
used for counting passing objects.

Grid-Glow Tube Oil Burner Control. The domestic
oil burner installation with complete automatic control

Grid Glow Tube
Controf Uit

Mg, 9—Dowmuesrmic OiL Bunnenr INstavnarion, UsiNg Grin-
Grow Tusg Conrnon UNit ANpD Frame TermiNaL

using a grid-glow tube combustion safety device is
shown in Fig. 8.

Oil burner control devices are called upon to cope
with the problem of prevention of puff backs or more
serious explosions due to (a) belated electric ignition

BREISKY AND ERICKSON: PHOTOELECTRIC AND GLOW-DISCHARGE DEVICES

121

in starting the burner, (b) flame failure while the
burner is operating.

Thermostatic devices operated by the heat of the
flame or of the flue gases are inherently slow. The
grid-glow tube unit does not operate on the heat of the
flame, but on its electrical conductivity, the con-
ductivity being zero with no flame. This conductivity
is measured either between a flame terminal and ground,
if the flame or the conducting gases reach the grounded
metallic furnace structure, or between two flame ter-
minals. The description of the resistance control of
the grid-glow tube given in the paragraphs relating to
Fig. 3 will serve as an explanation of the theory of
operation.

Brief reference has been made in this paper to the
initiative of our Research Department and interested
research engineers in the development of the devices
described in this paper, which is really a basis on which
the art rests. The 2uthors also wish to acknowledge
the important work rendered by Dr. V. Zworykin,
D. D. Knowles, and L. Sutherlin, as well as the Re-
search Department as a whole, in the development of
the applications and complete apparatus described in
this paper.

CONCLUSIONS

On account of the wide scope of the subject discussed
in this article and also in the unabridged paper, it was
not possible to cover the theory nor the applications
of these devices in as much detail as might be desirable.
However, it is intended to discuss several of the topics
touched upon in this paper more specifically in other
publications.

It is hoped that this article will act as a stimulus
toward a broader recognition of the possibilities of tube
devices in the industry, and that it will bring forth
suggestions which will result in other important
applications.

HIGH-VOLTAGE INTERBOROUGH
CABLES

The laying of five submarine electric cables, each
2935 feet long, under the East River between 132nd
Street, Bronx, and Lawrence Point, Queens, has just
been completed, thus further knitting together, as an
operating unit, the five metropolitan electric companies
recently consolidated under the presidency of Matthew
S. Sloan.

Having a capacity of about 15,000 kilowatts (20,000
horsepower) each, the cables will operate at 27,600
volts which is believed to be the highest ever attained
on rubber insulated cables. They will be able to trans-
mit enough energy to light 1,500,000 fifty-watt lamps.
They will be fed from the Hell Gate Generating Station
of the United Electric Light and Power Company
located on the river front and will supply current to the
New York and Queens Electric Light and Power Com-
pany for distribution to the rapidly growing Borough
of Queens.
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1927 Lightning Experience on the 132-Kv.
I'ransmission Lines of the American Gas and Electric Company
BY PHILIP SPORN

Member, A, 1. E. E.

INTRODUCTION

WITHIN the past two years a series of papers,>?+
was presented before the Institute on the per-
formance of a number of 132-kv. steel tower
lines on the system of the American Gas and Electric
Company during the years 1925 and 1926.
It i1s proposed in this paper to continue and give the
1927 history of the 182-kv. transmission system inves-
tigated and described in the previous three papers.

GENERAL

IFig. 1 shows the 132-kv. transmission network in
question. As has been previously pointed out, it
comprises approximately 948 mi. of line, which was in
service for all or a part of 1927; the total circuit miles
being approximately 1266 in service for the same
period. Details with regard to the territory traversed,
the nature of the country, and details with regard to the
generating stations, and the points where they feed
into the network have already been described.?

1927 PERFORMANCE

A brief summary of the principal characteristics of
the various lines, together with their 1926 and the 1927
lightning performance, is given in Table I. It should
be noted in this conhection that while no quantitative
data are available, the opinion gathered from all parts
of the system indicates that in general, 1927 was a
year of less severe and less frequent lightning than 1926.

DiscussioN oF 1927 EXPERIENCED WITH REGARD TO
SEVERAL PHASES OF DESIGN

1. Effect of Ground Wire. On the two circuit lines
with ground wire in service during all of 1927, there
occurred 16.2 outages per one hundred miles of line.
On the two circuit lines without ground wire in service
all of 1927, there occurred 59.2 outages per one hundred
miles per line, a ratio of 8.7. In the case of one of the
single circuit lines—a single circuit wood pole line—
although the insulation is considerably higher than the
average, there occurred 33.3 outages per one hundred
miles of line. The Windsor-Canton line with two

1. Electrical Engineer, Amer. Gas and Elee. Co., New York,
N. Y.

2. Lighining and Other Exzperience, Sindeband and Sporn,
A. I E. E. Trans., Vol. 45, p. 770.

3. 1926 Lighining Experience on 132-Kv. Transmission Lines,
Philip Sporn, A. I. E. E. Trans., Vol. 47, p. 668.

4. Surge Voltage Investigation on the 132-Kv. Transmission
Lines of Amer. Gas and Elec. Co., Philip Sporn, A. I. E. E.
Quarterly TraNs., Vol. 47, October 1928, p. 1132.

Presented at the Winter Convention of the A. I. E. E., New York,
N. Y. Jan. 28-Feb. 1, 1929. Complete copies upon request.

ground wires had only 3.6 outages per one hundred
miles per line per year. It is believed that this experi-
ence has further and eflectively demonstrated the
positive value of the ground wire in reducing the light-
ning voltages on the transmission line and even more
effectively reducing the number of outages.

2. One vs. Two Ground Wires. The Windsor-
Canton line with two ground wires showed the lowest
number of outages per one hundred miles of line per
year, namely, 3.6. The average for the entire system
is 16.4, including single and double circuit lines and also
those with and without ground wires. This average,
it 1s to be noted, covers only those lines that were in
service the entire year. On the other hand, it must be
borne in mind that the Windsor-Canton line is a much
shorter span line than all of the other steel tower
lines (the Windsor-Canton average is 8.85 towers per

Chicago s, s cariwi___Twin Branch
\fum
' nd )
| orl Wayne  Fostoria
DY & N,A/ Tt~ Canton,
\
Marion¢’ U New
N Lima st Versaay, COMers>
; s lown Windsor
Mundie 0O H IO -
\ o .
“f Philo $ — — =
N
LEGEND A Rutiand WEST
o Gam\mgsﬂm \ /
2 Wk tommen ~ VIRGINIA
a— T nes o
.- }3 :: Taarsmesson Lines Urder Corstrucbion Sk Po T:Jvner N
e Oter Companis Lines Kenova “Cabin Creek
KY.

Logan \
Lynchbur,
Switch g LT

it
Back Glen fyn
Roanoke

mile). However, the employment of two ground
wires has undoubtedly contributed to this performance.

3. Relatwve Shielding of the Three Phases by Ground
Wares. In Table II is shown the location of trouble on
insulators and wire, separated into the top, middle, and
bottom conductors. Disregarding the Turner-Logan
line (because of the fact that it had no ground wire)
and the Lima-Fostoria and Lima-Twin Branch lines
(because of the fact that the trouble discovered in 1927
represented, without a doubt, trouble that had accu-
mulated from previous years and that had not pre-
viously been noted) we find 21 cases of conductor
damage on the top phases, 21 on the middle, and 29
on the bottom. This would indicate that for the case
where one ground wire was employed immediately above
and centrally with respect to the two top conductors,
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