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A War Memorial for
American Engineers

Approximately seventy-five members of the American
National Societies of Civil, Mining, Mechanical and
Electrical Engineers died in service abroad during the
World War. No memorial to these engineers has been
set up. A unique and fitting possibility was discovered
during the summer.

While Dr. Edward Dean Adams, member of the
American Society of Civil Engineers and the American
Institute of Electrical Engineers, was in Belgium last
June as delegate of several American Engineering So-
cieties to the celebration of the five hundredth anni-
versary of the University of Louvain, he learned that
the new Louvain Library building being given by
Americans lacked two important features, a clock and
a carillon for its tower. No Belgian tower is complete
without them. For centuries the bells of the “‘singing
towers” of the “Low Countries” have inspired, enter-
tained and educated the people. America’s beautiful
gift must be complete when dedicated next May or June.

Dr. Adams at once saw the opportunity for a pecul-
larly acceptable expression of good will from American
engineers to their Belgian friends, and for a beautiful,
perpetual memorial to American Engineers who had
given their lives outside their country in the great war.
He secured the privilege of providing the clock and the
carillon as gifts from American engineering societies.
The time is short, but sufficient for prompt action.
Approval of the project has been given by the Joint
Conference Committee, composed of the Presidents and
the Secretaries of the Founder Societies. The fund of
$86,000 has been underwritten. This will provide a
clock with four faces, a three-octave carillon of thirty-
six bells, installed and guaranteed for ten years, and
an ample endowment for perpetual operation and
maintenance.

The tower is square and the four clock faces will
typify the four Founder Societies. On an inside wall
of the tower tablets to the American engineers who made
the supreme sacrifice may be erected.

An opportunity is now offered to each member of
these societies and of the families of the deceased to
contribute to this joint fund any amounts, from five
dollars up, which they may choose, by sending checks,
drafts, or post-office money orders to United Engineer-
ing Society, at 29 West 39th Street, New York, before
February 1, 1928. The names of all subscribers will be
engrossed in a beautiful memorial volume to be de-

posited in the Library. A copy of this book will be
placed in the office of each Society.

Here is both privilege and patriotic obligation for-
tunately reserved for American engineers to place the
crown upon a beautiful permanent contribution to
European higher learning, including the engineering and
scientific branches. The project has grown out of the
greatest relief enterprise connected with the war,
organized and administered under the masterful
leadership of American engineers. It is fitting that
American engineers should put the finishing touches to
this gift of peace.

CoMMITTEE ON WAR MEMORIAL TO AMERICAN ENGINEERS

George W. Fuller Representing the Civil Engineers

Arthur S. Dwight Representing the Mining Engineers

Charles M. Schwab Representing the Mechanical Engineers

Arthur W. Berresford Representing the Electrical Engineers

George Gibbs Representing United Engineering Society

Edward Dean Adams Representing Engineering Foundation
Chairman

Following is a list of members of the Institute who
died abroad while in the service of the United States, or
of her Allies, together with their last business affiliation:

Anderson, E. G., H. L. Doherty Co., 60 Wall Street, New York,
N. Y. ‘‘Died July 15, 18 in a hospital in France as a result of
wounds.”’

Bishop, Remsen, The Electrical Department, Ford Motor
Company, Detroit, Michigan. ‘‘Killed in action, June 1918.”

Brooks, H. N., Consulting Engineer, 1390 Old Colony Bldg.,
Chicago, Illinois. ‘“May 1918. Died recently in France of
pneumonia.’’

Carr, Lucien, 3rd, The Hartford Electric Light Co., Hartford,
Connecticut. ‘‘Died of influenza in France, November 11,
1018.”

Day, R. F., Day & Zimmerman, Philadelphia, Pa.
Clermond-Ferrond, France, September 25, 1918.”

Donnohue, J. J., The Utah Power and Light Co., Salt Lake
City, Utah. “*Killed in an airplane accident in France, June
26, 1918.”

Duffy, F. J., The D. L. & W. R. R. Cp., Scranton. Pa,
‘‘Killed in action, France, August 17, 1918.”

Macindoe, G., Canterbury College, Christchureh, N. %.
“‘Killed in action in Belgium, October 4, 1917."”

Moore, C. J., Oklahoma A. & M. College, Stillwater, Okla.
“Wounded in action at Fromerville, France, on October 16.
Died on October 18, 1918."’

Thompson, A. R., The Pacific Gas & Electric Co., San I'ran-
ciseo, Calif. “Killed in auto acecident in France, September
17, 1918.”

Shanks, D. A., Howick, Quebee, Canada. ‘‘Reported missing
on September 21, 1918—a month later he was reported dead.”

“Killed at

The Institute would be glad to receive information
concerning engineers not included in the above list, who
died abroad, whether members or non-members of an
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engineering society. Other engineering societies are
making similar efforts to obtain information regarding
engineers who died in service abroad.

FORM OF SUBSCRIPTION

To THE COMMITTEE ON WaR MEMORIAL
TO AMERICAN ENGINEERS,
29 West 39th Street, New York.

I (or we) subseribe $......._._..____ to the fund of the Founder
Societies for giving to the University of Louvain the clock and the
carillon for the tower of its Library as a memorial to the American
Engineers who died abroad in the serviee of their country or its
allies in the World War. I (or we) will make payment before
February 1, 1928.

(Signature)....._._

(Address). ...

Checks, drafts or post-office money orders should be
made payable to United Engineering Society. These
gifts being for educational purposes, may be deducted
from Federal income tax returns.

Some Leaders
of the A. 1. E. E.

GEORGE ANSON HAMILTON, a Charter Member of the
Institute, its first Vice-President (1884-86) and its
National Treasurer since 1895, was born in Cleveland,
Ohio, December 30, 1843. While still a mere boy, he
evidenced great interest in electricity and its applica-
tion, building a telegraph line (on a very modest scale)
at Limaville, O., he, himself, setting the poles, affixing
the insulators and even devising a lathe with which to
make his own apparatus. This same episode had much
to do with determining his career. In 1861 he became
a messenger at Salem, O., but two months later was
made manager of the Atlantic & Great Western Rail-
road office at Ravenna, to which point the line had just
been completed. Illness in 1863 forced him to with-
draw, but upon his recovery he went to Pittsburgh
as operator and manager of the Inland Company.
In 1865 he removed to Franklin, Pa., to become mana-
ger of the United States Telegraph Company’s office;
but he returned to Pittsburgh in 1866, and as chief
operator and circuit manager, he remained there until
1873 when his company was absorbed by the rapidly
growing Western Union. Opportunity was now offered
for experimental work and he accepted a position as
assistant to Professor Moses G. Farmer, of Boston,
engaged in the manufacture of general electrical
apparatus and machinery. This work gave him
valuable practical knowledge of mechanics, and he also
participated in many important experiments and
investigations not only in the field of telegraphy but
other electrical developments of the time. His dili-
gence and success attracted attention and in 1875 he
was called to New York to assume new duties as assis-
tant electrician to the Western Union Company.
Much of the two years following was spent in company
with Mr. Gerritt Smith, in establishing and maintain-

NOTES AND COMMENTS
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ing the first quadruplex telegraph circuits to be put
into operation. He was also with Mr. Smith the first
to introduce the system in England, and upon his
return to America, carried out experiments preliminary
to establishing the Wheatstone high-speed automatic
system in this country. On the repair expedition of
Key West-Havana cables in 1876, Mr. Hamilton was
appointed chief electrician. To him also may be
attributed many of the arrangements made for appara-
tus improvements introduced by the Western Union
Company. In fact it was to afford his inventive genius
a field of broader scope and application that he later
joined the Western Electric. Company in response to
an urgent invitation from that Company’s officers.
Here he was given the supervision and care of the
company’s department for the production of. fine
electrical instruments, and here he remained until his
retirement in 1909. Mr. Hamilton is a member of the
British Institution of Electrical Engineers, la Société
Francaise des Electriciens, and la Société Francaise
de Physique, la Société Belge d’Astronomie.

Foreign Research Laboratory
For Short-Circuit Tests

The lack of facilities for the practical testing of large
oll switches has been discussed frequently in this
country as well as abroad but there has been no suit-
able testing laboratory available of the necessary size.
The Berlin Municipal Electricity Works, have made a
strenuous effort to establish suitable testing facilities.
A committee of leading men in the electrical industry
under the chairmanship of General Director Coninx
of Niirnberg, and with the special cooperation of
Director Peucker of Berlin, has drawn up regulations
for a cooperative plan. Almost all of the more impor-
tant firms in this field have promised theircooperation.

A company ‘‘Versuchsanstalt fiir Kurzschlusswir-
kungen” was formed last summer, for which Prof.
Matthias was selected as temporary manager. The
association is to work in close cooperation with the
Studiengesellschaft fiir Hochstspannungsanlagen, which
is similarly organized. It will surpass any other
installations in peak load, and by the erection of
several test stands and rapid exchangeability of the test
objects as well as by suitable switching, will permit an
intensive and multiple utilization of the arrangements
for research with smaller loads. With such multiple
use, the measuring arrangements will be suitable for

" the most varied problems, for example, for the measure-

ment of sudden pressure impacts, accelerations, heat-
ing, amounts of gas and the like. These arrangements
are available for all investigations. Depending on the
amount of capital subscribed, the Institute will give
individual members of the association a certain time for
development work or acceptance tests of individual
interest. The rest of the time will be spent on investi-
gations of general interest.




Abridgment of

Railway Inclined Catenary Standardized Design

BY O. M. JORSTAD:

Associate, A. 1. E. E.

Synopsis.—A description is given of a new method of overhead
contact design, the ‘‘ideal inclined catenary’. This is based on an
originally discovered tension and weight relation formula. A
proof of the formula is given and other characteristics of the design
are mathematically analyzed.

A number of railroads now ustng inclined catenary is listed and

data on the weights and tensions of their overhead construclions are
given for comparison purposes with the ‘‘ideal.”’

The necessity of making a definite selection of a proper contact
wire tenston tn any inclined catenary design is indicated and that
this, together with the use of the design formula, leads to standardiza~
tion of overhead systems is pointed out.

RAILROAD track alinement is made up of a suc-

cession of tangents and curves. The overhead

contact system in an electrification must be
designed to follow the alinement so that the current
collector of the car or locomotive will always make
contact in a satisfactory manner.

Many types of overhead contact systems have
been designed and applied on the many electrified
railroads throughout the world. On tangent sectiors
they are practically all similar in one respect, 7. e., their
catenary hangers are vertical. The curve construc-
tions, however, generally speaking, may be divided
into two classes, one with hangers vertical as on tan-
gent and the other with hangers inclined across the
track. The vertical hanger type is called, by some,
the polyhedral type and by others the chord type, as
the catenary construction is pulled into a series of
straight lines or chords over the track by pull-offs
from a back-bone or pull-off posts. The inclined
hanger type pulls the contact wire into a position over
the curved track by inclining the hangers and thus
causing them to function as combined pull-offs and
hangers. Back-bones and pull-offs, except on the
sharper curves, are usually omitted in the inclined
catenary construction.

Chord construction is an adaptation of tangent
construction to curves. Likewise, the more usual
inclined construction has heretofore been the result of
displacing the messenger of the correlated tangent con-
struction laterally. In the United States, both types
are in general use with inclined catenary the most com-
mon on main line electrifications. In other countries,
however, the chord type has been the most favored.
The following is a partial list of users of inclined cate-
nary in this and other countries:

The New York, New Haven and Hartford Railroad
Co.

New York, Westchester and Boston Ry.,

Boston and Maine Railroad.

Pennsylvania Railroad,

Norfolk and Western Ry.,

1. General Engineering Dept., Westinghouse Klee. & Mfg.
Company, Bast Pittshurgh, Pa.

Presented al the Summer Convention of the A. 1. B. E., Detroil,
Mich., June 20-24, 1927. Complele paper conlains four appen
dizes of mathematical proof. Copics upon roquest

Virginian Ry.,

Detroit, Toledo and Ironton Railroad.

Chicago, North Shore and Milwaukee Railroad Co.,

Canadian National Rys.,

Lancaster, Morecambe and Heysham Railroad in

England,

Midi Railroad in France.

This list indicates that the inclined catenary is a
practicable construction and that in every electrifica-
tion of the immediate future it will in all probability
come up for consideration. It also strongly indicates
that an inclined catenary of some description will be a
future standard overhead.

The good qualities of the inclined construction may
be partially summarized as follows: It is artistic and
makes a strong appeal to the esthetic sense. It is
economical of material in that it employs two wire
members to do the work of the usual three or four in
the chord type. It has inherent automatic tension
characteristics and above all it supplies a contact line
that approaches most closely the ideal desired, 7. e.,
uniform flexibility. The greatest obstacle in the way
of its more general use has been the comparative com-
plexity of methods of design.

As stated above, the present forms of inclined
catenary curve construction were developed from the
correlated tangent construction and consequently
acquired similar tensions and sags for similar lengths
of spans. In the design of the tangent construction,

- there has been no fixed rule for determining the relative

values of the various factors of design, tension, weight,
sag, etc., of messenger and contact. The object sought
was a maximum span with sags selected to keep the
contact wire from being displaced by wind and leaving
the collector. Such requirements resulted in a great
variety of tangent catenary designs, each one depending
on local and special conditions. The resulting related
inclined catenary curve constructions were not entirely
satisfactory from the designer’s standpoint as there was
difficulty in securing proper alinements but they were
made operative and were usually a great improvement
over previous chord constructions, particularly on multi-
track sections.

There is now available, however, the discovered
formula,

T./T. = W,./W, (1)
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which provides a basis for a simplified and precise
design of inclined catenary. In the formula, W, -
weight of contact wire in 1b. (kg.) per linear ft., 7.,
tension of contact wire in Ib., W,, = weight of messen-
ger wire in 1b. (kg.) per linear ft., and T',, = tension of
messenger wire in Ib. In this design, the contact wire
is practically parallel to the center line of track and all
hangers in any given curve are parallel, . e., they make
the same angle with the vertical. Also it must be noted
that it is the combination of the weight and tension
relation indicated by the formula and the approximate
parallelism of contact wire with center line of the
curved track that provides what may be called an ideal
inclined catenary. With one of the two conditions
absent, an ideal inclined catenary is not secured.

It should also be noted that this ideal combination
of conditions can be secured only at some one selected
design temperature. A change in temperature tends
to modify both of the combination factors in a con-
struction, as T./T, does not usually stay constant
over a range of temperature and the contact wire dis-
torts either vertically or horizontally with the least

-

6 c
a- " M

Fic. 1—SHowiNG INcLINED CATENARY IN PERSPECTIVE

change in temperature. This variation of tension with
temperature is, however, a characteristic of all non-
automatic catenary constructions.

Also, any loss in weight of the contact wire after
construction due to wear by collector causes a departure
from the ideal design conditions. The loss in weight
of contact is accompanied by a corresponding loss in
tension and thus the formula is apparently satisfied.
The loss in weight of contact wire, however, causes the
tension of messenger to decrease due to its decreased
load. This causes the messenger to rise, pulling up
the contact wire at the middle of span with consequent
distortion from its original position of parallelism to
center line of track. Distortion due to loss of weight
with wear, however, is common to all contact systems.

A demonstration of the truth of the formula may be
made as follows. Fig. 1is a sketch in perspective of the
usual inclined catenary. Herea is the contact wire, bthe
messenger and ¢, ¢, the inclined hangers. Fig. 2 is a
plan view of an ideal inclined catenary span .with zero
length of shortest hangers. The contact wire a is a

Journal A, [, 15, 5,

parahola and the curve f, the projection of the messen-
ger on the horizontal plane of contact wire, is also a
parabola.? The two parabolas are tangent at their
vertices.

The ideal eontact line or wire is defined as the wire
under tenston which lies in a horizontal plane and has
the form ol a parahola whose horizontal sag lor a given
span and curve is equal to the middle ordinate of the
circular arc of the same span. For the usual spans and
usual degrees of curvature there is practically no difler-
ence in the tensions or positions of the wire in the form
of a parabola or an arc of a circle.?

QN
wI"d
P
/ -
|
T 3
Q
Fig. 2—PrLaN VIEW oF IpEAL INCLINED CATENARY
CONSTRUCTION

A, — A, Fig. 2 is a vertical plane through the mes-
senger and contact parallel to the principal axis B, B.
of the contact parabola. In Fig. 8 the triangle ¢ /4 1s
a®projection horizontally on the vertical plane A, — A
of Fig. 2 of the inclined catenary construction.

In Fig. 3:

g h = horizontal sag of contact parabola,

g * = hanger in the plane of projection,

k1 = sag of messenger.

7

g 4

Fre. 3—Prosecrion HORiZONTALLY or IDEAL INCLINED
CATENARY CONSTRUCTION ON VERTICAL PLANE A, Ay oOF
Fic. 2

Fig. 4 is a projection similar to Fig. 3 but with the
following additional construction:

g h 1s extended horizontally to o,

2 0 1s dropped vertically from 7 to o,

a vertical is constructed through g,

vm 1s extended horizontally from 7 to meet vertical

at m,

the diagonal 2/ is extended to meet vertical at k.

In the triangle m i g of Fig. 4, ¢ ¢ has the slope of
the hanger and if its length is assumed to represent the

2. See Appendix I.
3. See Appendix IV.
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force on the hanger due to the dead load of contact
wire and horizontal load caused by tension in contact
wire then the latter two forces are represented respec-
tively by the other two sides of the force triangle m ¢
and m 1.

Likewise in triangle m ¢ k of Fig. 4, ¢ k£ has the slope
of the messenger and as m ¢ represents the horizontal
load on the messenger due to tension in contact, the
other two sides of the triangle will represent the other

m Vs

Ql———

Fi16. 4—Prosecrion oF F16. 3 WitH AppiTioNaL CONSTRUCTION
Lines

two forces on the messenger, m k the total dead load
acting vertically and 7 k the resultant load on messenger
acting in the direction of slope of messenger.
Therefore
mk =W.+ W,, weight of contact plus weight of
messenger, and since m ¢ = W, = weight of contact

(2)

then
gk = W, = weight of messenger (3)

and
gk/mg =W, /W, (4)

The two triangles in the Fig. 4, gk and % o4, are
similar since their corresponding angles are equal.
Therefore

gh/ho=gk/io (5)
But
10 = m (¢, by construction (6)
Therefore
gh/ho = gk/mgfrom5and 6 (7)
Also
gh/ho =T,/T. see Appendix I11 (8)

Therefore
T,./T. = W,/W. (axiomatic from (4), (7) and (8)) (9)

It has thus been demonstrated that the ideal inclined
catenary construction with zero length of shortest
hanger is a true construction and that the relation of
weights and tensions of members is as given in the
formula.

The usual inclined catenary, however, has a shortest
hanger of some length. If the contact line of such usual
catenary is ideals,’ it also has parallel hangers and the
formula will also show the relation of its weights and
tensions.

4. See previous definition,
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This can be demonstrated by considering Fig. 5.
On Fig. 5,9k ¢ is the g 2 7 of Fig. 3; ¢ s p & is another
figure showing the projection of the more usual inclined
catenary with shortest hanger %2 p of some length.
The only difference between the ideal inclined catenary
g k 7 and the usual inclined catenary illustrated is in the
length of hangers. The other factors in the two are
identical, weight of contact, tension of contact, weight
of messenger and tension of messenger. Consequently,
the usual inclined catenary with ideal contact line and
parallel hangers will be in agreement with the formula.
And conversely, if weights and tension are chosen in
accordance with the formula, an ideal inclined catenary
results if the contact line is made ideal.

In demonstrating the formula it has been assumed
that the hangers were without weight. Practically,
they will have some weight, this usually approximating
five per cent of contact and messenger weight. This
weight will have an effect on the actual slope and sag in
practical construction and must be provided for. If
the hanger weight is included by prorating it and in-
cluding with contact and messenger weights, the ratio
of weights and consequently of tensions in the formula
i1s not changed so that if a basic contact tension is
selected, the messenger tension will be fixed regardless
of whether hanger weights are considered or not.
Therefore, in preliminary determination or selection of
messenger tension, hanger weights can be safely
ignored.

In determining slopes of hangers and slopes of messen-
ger and sag of messenger, however, the weights of hang-
ers must be taken into consideration. Such considera-
tion, however, will not destroy the value of the formula
in practical applications as the distortion due to the
hanger weights in the extreme case, 4. e., the case where
the shortest hanger is assumed to have zero length, is
practically negligible.

4 4

Proircrion or I1g. 3 witn ProsrcTioN oF INCLINED
CATENARY WITH LENGTHENED HANGERS

Fia. 5

To assist in applying the formula in design work the
nomogram in Fig. 6 is given. By its use the tensions
for various messengers of different weights can be
quickly and accurately determirfed. Likewise, the
effect on messenger tension of changes in contact
characteristics in the preliminary design can be readily
determined. The index lines show that a four naught
(106-sq. mm.) copper contact wire weighing 0.641 1b.
per ft. (0.956 kg. per m.) tensioned to 2500 1b. (1135 kg.)
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from the tangent to the body of the curve. This section
of the overhead is somewhat similar to a spiraled section
of the running track. With an inclined catenary
designed according to formula, transition design is
greatly simplified as the selection of hangers of suitably
varying angle and length becomes a relatively simnple
process by means of the diagram of Fig. 7.

Usually a simple design is economical and results in
lowest cost for the duty performed. It is not proposed
to demonstrate with mathematical exactness that the
formula design of inclined catenary results in lowest
over-all construction costs. The following analysis
would indicate, however, that this is practically true.

Assuming equally good design of supporting strue-
tures, the combination of minimum loads consistent
with minimum dimensions of catenary structure, both
vertical and horizontal, should result in minimum sup-
porting. structures. If a messenger tension greater
than that demanded by formula is selected by the
designer, there will of course be a greater side load on
the structures than if the formula were followed, since
the side load varies directly as total wire tension. The
dimensions may be reduced vertically somewhat but
probably will not be reduced horizontally because of the
distortion of the contact wire from the position parallel
to center line of track.

If a messenger tension less than that of formula is
selected in order to diminish the side load, the vertical
and horizontal dimensions of catenary and of support-
ing structure will be increased as the sag is increased
and although there may be a smaller effective side load,
overcoming the distortion of the contact and messenger
will require additional pull-offs and other changes
such as auxiliary back-bones or more frequent supports
with the probable net result of increased cost.

One of the greatest economic advantages of designing
according to the formula is the resultant easy erection
of the wires. All parts fit together naturally and there
are minimum secondary stresses. The construction
can be handled like a truss with members designed and
connected properly, as compared to a truss in which
members are not of proper length and in which the loads
are carried eccentrically by the members. Cables are
of course much more flexible than truss members and
hence can be more easily pulled into connection with
other members but nevertheless secondary stresses and
distortion result with inexact design and must be pro-
vided for in the original design or as later experience
dictates. With the inclined designed as per formula,
the parts fit and come together easily so that the time
and labor of erection and later maintenance become g
minimum.

Design based on the fermula also makes variations of
the simple inclined catenary relatively easy. Double
catenary, either with double contact or messenger or
both, and staggered catenary on curve and tangent are
examples of such variations. Furthermore, as is often
desirable, if a stretch of chord construction is required,

Journul AT, 15, T,

it can he readily introduced without complications
hetween sections of inclined catenary.

The formula would appear to handicap design in that
it selects but one messenger tension value and thus
fixes the dimensions of the catenary on tangent as well
as on curve after the other three factors, contact
weight, contact tension, and messenger weight, are
settled upon. There should be no objection to the
limitations imposed if a reasonahle construction results,
If the resulting construction is not considered reason-
ble, it is still possible to change the other factors of
design such as contact material and tension as well as
messenger material and resulting tension in order to
better satisfy tangent conditions.

The result of following this method of design will
be the eventual selection of several contact weight and
tension conditions as standards so that for similar
service on comparable lines there will be available a
suitable standard. Such a condition should enable
sound comparisons to Le readily made of ‘operating
conditions on such lines.

Assuming that a contact wire of a given weight and
tension relation is installed as tentative standard prac-
tise, the inclined catenary construction has an inherent
tendency to maintain this relation of weight and tension
constant for a given temperature over a period of years,
as the operating slope of hangers and position of contact
wire over track depend on such relation being kept
constant. The tension of the contact wire is a much
more important design factor in any inclined catenary
than in chord construction. It is in fact the basic or
starting factor. In the chord type of construction the
tension of the contact wire may vary over a wide range
and not produce any noticeable effect on the shape of
the construction. Two lines or sections of chord con-
struction may appear exactly alike and yvet have very
different contact tensions and hence different collecting
characteristics. This is not so of inclined catenary
constructions. If they are otherwise alike, their contact
tensions are also alike and consequently their collecting
characteristics will be alike and they will stay alike with
similar temperatures. True operating comparisons
can then be made of such overheads under the same
or differing services with the gradual result of con-
tinually improving the standards. The economic
result of such a condition should be very satisfactory.
It would only be a matter of time before the most
economically designed and operated line or lines for
certain conditions would be found.

It is interesting and valuable to use the formula
as a check on already existing and operating inclined
catenaries. Investigation shows that practically all
hr}es _heretofore installed depart more or less from this
'Crlt.erlon, SO0me more than fifty per cent. This might
mdl(‘fate‘one of two conditions. Either the formula
appllcathn 1S not practically necessary and inclined
catenary 1S very adaptable or present inclined catenary
construction designs are subject to refinement.
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Data showing the departure from the formula on
certain important lines already installed are as follows:

Canadian National Raslways. From data which
appeared in the Ratlway Age, May 2, 1925, in article,
“New Catenary Construction on the Canadian
National,” and elsewhere, the following values were
secured:

W, = 0.7451b.,
W, = 0.641 1b,,
T. = 24001b.,
T, = 3600 lb.

T.. as per formula should be 2790 Ib. Hence, tension
used is 30 per cent higher.

Pennsylvamia Raslroad. Philadelphia to Paoli Elec-
trification. From data in The Electric Journal, Febru-
ary, 1916:

W, = 0.5101b.,

W. = 0.509 + 0.320 = 0.829 1b,,
T. = 3000 4+ 1000 = 4000 lb.,
T, = 3500 lb.

T.., according to formula, should be 2470 Ib. Hence,
tension used is 42 per cent higher.

New York, Westchester, and Boston Rotlway. Datain
Sidney Withington’s article, Journal of Franklin Insu-
tute, Dec., 1914, are as follows:

W.. = 0.8101b.,

W. = 0.641 4 0.558 = 1.199 Ib.,
T, = 49001b.,

T. = 3500 Ib.

T ., according to formula, is 2370 Ib. Hence, tension
used is 107 per cent higher.

N. Y., N.H & H. R. R. Danbury Branch. From
page 313 of Electric Railway Journal for August 29,
1925:

W,. = 0.6681b.,

W, = 0.641 + 0.641 = 1.282 1b.,
T. = 1600 + 1815 = 34151b.,
T, = 3900 Ib.

T, according to formula, should be 17851b. Hence,
tension used is 118 per cent higher.

Midi Railway of France. From data on page 175 of
Le Geme Cuml, August 25, 1923, the following informa-
tion is obtained:

W.,. = 0.65 kg.,

W. = 0.89 + 0.89 = 1.78 kg.,

T. =1700keg. + 700 kg. = 1400 kg.,
T, = 1350 kg.

According to formula, 7',, should he 510 kg. Hence,
tension used is approximately 164 per cent higher.

A number of lines has been designed in accordance
with the formula and several have heen constructed and
are in process of construction. Model spans have also
heen built. The results indicate that the formula is
a very salisfactory and practical guide. The usual
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inclined catenary is a practical though somewhat
empirical design. The design based on the discovered
formula is proposed as an improvement as it is both
practical and scientific.

The formula gives an exact statement of the relations
of the various design factors involved. It is just as
true as the equation of the parabola and to question a
design based on it is comparable to questioning the use
of the parabola formula in the design of the usual
catenary.

The simplicity of the discovered formula indicates
that the ideal inclined catenary construction with its
two parabolas and connecting parallel hangers is a
special shape which is closely allied to other geometrical
shapes, the cone, the cylinder, and the sphere. And
just as these are inherently best suited for certain
mechanical purposes, the ideal inclined catenary shape

Fic. 9—SkeTcH UseEDp IN Proor THAT TRACE OF ELEMENTARY
HangERrs 18 A PARABOLA

is especially adapted for railway overhead construction

on curves. It fits the track alinement perfectly.
TABLE OF LETTERS OR SYMBOLS

W, = weight of contact wire in pounds per linear foot,

T. = tension of contact wire in pounds,

W.. = weight of messenger wire in pounds per linear

foot,

T, = tension of messenger wire in pounds,

a = contact wire in Fig. 1,

b = messenger wire in Fig. 1,

¢ = inclined hangers in Fig. 1,

d = displacement of messenger,

f = projection of messenger on horizontal plane,
Fig. 2,

W.. = unit weight of contact wire with prorated
hanger weight in pounds per linear foot,

R = radius of curvature in feet,

h = hanger length,

e = length of shortest hanger at lowest point of sag,

x = horizontal distance of hanger from lowest point
of sag,

8 = sag of half-span considered,

L = length of span,

W.,.» = unit weight of messenger wire with prorated

hanger weight in pounds per linear foot.
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The Relation Between Frequency and Spark-Over
Voltage in a Sphere-Gap Voltmeter
BY L. E. REUKEMA:!

Assoclato, A. 1. E. K.

Synopsis.—The standard instrument Jor measuring crest values
of high alternating voltages at 60 cycles is the sphere-gap voltmeler,
which measures a voltage by the distance which it will Jlash between
spheres. In much of the high-vollage research, however, very high
frequencies are used. For measuring the vollages used in (hese
high-frequency tests, the sphere-gap voltmeter is used, the assumplion
being made that its calibration at high frequency s bul little, if any,
different from that at 60 cycles.

In the endeavor to make the sphere-gap a standard for measuring
peak values of vollage at high Jrequencies, as it is al present a
standard at commercial frequencies, cxperimental data were ob-
lained from which calibration curves for the sphere-gap vollmeter
were plotted for freauencies ranging from 28,000 to 426,000 cycles
per sec. for standard conditions of temperature and pressure.
These curves cover a vollage range from about 10,000 to 60,000 volts,
the source of the high-frequency voltage being a Poulsen arc with
variable induclance and capacity in ils a-c. circuil. The results
show no appreciable change in voltage required to flash across a
gwen gap as lhe frequency increases until a Sfrequency of about
20,000 cycles is reached, then a gradual decrease in required vollage
as the frequency increases from 20,000 to 60,000 cycles, after which
a single curve holds for all frequencies at leas! up to 426,000 cycles
per sec., the highest frequency tested. The theory shows that this

curve should hold up to a freauency of about 6,000,000 cycles for a
one-cm. gap, after which a further decrease should be found. At
and above 60,000 cycles per sec., the voltage required to flash across a
one-in. gap is 18 per cent lower than the voltage required at 60 cycles,
provided only the ions occurring naturally in lhe almosphere are
available to start the ionization which produces the flashover.

In the course of the investigalion it was noted (hal Jlooding the
spheres with wultraviolet light decreased the wvollage required Lo
Slash across a given gap at high frequency by about 3.5 per cent,
whereas no such effect is found al commercial frequencies. There-
fore a complete set of calibration curves for the frequendy range
covered was also oblained for the spheres flooded with wultraviolet
light.

The resulls are explained by showing that at high frequency a
space charge of positive tons will accumulale between the spheres,
this space charge distorting the potential gradient sufficiently to
allow a spark lo pass, even though the average gradienl belween
spheres is considerably lower than is necessary al 60 cycles. The
space charge depends on the rate at which ions are added to the
Jield by ionization and the rate al which they are lost by diffusion
and mutual repulsion, the terminal condition reached when the rate
of gain equals the rate of loss determining the voltage at which flash-
over will take place at any given frequency.

NE of the prime requisites in all high-voltage
O research is to be able to measure accurately the
voltages employed, and, since it is the peak value
of the voltage wave which ruptures insulation, it is
especially important to be able to determine this peak
value. For such measurements at commercial fre-
quencies, that is, 25 to 60 cycles, the sphere-gap volt-
meter, which measures a voltage by the distance which
it will [flash between spheres, is now the standard
instrument. For much of the research in high-voltage
phenomena, however, very high-frequency power is
used. The sphere-gap voltmeter is the accepted means
of measuring such voltages, the assumption being made
that the calibration of the instrument is little, if any,
different at high frequency from that at 60 cycles. To
test the correctness of this assumption was the first
object of this research.

In the course of taking the experimental data to
determine the relation of frequency to spark-over volt-
age between spheres, an interesting and important fact
was noted, namely, that exposing the spheres to the
action of ultraviolet light has a very pronounced
effect on the voltage necessary to flash across a given
gap. At 60 cycles, the action of ultraviolet light on the
spheres is merely to increase the accuracy of the

1. Asst. Professor of Electrical Engineering, University of

California, Berkeley, Calif.
Presented at the Pacific Coast Convention of the A. I. E. E.,
Del Monte, Calif., Sept. 13-16, 1927, Complete copies upon request.

sphere-gap as a voltmeter, but the average voltage
required to spark across a gap is neither increased nor
decreased to a noticeable extent. At high frequencies,
however, a pronounced lowering of the voltage required
for a given gap manifests itself whenever a source of
ultraviolet light plays upon the spheres. The investi-
gation of this phenomenon, discovered many years ago
by Hertz, but apparently overlooked by engineers,
constituted the second object of our research.

In any investigation of physical phenomena, the value
of the experimental data is considerably enhanced if a
rational explanation of the results accompanies them.
Such an explanation, on the basis of the fundamental
physical principles known concerning electrical dis-
charges through gases, together with an attempt to
correlate the newly discovered phenomena with already
existing knowledge on the subject, is the third object
of the research.

PREVIOUS INVESTIGATIONS

On June 24, 1914, at the A. I. E. E. convention at
Detroit, F. W. Peek, jr., discussed the effect of fre-
quency on spark-over voltage between spheres as one
of a number of related investigations carried on, at
the General Electric high-tension laboratory, under his
direction. He compared a 1000-cycle curve with a
60-cycle curve and found no difference with spark-over
voltage plotted as a function of the gap. A 40,000-
cycle curve, however, lies below the 60-cycle curve for
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its entire length, the percentage differences increasing
as the voltage increases, from about 11 per cent at
11,000 volts to 16 per cent at 25,000 volts, high fre-
quency. He attributes the decrease in required voltage
at high frequency to rough spots on the spheres, as no
special care was taken to polish them.

At this same convention, Professors Harris J. Ryan
and J. Camzron Clark of Stanford University reported
the results of an investigation which they had conducted
on the relation of frequency to spark-over voltage,
presenting curves of voltage as a function of spark-
over distance at three frequencies, 123,000 cycles,
255,000 cycles, and 612,500 cycles. Ryan and Clark
drew a single curve through the mean of all points,
compared this curve with a 25-cycle curve located by
Fortescue and Chubb, and found their own curve to
lie almost uniformly 4500 volts below the 25-cycle
curve, at least within the range from 20,000 to 50,000
volts. Ryan and Clark used seven-in. spheres, how-
ever, while Chubb and Fortescue used spheres 25, 37.5,
and 50 em. in diameter. To determine whether this
difference in voltage might possibly be due to a differ-
ence in the size of the spheres used, the writer compared

Sphere Voltage

E" _ Water:tube Resistances e a | Measuring
1000/50000 Vot - ¥ Loy
Transformer Curent-! llmmn(
Condenser -,- — 8
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1 Poulsenr Ac Main
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Generator | b (\( b«-p Electroscope

1—DiagraM oF CONNECTIONS FOR CALIBRATING SPHERE
Gar a1t HicH FrEQUENCY AND HigH VoLTAGE
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the curve of Ryan and Clark, changed to standard
conditions of temperature and pressure, with a curve for
seven-in. spheres calculated from Peek’s formula for
spark-over voltage for spheres of any size. In this com-
parison, the high-frequency curve veers away from the
60-cycle curve more gradually, but at about 50,000
volts the high-frequency curve lies 6500 volts or about
13 per cent below the 60-cycle curve.

Alexanderson also investigated the problem to a

slight extent in 1914 with his 100,000-cycle sine-wave .

alternator, and found that a three-in. gap between
five-in. spheres breaks down at about 100,000 volts.
He does not definitely state that the high frequency used
was 100,000 cycles, nor does he say whether or not one
of the spheres was grounded. If it was grounded, as
is probable, this shows about a 14 per cent lowering of
required voltage at high frequency. Alexanderson
used highly polished spheres.

Since the amount of data on the relation of frequency
to spark-over voltage by all experimenters combined is
rather meager and some of it conflicting, the present
investigation was conducted in the hope of clearing up
the question, and thus making the sphere-gap a stand-
ard means of measuring high-frequency voltages, as it
is at present a standard for 60 cycles. 7
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THE PRESENT INVESTIGATION

The generation of voltages ranging up to 50,000 volts
at frequencies of 60 to 500 cycles presented nodifficulty,
as generators and transformers for these frequencies
were available. A diagram of the set-up for the tests
is shown in Fig. 1. For the higher frequencies, a two-
kw. Poulsen are, generously loaned to us by the Federal
Telegraph Co., was the source of power. For the a-c.
circuit of the are, we constructed a large air condenser
and 24 inductance coils, of open design so as to with-
stand the high voltages induced, and with a minimum
ratio of resistance to inductance, so as to obtain a
maximum , induced voltage. The inductance coils
and the condenser are connected in series across the
are, the leading reactance of the condenser neutralizing
the lagging reactance of the inductance coils, so that
only the high-frequency resistance of the circuit limits
the flow of current. The voltage built up across the
coils and that across the condenser neutralize each
other, so that either one may be over a hundred times as
large as the d-c. voltage impressed across the arc. The
high voltage between the condenser plates is impressed
across the sphere-gap voltmeter. By varying the
distance between the condenser plates and the number
of inductance coils used, the frequency may be varied
over a range from 28,000 cycles to about 450,000
cycles per sec. according to the formula

1
27 LC
where fis frequency in cycles per sec., L is inductance in
henrys, and C is capacity in farads.

To measure the voltage impressed between the
spheres, three condensers in series to break up the volt-
age were .used, a gold-leaf electroscope reading the
voltage drop across the middle condenser. The electro-
scope reads effective values of voltage, whereas it is
peak value which causes a flashover; therefore the wave
forms of the low-frequency voltages, over the entire
range of voltages used, were photographed with an
oscillograph and the oscillograms analyzed mathemati-
cally to determine the ratios of effective to maximum
voltages for this range. The voltage waves from the
Poulsen arc were investigated with a sensitive wave-
meter, and all harmonies found to be negligible, so that
they may be assumed to be pure sine waves within
a very small fraction of one per cent.

DESCRIPTION OF APPARATUS

The sphere-gap voltmeter was constructed according
to A. I. E. E. specifications. The spheres are of brass,
6.25 cm. in diameter and accurately turned. The
lower sphere is movable in a vertical direction, and the
gap may be readily read to a thousandth of an inch.
Neither sphere was grounded.

Since the high-!'requency voltage obtainable from a

f=

Poulsen arc equals —;5— \/-—‘, in which E is the
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voltage across the a-c. terminals of the are, I is the
resistance of the a-c. circuit, L is the inductance of the
coils, and (' is the capacity of the condenser, a high
ratio of inductance to resistance is necessary in the coils
in order to induce the large voltages desired. The
resistance of the coils at high frequeney is many times
that at 60 cycles, due to both skin effect and to eddy-
current loss in the copper caused by the magnetic flux
of the coil cutting the turns. The coils used were
designed to make this high-frequency resistance a
minimum, using formulas developed by C. L. Fortescue
and published in the Sept., 1923 issue of the Journal
of the British Institution of Electrical Engineers.
Twenty-four coils were constructed, 80 in. in outer
diameter and 12 in. in inner diameter, containing eight
layers of three turns each, turns being mounted on
wooden pegs and spaced one in. apart. The smallest
high-frequency resistance for this size of coil is obtained
by using No. 9 B & S gage wire.

The condenser plates used measured seven by eight ft.
and were constructed of galvanized iron nailed to
wooden frames, with quarters of copper float balls
soldered to the four corners and with metal connectors
soldered to the sides to receive the connections from
the inductance coils. To prevent stray electrostatic
flux from these condenser plates from spreading out
into the voltage measuring apparatus, grounded shields
of fine-mesh chicken wire, stretched on pipe frames,
were hung on both sides of the condenser.

In parallel with the sphere-gap were three air con-
densers in series, the middle one of the three having a
much larger capacity than that of the two outer ones.
These condensers divide the voltage between them in
inverse ratio to their capacities, so that the voltage
drop across the middle one was about two per cent of
the total voltage impressed across the sphere-gap.
This voltage drop across the middle condenser was
measured by means of a gold-leaf electroscope, con-
nected in parallel with the condenser.

The electroscope consists of a nickeled steel case with
glass front and back, down the center of which extends
a nickeled brass rod carrying the gold leaf. To prevent
possible external flux from penetrating the interior of
the electroscope, the glass front and back were threaded
both horizontally and vertically with fine wires. The
rod bearing the gold leaf is insulated from the case by
sulphur. A protractor was arranged to turn on an
axis in line with the point of connection of the gold
leaf, a line peep-sight directly in front of the protractor
and a frame carrying a fine hair about four in. behind
the protractor turning with the latter as an integral
part. This makes it possible to read the deflections of
the gold leaf to the tenth of a degree, which compares
favorably with the accuracy of the sphere-gap itself.

Whenever a spark takes place between the spheres, a
short circuit is produced across the transformer in the
case of the low frequency and across the Poulsen are
in the case of the high frequency. To prevent the burn-
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ing and pitting of the spheres which would otherwise
result from such short circuits, water-tube resistances
were placed in both high-tension legs of the transformer
circuit, and a one-u f. condenser successfully limited
the flow of current from the high-frequency circuit.
The voltage drops in the water-tube resistances and in
the current-limiting condenser occurred before the
voltage was impressed on the sphere-gap and measuring
condensers and therefore were in no sense a source of
error in the measurements.

The source of ultraviolet light with which the spheres
were flooded was an open arc light, ordinarily used for
oscillographic work, which was placed about four ft.
from the spheres with the light concentrated on them.

PROCEDURE

As the sphere-gap voltmeter is a standard instrument
for the measurement of high voltage at 60 cycles, the
electroscope was calibrated by reading its deflections
for spark-overs between the spheres for voltages ranging
from about 7000 to 55,000 volts effective, the voltage
being varied by varying the field of the alternator.
Since the object of the research is to compare the high-
frequency voltage corresponding to a given gap with
that required at 60 cycles, this method eliminated the
errors which would have crept in if the electroscope had
been calibrated with direct current and the capacities of
the condensers measured. The readings of the sphere-
gap were reduced to standard conditions, 760-mm.
pressure and 25 deg. cent., as adopted by the A.I. E. E.,
and were also corrected for wave form, since the sphere-
gap measures crest values and the electroscope effective
values of voltage. Although the generator supplying
the 60-cycle power produced a practically pure sine
wave, the voltage drops within the transformers due to
the harmonics of the exciting currents and the distortion
due to the internal capacity of the 50,000-volt trans-
former produced a slight change in wave form, which
necessitated the mathematical analysis of the voltage
wave on the high-tension side of the transformer, for
the range of voltages used in the test. Oscillograms of
these waves at six representative values of voltage were
analyzed, and the ratio of maximum to effective value
of the actual waves compared to this ratio for a pure
sine wave. The corrective value averaged about 0.8
per cent and in no case was larger than 1.8 per cent.

The electroscope and measuring condensers having
been calibrated for a given setting of the condensers,
high-frequency runs were taken, reading electroscope
deflections as a function of distances between spheres
for the maximum range of voltages obtainable at any
one frequency. Temperatures and barometric pres-
Sures were recorded, so that the gap readings might
later be reduced to those for standard conditions. The
voltages were varied by changing the d-c. voltage im-
pressed on the Poulsen are, the length of the arc-gap,
and the strength of the magnetic deflecting field so as
to give steady operation. Frequencies were varied by
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changing the number of inductance coils used and the
distance between the main condenser plates. Fre-
quencies were calculated from the wavelength readings
of a wave meter. Runs averaging approximately 100
readings each were taken for frequencies ranging from
28,170 to 425,500 cycles, both with the spheres flooded
with ultraviolet light and without. Runs at 133
eycles, 250 cycles, and 500 cycles were also compared
with those for 60 cycles. In order to be sure that the
particular setting of the measuring condensers was not
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F16. 2—CALIBRATION OF 6.25-cM. SPHERES AT 95,540 CYCLES

a source of error, runs were taken for several different
settings, each setting requiring a separate electroscope
calibration. The surfaces of the spheres were kept
highly polished at all times, by polishing them with a
power buffer at least once and usually several times
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Fia.

during each run, and by hand with a soft towel after
each spark-over.

To obtain a reading, the distance between spheres was
made slightly greater than could be flashed across by
the voltage impressed, then the spheres were slowly
moved logether by turning the control wheel until
the spark occurred, at the same time keeping the peep-
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sight of the protractor arrangement trained on the
deflected gold leaf, so that the voltage at the instant of
flashover could be read accurately. The spheres were
always moved together at least a full turn of the control
wheel before a flash took place, so as to avoid any error
due to lost motion in the control wheel. In case the
voltage at the instant of flashover was unsteady, the
reading was thrown out. Care was taken to bring the
voltage from the Poulsen arc up to the maximum
possible with the d-c. voltage impressed before taking a
reading, so as to eliminate errors due to surges.

DATA AND CURVES

The publishing of the 50 pages of data secured would
serve no useful purpose, since the curves show the results
obtained. Moreover, of the many pages of curves
plotted, only three are included in this paper. Fig. 2
is included to show approximately the accuracy with
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Fic. 4—CALIBRATION OF 6.25-cM. SPHERES WITHOUT ULTRA-

VIOLET LIGHT

which the points fall on the various curves, and the
very evident difference between the voltage necessary
to flash across a given gap when the spheres are flooded
with ultraviolet light and when they are not. The
fact that all points do not fall accurately on the curve
when ultraviolet light is flooding the spheres is due to
a slight unsteadiness which is inherent in the Poulsen
arc, not to any inaccuracy of the sphere-gap itself.
Using vltraviolet light, 60-cycle curves always repeat
themselves accurately, no point falling more than a
quarter per cent off the curve. When ultraviolet light
is not used, any point may be as much as two per cent
off the curve.

Figs. 3 and 4 show the final results of the test, the
one when the spheres are flooded with ultraviolet light,
the other when the spheres are not so flooded.

THEORETICAL EXPLANATION OF THE RESULTS |

Mechanism of the Spark. Before considering the
phenomena of electric discharge through gases, it may
be advisalle to recall certain fundamental concepts
of the constitution of matter. All matter is composed



1318 REUKEMA: FREQUENCY AND SPARK-OVER VOLTAGE

of moleeules in continuous motion, the temperature of
any substance being merely a function of the energy of
motionofitsmolecules. Inagas, suchasour atmosphere,
the molecules are relatively far apart, and the continual
collisions of molecules with each other and with the
walls of the containing vessel give rise to the pressure
of the gas. The average distance traveled by a mole-
cule before colliding with another molecule is known as
its mean free path. All molecules, in turn, are com-
posed of atoms, different combinations of the 92 kinds
of atoms producing the millions of varieties of mole-
cules. The atoms are composed of a central nucleus
with a positive electric charge and of particles of nega-
tive electricity, called electrons, which travel around
the nucleus in precessing elliptic or circular orbits at
enormously high speeds, the electrical attraction of the
positive nucleus for the negative electrons balancing
the centrifugal force produced by these speeds. An
atom thus may be compared to a solar system, its
volume being mostly empty space. The number of
planetary electrons in a neutral atom is always equal
to the number of equivalent positive charges of the
nucleus.

It is possible for gn atom to lose an electron, however,
in which case it is called a positive ion, since the loss of
a particle of negative electricity leaves the rest of the
atom positively charged. Similarly, a free electron is
able to attach itself to most atoms. When this hap-
pens, the atom with its extra electron is called a nega-
tiveion. Anion, whether positive or negative, behaves
like an ordinary molecule, as long as it is not in an elec-
tricfield. Assoonasanelectricfieldisproduced, however,
the ion adds to its haphazard molecular motion a motion
in the direction of the field, toward the positive electrode
if a negative ion, toward the negative electrode if a
positive ion. If this motion takes place in a vacuum,
so that the mean free path of the ion is large, a com-
paratively small voltage drop, about 16 volts for air, is
sufficient to give the ion such a high velocity that it is
able to knock an electron out of a molecule with which
it collides. This potential is known as the ionizing
potential of the molecule, that is, the potential neces-
sary to knock out one of its electrons and thus make an
1on of it. As the pressure of the gas increases, however,
the mean free path decreases until at atmospheric pres-
sure the air molecule has a mean free path of only about
0.000004 in. In such a short distance it does not have
the chance to acquire the ionizing speed except at very
high potential gradients.

Whenever a molecule is ionized, the electron which is
knocked out of it also feels the force of any electric field
in which it finds itself. As an electron weighs only
about one sixty-thousandth part as much as an oxygen
molecule, however, and since the acceleration which an
object undergoes in a given field is inversely propor-
tional to the square root of its mass, its acceleration is
evidently about 240 times that of an ionized oxygen
molecule. Moreover, due to its increased speed and
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its much smaller size, its mean free path is four times
the square root of two or 5.66 times that of the mole-
cule. The electron, therefore, will attain a velocity
many hundreds of times that attained by an ion in
the same field, Moreover, because of its smaller
weight, as compared with that of a molecule, the elec-
tron cannot lose more than a small fraction of its
energy in an ordinary collision with a molecule. Thus
it gradually accumulates velocity until the average
amount it loses per collision equals that gained hetween
collisions, the terminal velocity being a function of

1

W where E is potential gradient and d is density of

the air. If the amount of energy represented by this
terminal velocity is as great or greater than the energy
necessary to ionize a molecule, such an ionization may
take place, the probability of the ionization increasing
rapidly with increase in velocity, up to velocities far
beyond any which would be given the electron in air
by an electric field.

Now let us consider the mechanism of the electric
spark between two electrodes with a potential gradient
between them. Even though this potential gradient
is far greater than that necessary to ionize the air
molecules, no spark will take place unless there are
either ions or electrons present to start the ionization.
A few ions per cubic centimeter are practically always
present in the air, however, and new ones are being
formed, mainly by the action of the penetrating
radiation recently investigated by Millikan and by
radioactivity, at the rate of about 12 per sec. per cu.
cm. The electron starts to ionize at a considerably
smaller potential gradient than does the lon, and even
though it ionizes only once for every thousand colli-
sions, an electron would increase to approximately
485,000,000 in moving one cm. For instance, the mean
free path of the electron in air at atmospheric pressure is
about 0.00005 ecm. If it ionizes once in a thousand
collisions, it would ionize about 20 times per cm. The
rate of increase in the number of electrons, due to ioni-
zation by electrons alone, is given by the equation

nznoeax

where 7 is the number of electrons after the initial
electrons have moved a distance z in the direction of
the force, n, is the number of electrons at x =0, a is
the number of ionizations per centimeter, and e is equal
to 2.71828, the base of the Napierian logarithm. Since
in our assumption g equals twenty, n equals one, and
x equals one,
n = e = 485,122 000.

However, one coulomb of electricity equals
6,280,000,000,000,000,000 electrons, so that this enor-
mous number of electrons would have to be formed
per second to have just one ampere of current pass.
Moreover, as fast as these electrons are produced by
ionization, they are swept into the positive electrode,
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leaving only the small number spontaneously formed
by radiation or by radioactivity to carry on the work.
Evidently, therefore, ionization by electrons alone will
not produce a spark.

For each electron set free by collision, however,
there is also produced a positive ion, which is attracted
in ‘the opposite direction from that taken by the elec-
trons. If the potential gradient is sufficient to allow
positive ions to ionize air molecules by collision, or to
knock electrons out of the negative sphere, the number
of electrons produced, immediately increases enor-
mously. Suppose that only one in a thousand of the
positive ions produced were able to ionize and that
this ionization took place close to the negative elec-
trode, where the potential gradient would be greatest.
Then one electron, with the help of the electrons which
it sets free by collision, produces 485,000,000 positive
ions while moving one ecm. Of these positive ions,
485,000, each ionizing once, then produce 485,000 new
electrons, which, starting close to the negative electrode,
each produce 485,000,000 positive ions in moving one
cm., or a total of 235,000,000,000,000. One one-
thousandths of these, or 235,000,000,000, produce
235,000,000,000 more electrons close to the negative
electrode, which in turn produce 485,000,000 times
235,000,000,000 electrons, and so on, all of this happen-
ing in a very small fraction of a second. The process
is thus cumulative, the number of ions and electrons
increasing at an enormous rate, and resulting in a
flashover between the electrodes. Note that ioniza-
tion by both electrons and positive ions is essential,
and that, since the electron ionizes at a lower potential
gradient than does the positive ion, the probability of
ionization by the latter is the factor which determines
the potential gradient necessary to produce a spark
between the electrodes. This potential gradient has
been found to be 30,000 volts per em. under standard
conditions of temperature and pressure.

The reason for the increased accuracy of the sphere-
gap at low frequencies when ultraviolet light shines on
the spheres is now easily understood. The action of the
ultraviolet light is to liberate electrons from the
spheres, a phenomenon which has been named the
photoelectric effect. Thus, when the spheres are
flooded with ultraviolet light, there is always a large
number of electrons in the space between the spheres
to start the lonization, and the instant the potential
gradient reaches a value of 30,000 volts per c¢m., a
spark takes place. When, on the other hand, the small
number of ions found naturally in the air must be
depended upon to start the ionization, there may be no
ions available at the instant the potential gradient
reaches the required value. This is especially true in
the sphere-gap voltmeter, in which the potential
gradient gradually increases as the spheres are moved
together. The gradient, hefore it has reached the value
required for ionization by collision, simply sweeps into
the spheres whatever ions are present, so that when the

REUKEMA: FREQUENCY AND SPARK-OVER VOLTAGE

1319

potential gradient does reach 30,000 volts per cm., the
diffusion, into the space between electrodes, of ions
from the outer space must be depended upon to
start the ionization. This may take an appreciable
part of a second or even more, during which time the
spheres are being moved closer together, with the result
that a higher potential gradient seems to be required to
flash across the gap than actually is required. Thus,
the determination of a voltage by means of a sphere-
gap voltmeter, which is not subject to the action of
ultraviolet light, may be one or two per cent in error.

EFrFECT OF HiGH FREQUENCY

To understand the effect of high frequency on the
voltage required to spark across a given gap, we must
consider such phenomena as the mobility of ions, their
diffusion, and the variation of potential gradient by
space charge. The effect of the attachment of electrons
to molecules and the recombination of electrons with
positive ions to form neutral molecules is negligible in
the high electric fields used. The mobility of an ion is
the velocity with which it moves in an electric field.
The mobility constant is the velocity in centimeters per
second attained by an ion, at 760-mm. pressure and
0 deg. cent., per volt per centimeter of field acting upon
it. This constant for positive ions in air is 1.32; for
negative ions, 1.8. In high fields, the mobility is
nearly independent of temperature, so that the error
would be small if one neglected to correct gas ion
mobilities for temperatures above 200 deg. K. The
mobility of electrons does not vary directly with poten-
tial gradient, so that for electrons there is really no such
thing as a mobility constant. The mobility is a func-

tion of 7, however, where E is potential gradient in

volts per em. and p is pressure. According to a curve
for electron mobility in nitrogen in a paper by Compton
in the Physical Review of 1923, an electron in nitrogen
at atmospheric pressure would attain a velocity of
13,800,000 c¢m. per sec. under the action of a potential
gradient of 30,000 volts per cm., or it would be swept

1
13,800,000

instead of nitrogen, the figures would not differ greatly.
A positive ion, under the same conditions in air, would
attain a velocity of 30,000 times 1.32 or 39,600 ¢m. per
sec. If the field were an alternating one, the velocity
would vary as the voltage varied. For a pure sine
wave of 30,000 volts per cm. effective value, the dis-
tance traveled by an electron in one sec. in the direction
of the foree would be 12,160,000 em.; by a positive ion,
35,650 em. Evidently at 60 cycles both ions and
electrons would practically all be swept out of the field
every half-cycle, so that until the potential gradient
has reached 30,000 volts per c¢m., there could be no

across a gap of one cm. in sec. For air,
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Methods Used in Investigating Corona Loss
By Means of the Cathode Ray Oscillograph
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Synopsis.— Methods of employing the cathode ray oscillograph
Jor investigation of corona loss are described. By deflecting the ray
of cathode particles (electrons) in one direction wilhin the tube by a
vollage proportional lo the applied voltage, and in a lransverse
direction by a voltage proportional lo the current, a closed figure
represenlative of the loss, is thrown upon the screen. Methods of
oblaining pholographic records of these figures and of calculating
therefrom accurate values of the power expended are given. The
instrument used is well adapted Jor this work. Power measurements
of 0.1 watl can be measured with an accuracy of 1 per cenl.

From the voll-ampere cyclograms the characleristics of the posilive
and negalive loss on the a-c. wave are readily observed. The
tnstanlaneous vollage of which the loss starts and the instanta-
neous values of the combined corona and capacily currents can
be accurately determined.

Measurements of the corona starting point and loss on various
conductors check the laws of corona established by Mr. Peek in 1910.
The formulas of ‘‘critical disruptive gradients’ and ‘‘visual dis-

INTRODUCTION

THIS paper describes in detail the methods used in an
investigation of corona loss with the low-voltage
cathode ray oscillograph. The work, which has
been under way for several years in the High Voltage
Engineering Laboratory at Pittsfield, Mass., is a
continuation of the investigation of corona started by
Mr. F. W. Peek, Jr. in 19102 It is hoped that this
detailed description of the methods employed in using
the cathode ray oscillograph and making the laboratory
measurements will be of assistance to other investiga-
tors. A discussion of the results and the conclusions
are given in Mr. Peek’s paper, Law of Corona—1IV .3
In studying the corona discharge, it is highly desirable
to make use of an instrument having no power-factor
limitations. It is also desirable that the instrument be
capable of accurate indications when the current and
power involved are small and the voltage high. The
low-voltage cathode ray oscillograph is such an in-
strument.

THE CATHODE RAY OSCILLOGRAPH

This instrument depends for its operation upon a jet,
or ray, of cathode particles (electrons) moving at
high velocity within an evacuated tube and impinging
upon a fluorescent screen. The electrons are dis-

1. Both of the General Electric Co., Pittsfield, Mass.

2. F. W. Peek, Jr., Law of Corona and Dieleciric Strength of
Awr, I, Trans. A. 1. E. E., Vol: XXX, pp. 1889-1965.

3. F. W. Peek, Jr., Law of Corona and Dielectric Strength of
Aiur, IV,

Presented at the Summer Convention of the A. I. E. E., Detroit,
Mich., June 21-24, 1927. Complete copies upon request.
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ruptive gradients’” were closcly checked. The loss was found to
Jollow a quadratic above the visual critical corona voltage, e,. For
cables and roughened conductors the excess loss below e, due to
surface irregularities approzimately follows the probability law.
For smooth, polished conductors the loss suddenly jumps from zero to
a definite value at e, and then follows the quadratic.

The practical effect of the condilion of the conductor surface is
Jorcibly brought oul by the following dala measured on « 336,400-
cir. mil cable at 63.5 wn. spacing lo neutral plane:

Voltage between | Sixty-cycle loss in kw. per mile of conductor

lines (three

phase) Smooth | Rough Mutilated
258 kv. (ell.) 49 [ e
220 | 18 | 29.1 Y
205 “ “ 0 17.0 38.0
180 “ “ 0 0 wea -
182 ¢« 0 | 0 ! 4.7

e

charged from an incandescent filament (the hot
cathode). Under the action of a strong electric field,
the electrons are rapidly accelerated toward the anode.
A small hole in the anode permits certain of the elec-
trons to pass along the axis of the tube in a narrow beam.
This beam or ray of cathode particles, which subse-
quently passes between two pairs of metallic plates
upon which voltages can be impressed, can be deflected
from its normal course by transverse electrostatic
or electromagnetic fields, or by a combination of such
fields, and thereby made to trace definite figures on the
flourescent screen which becomes luminous at the point
at which the electrons strike. These figures are
representative of the elgetrical phenomena taking place
within the ecircuit being Investigated, and ecan be
accurately interpreted when the various tube and
circuit constants are known. The figures are accurately
traced irrespective of the frequency of voltage or current
producing the deflections of the electron beam, for this
beam has practically no mass and hence no natural
period, at least within the limit of the higher radio
frequencies.*

Photographic Records. Although not strongly lumi-
nous, the figure traced on the sereen of the tube can be
photographed. A sharp image can be obtained by
using a lens but the length of exposure required is very
great (3 min. or longer). Consequently this method
1s not desirable when g large number of records is

*to be taken.

4. For a more detailed discussion of this device, see article

by J. B. Johnson, Bell System Technical Journal, November,
1922 p. 142,
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An accurate but somewhat blurred image can be
obtained with a comparatively short exposure by
operating the tube in a darkened room or box and
placing the emulsion side of a photographic film
directly in contact with the end of the tube. The
exposure required is about !/i, to 14 second for a
straight line image, and about 14 second for other
figures. The exposures are made by bringing the
filament of the tube up to the proper temperature and
then closing the anode circuit for the required length of
time.

CORONA Loss MEASUREMENTS

Volt—Ampere Cyclograms. The most satisfactory
arrangement for studying corona losses by means of
the cathode ray tube has been found in this investiga-
tion to be that shown diagrammatically in Fig. 2. A
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Fia. 2—Diagram or CONNECTIONS FOR A STUDY OF CORONA

BY MEeANS oF THE CATHODE RAY OSCILLOGRAPH

specimen of the conductor to be studied was suspended
vertically at a uniform spacing from a broad, vertical
metal plate having a length of about 20 ft. This
plate was composed of three sections of equal width.
The end sections, each five feet in length, were grounded
and the middle section, which was insulated from the
other two, was grounded through the variable non-
inductive resistance, K;. The function of the end
sections was to intercept the corona discharges from
the ends of the conductor and leave a uniform section
exposed to the active plate.

Although this ground plate, which served as a part
of the neutral plane, was 5 ft. wide, it was rather narrow
relative to some of the spacings used in the tests. In
the near vicinity of the set-up, there were several other
grounded objects (principally a metal wall) which were,
in effect, extensions of the ground plate. Consequently
the active section of the plate was only a part of the
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practically infinite neutral plane, and therefore inter-
cepted only a fraction of the flux emanating from the
conductor. The relative amount of flux intercepted
became less as the spacing was increased. The object
of this work, however, was to study the critical voltage,
the mechanism of the discharge, and the relative rather
than the absolute value of the losses. For this purpose,
the set-up was found to be entirely satisfactory.

The step-up and potential transformers were iden-
tical, and were rated 10-kv-a., 25-cycle, 200/100,000-
volt. These transformers were capable of delivering
150,000 volts intermittently without injury and when
operated at 60 cycles without high flux density in the
core. Voltage control was obtained by means of
variable resistances in series with the low-voltage
winding of the step-up transformer. Resistances are
very flexible and give practically no wave distortion
when used in connection with a load of constant
impedance, as in these tests. A constant-impedance
load, consisting of high-voltage condensers of a total
capacity of about 0.00125 u f., was shunted across the
high-voltage winding. This was a load several times as
great as that imposed by the exciting kv-a. of the
transformers plus the maximum corona loss obtained.
The function of this capacitance was to smooth out the
voltage wave impressed on the conductor. It ac-
complished this by supplying the magnetizing current
of the transformers and by providing a heavy sinu-
soidal current to minimize the disturbing influence of the
non-sinusoidal corona currents.

A resistance potentiometer consisting of two non-
inductive variable resistances, R, and R,, was shunted
across the low-voltage winding of the potential trans-
former and provided a means of obtaining a voltage of
the desired value across the deflector plates of the
cathode ray tube. The voltage thus obtained was
for any particular setting of R, and R, proportional to
and in phase with the voltage impressed on the corona
conductor.5

The voltage drop across E; was proportional to and in
phase with the current flowing to ground from the
middle section of the test conductor and was impressed
across the remaining pair of deflector plates.

Since the corona phenomena are re-occurring, the
figures traced on the screen of the oscillograph tube
under the above conditions are stationary and are
accurately indicative of the instantaneous relationships
between voltage and current. When no corona exists,
both the current and voltage waves are sinusoidal and
90 degrees out of phase as dry air is practically a perfect
dielectric. The figure traced on the screen is then a
pure ellipse. With the connections as shown in Fig. 2,
the abscissas of the ellipse are proportional to voltage
and the ordinates proportional to current. The cyclo-

5. The phase angle and ratio errors of a high-voltage trans-
former when operating at low core densities on no load as a, step

down transformer are very slight and, for this investigation,
can be neglected.
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gram in Fig. 3A illustrates this condition. The indi-
vidual axes were obtained by grounding one pair of
deflector plates at a time and thus obtaining each
separate deflection independent of the other. When
corona is present on the test conductor, the voltage
remains sinusoidal but the current wave is badly dis-
torted. An individual discharge takes place during
each half-cycle of voltage, near the crest of the wave if
the impressed voltage is only a few per cent above the
«ritical disruptive value. These discharges appeared
©on the screen of the tube as an irregular “hump” on
each half of the figure. The circuit employed was such

B

Fic. 3—Vorr-AMPERE CYCLOGRAMS

A—Below corona starting voltage
B—Just above corona starting voltage
Conductor; No. 00, polished

Spacing; 63.5 in. to neutral
Voltage; 91.0 kv. (elf.) to neutral

that the lower right hand hump represented the dis-
charge during the time that the conductor was negative.
The upper left hand hump represented the positive
discharge. The cyclogram in Fig. 3B illustrates this
condition for a voltage slightly in excess of the visual
critical value.

As noted above, a permanent record of the figure
traced by the electrons on the screen of the tube
was most easlly obtained by placing a “super speed”
photographic film in contact with the end of the tube.
The film was first placed in position in the dark box
containing the tube. The tube was then moved ahead
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by means of an adjusting serew and lorced into contaet
with the film. The filament of the tube was heated to
the proper temperature, the required current having
been determined previously by means ol the filament
ammeter and visual inspection of the figure on the
The desired voltage was then impressed on the

screen.

test wire. One pair of deflector plates was grounded
!

Fic. 4—Vour-AmrEre Cycrogikam or HEAvY CORONA

Conductor; No. 00 polished conductor
Spacing; 21.5 in. to neutral
Voltage; 150 kv. (eff.) to neutral

and the anode circuit closed for approximately 14
second. The first pair of plates was then connected in
circuit and the other pair grounded and another 14-
sec. exposure made. Both pairs of plates were then
connected in circuit and an exposure of about 14
sec. was made. In this way a record of the figure

! o
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Fic. 5—GRAPHICAL ANALYSIS OF THE VovLr-AMPERE CycLo-

GkAM SHOWN IN Fig. 4

Cyclogram abscissas proportional to known sinusoidal voltage. Ordi-
nates proportional to complex current
E—Known voltage
I—Derived current

and both axes was obtained.
in the usual manner.

In order that the voltage drop across R; be pro-
portional to and in phase with the current flowing to
ground from the middle section of the ground plate,
1t was essential that there be relatively no capacitance
or inductance in this part of the circuit. Since the
ground capacity of the active section of the ground
plate was approximately 4.9 X 10—+ uf. and was, in
effect, shunted across R, the value of this resistance,

The film was developed
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which was non-inductive, was kept less than 100,000
ohms. Consequently the maximum phase-angle error
introduced was less than one degree.

A grounded network was placed above the bushings
of the transformers to shield out stray fields which
otherwise would have reached the effective section of
the ground plate.

Most of the work was done at 60 cycles but some
measurements were made at 420 cycles. Practically
the same test circuit was used in both cases. At normal
frequency, even with the loading capacitance removed,
the system drew a leading current, but at 420 cycles the
impedance of the step-up transformer was so increased
and the impedance of the high-side load so decreased
that the system drew a lagging current. It was neces-
sary, then, in order to reduce the current drawn from the
supply lines to a minimum, to remove the extra capaci-
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6—CoroNa DiscHARGE CHARACTERISTICS AS INDICATED
BY THE VOLT-AMPERE CYCLOGRAM

Fic.

Ey Proportional to instantaneous disruptive voltage

I oz Proportional to maximum current

I.(mar) Approximately proporfional to maximum conductor charging
current

tance from the high side and shunt a large capacitance
across the low side of the step-up transformer.

The sources of power for all of the tests, both 60 and
420 cycles, were sine-wave alternators of large capacity.

Amnalysts of Cyclograms. Since the abscissas of the
cyclograms are proportional to instantaneous voltage,
and the ordinates proportional to instantaneous current,
if the wave shape of one of the two quantities is known
the other can be plotted with time as abscissa and the
unknown quantity as ordinate. Fig. 5 illustrates a case
in which the horizontal deflection was produced by a
known sinusoidal voltage (a voltage proportional to and
in phase with the voltage of the test conductor) and
hence the current wave, in both magnitude and phase,
was readily derived, as shown, from the cyclogram.
The original cyclogram from which Fig. 5 was taken is
given in Fig. 4.

As well as giving an indication of the wave form of
the current in the corona discharge, the cyclograms
also provide an accurate means of determining the
instantaneous voltages, positive and negative, at which
corona forms on the conductor. In Fig. 6, E; (pos.)
and I, (neg.) represent these voltages.

Since the discharges fade out very gradually, the
cyclograms give no definite indications of the exact
stopping points. It is evident, however, that the
discharges do not persist far beyond the crests of the
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voltage waves. As brought out later, the stroboscope
verified this point.

The maximum charging current of the conductor
due merely to the normal conductor capacitance
and the maximum rate of change of voltage for that
particular max mum voltage is represented (approxi-
mately) by I, (max).

The maximum currents occurring during the dis-
charge are represented by I,.,. (pos.) and ... (neg.).

The rotation of the cathode beam in generating this
general type of cyclogram is, as viewed normally,
counter clockwise.

STROBOSCOPIC OBSERVATIONS

In order to obtain an approximate check on some of
the discharge characteristics disclosed by the cathode
ray tube, a stroboscope, or synchronous shutter, was
used to permit visual inspection, in a darkened room,
of the corona discharge from a polished conductor at
any point on the voltage wave. These observations
checked the instantaneous disruptive voltages very
closely, and indicated definitely that the discharges
terminate shortly after the passing of the voltage crests.
The corona ‘‘sparks’ are most intense when they first
appear. The illumination then gradually fades out and
disappears at a point 10 to 25 deg. beyond the voltage
crest.

POowER CALCULATIONS

When taken by means of the circuit shown in Fig. 2,
the cyclograms obtained are volt-ampere curves, the
horizontal deflections being practically proportional
to and in phase with the sinusoidal line voltage to
ground and the vertical deflections practically pro-
portional to and in phase with the complex current
flowing between the conductor and ground plate.
The average power represented by the cyclogram can
then be calculated by either a polar coordinate or rec-
tangular coordinate method as described in detail in
the unabridged paper.

Volt-Coulomb Cyclograms. The corona phenomena
can be studied from a somewhat different angle if the
resistance, R;, in Fig. 2 is replaced by a capacitance Cj,
or by a parallel combination of capacitance and high
resistance C;’. The ordinates of the cyclograms
obtained are then proportional to the instantaneous
charges induced on the ground plate by the voltage on
the conductor.

If pure capacitance is used, the figure will drift over
the screen of the tube due to the accumulation of a
negative charge on the deflector plate connected to
C;. Since in the case of 60-cycle corona on conductors
at relatively close spacings, the positive and negative
discharges are of unequal magnitudes, C; will accumu-
late a positive or an additional negative charge which
will cause further drifting of the figure. In the case of a
small conductor (0.015-in. diam.) at a fairly close
spacing (7.5 in. to neutral) it was found that at about
15.0 kv. to neutral the positive excess was just sufficient
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to compensate for the negative charge acquired from
the electron stream within the tube. Consequently the
figure would remain stationary near the center of the
screen and could be photographed when the line and
anode voltages were properly manipulated.

When a high resistance is shunted across C. to pro-
vide a leakage path for the excess positive or negative
component, the figure remains stationary at all voltages
and can be photographed in the usual manner.

This type of cyclogram has been employed in other
corona investigations, notably those of Dr. Ryan, and
provides a convenient means of studying the phenomena
from the standpoint of the charge and discharge of
“space condensers,” but is not so convenient as the
first type for power calculation purposes.¢

Power Loss Data

By means of the first method described above
(¢. e. the volt-ampere cyclograms), loss measurements
were made on several solid conductors of various sizes
under different conditions of spacing and surface
regularity, and also on a large, concentric-strand cable.
Typical data are given in Tables I and II and on the
accompanying curves.

TABLE 1

Conductor:—0.365 in. diam., polished.
Spacing:—63.5 in. to neutral.
Length:—10.0 ft.
Temp.: = 20 deg. cent. Bar. 28.77 in. hg. & =0.977
Tube anode potential = 290.0 volts.
E; = 87.0 kv. eff.

Kv. (eft) Power loss (watts)
to Ry |
neutral | ohms | Meas. | Cale.*
|
87.0 i 11,067 ! 3.51 2.65
91.0 11,067 7.45 7.22
100.0 | 11,067 11.8 12.6
115.0 { 11,067 ‘ 25.3 25.1
130.0 11,067 | 43.2 | 41.8
149.5 11,067 | 69.7 v0.0

*Values calculated by means of Peek’s formula (large wires) multiplied
by 0.374 (im0 = 1.00)

TABLE 1I

Conductor 0.365 in. diam., polished.
Spacing:—=21.5 in. to neutral.
Length:—10.0 ft.

Temp. = 18 deg. cent. Bar. = 2847 in. hg., § = 0.99
Tube anode potential = 290.0 volts.
E.: Increasing voltage = 77.0 kv. (eff.); Decreasing voltage = 75.0
kv. (eff.). )

Kv. (eff.) : R; I Power loss (watts)
to | |

neutral | (Ohms) | Meas. I Calce.*
75.0 5040 8.57 [ 15.1
85.0 5040 35.4 31.5
90.0 5040 42.3 l 42.0
100.0 5040 70.3 67.5
115.0 5040 118.0 117.
130.0 5040 177. 180.
150.0 5040 ] 283. | 285.

*Values calculated by means of Peek's formula (large wires) multiplied
by 0.73. (mg = 1.00)

Fig. 10 gives the 60-cycle loss characteristic of a
very small, smooth wire (0.015 in. in diameter) at a

6. Ryan and Henline,  The Hysleresis Character of Corona
Formation, A. 1. E. E. TransacTioNs, Vol. XLIII, 1924, p. 1118.

Journal A I E. I8,

rather close spacing (7.5 in. to neutral), and at volt-
ages up to the arc-over value. Jt will be noted that the
curve of square root of power against line voltage is very
nearly a straight line for a considerable distance above
the point marked e, indicating that in this region the loss
followed a quadratic law quite closely. Near the upper
end this curve turns up rapidly, indicating that the loss
increased at a higher rate just preceding arc-over. Dirt
and oxide on this conduector had practically no effect on
the loss above e,. The eflective diameter of the con-
ductor was probably sufliciently increased by the foreign
matter to compensate for the irregular surface.

Figs. 11 and 12 give the 60-cycle loss characteristics of
a large, solid conductor (0.365 in. diameter), both
polished and rough, at two spacings (63.5 in. and 21.5

380 i I T ' | ™
360 f 1 % 1118
340 t i i .
320 t ISR 16
300 } ¥
& 280 AT _ 14@T
o 260 '3 [
g %0 e 1] e
§ 220 _;' J E
S 200 / I 10g
5180 A fa !
z y A
£ 160 . t 82
140 = =14 )‘ : 4{ g
120 4 T - 6 2
100 =
P |
80 f {4
60 ) # 1
4 R4 Arcgver |
407 (.e;V,l A Voltage { 2
20 HY A I
S LPITITIT TR

r)0 10. 20 30 40 50 60 70 80 90 100 110
KILOVOLTS TO NEUTRAL (EFF)

Fic. 10—OBserveEp CoroNa Loss, MEASURED BY MEANS OF
THE CATHODE Ray OSCILLOGRAPH
Conductor: 0.015 in. diameter smooth
Spacing: 7.5 in. to neutral

Length: 10.0 ft.
Frequency—69 cycles

in. to neutral). The curve for the roughened conductor
in Fig. 11 was plotted from the data given in Table I,
and the curve for the polished conductor in Fig. 12 was
plotted from the data given in Table II. No loss
whatsoever could be detected from the polished con-
ductor until the visual eritical voltage was reached.
At this point it suddenly jumped to a definite value and
then, with further increase of voltage, followed a
quadratic law very closely. It will be noted that for
this conductor at the closer spacing two critical
voltages are indicated, one for increasing voltage and a
different one for decreasing voltage. This character-
istic seemed quite definite in the case of large polished
conductors at small spacings, and was probably an effect
of the space charge created by the uniform corona
envelope. The roughened conductor gave a loss at
much lower voltages than the polished, and a greater
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loss at the higher voltages. In this case, the loss ap-
parently followed no definite law and was very sensitive
to accidental surface conditions until well above the
starting voltage, when the curve became a quadratic.
The excess loss above the quadratic due to surface
irregularities gave a typical probability curve.

Loss measurements were made on a 336,400-cir. mil
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Fig.

Conductor: 0.365. in. diameter
° smooth surface
+ rough surface
Spacing to neutral: 63.5 in.
Length: 10.0 ft.
Frequency—60 cycles

A. C. S. R. (aluminum conductor steel reinforced)
cable with the surface in three different conditions,
namely, smooth, rough and mutilated. A smooth,
clean cable spaced 63.5 in. to neutral gave no loss below
119.0 kv. to neutral and closely followed the quadratic,
for me = 0.85, above 125 kv. This value of m, was
about the average obtained with this conductor at the
21.5-in. and 63.5-in. spacings. In the case of the
roughened conductor, the outsidestrands were scratched
as if the cable had been dragged over rough ground,
and were covered with spots of dirt and oxide. The
loss started at a lower voltage (89 per cent of the former
starting value) and was higher over the entire range.
The outside strands of the mutilated conductor were
in a condition such as would be produced by dragging
the cable over hard sharp rocks. The loss started
at a very low voltage, (53 per cent of the starting value
for the smooth conductor), and was of greater magni-
- tude than in the other two cases.

It was found that the curve obtained by subtracting
the quadratic from the loss curve of the mutilated con-
ductor was a typical probability curve. Extrapolation
of the curves for the three conditions beyond 150 kv.,
(up to which voltage the measurements were taken),
showed them to come approximately together at 185 kv.

LLOYD AND STARR: CORONA LOSS

1327

The loss from the smooth cable had much the same
characteristics as that from the roughened solid con-
ductor. The surface irregularities in the former
case due to stranding and in the latter case due to
burrs and scratches caused the loss to begin below
the ““visual critical voltage,” e,, (for a smooth conductor
of the same diameter), but not so low as the critical
disruptive voltage, e;. The quadratic seemed to apply
when the true critical voltage, e,, was approached. As
was mentioned in connection with the solid conductors,
the loss from the cables at voltages below e, was very
sensitive to changes in surface condition. When the
strands were badly scratched, the loss started at a
relatively low voltage, far below the value of e, for
the smooth cable, and was of considerable magnitude at
voltages too low to cause any discharge from the
undamaged conductor.

It is of interest to study the data obtained with the
above three specimens of cable and the following
conclusions are of particular interest:

1. Ate, corresponding to a three-phase line voltage
of 258,000 volts, the loss from the smooth cable was 49
kw. per mile of conductor.

2. At 220,000 volts, three-phase, the loss from the
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Conductor: 0.365 in. diameter
° smooth surface
+ rough surface
Spacing to neutral: 21.5 in.
Length: 10.0 ft.
Frequency—60 cycles

smooth cable was 18.0 kw. per mile and from the rough
cable was 29.4 kw. per mile.

3. At 205,000 volts, three-phase, there was no loss
from the smooth cable; 17.0 kw. per mile loss from the
rough cable, and 38.0 kw. per mile loss from the muti-
lated cable.

4. At 132,000 volts, three-phase, the loss from the
mutilated cable was 4.7 kw. per mile of conductor.
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5 Atsealevel, and in fair weather, the smooth cable
would operate at 205,000 volts, and the rough cable at
180,000 volts, three-phase, without corona loss. Corona
would still be present on the mutilated cable at 130,000
volts, three-phase.

From the above data, it is evident that a great deal of
care should be exercised in stringing the lines in order to
keep them as free as possible from burrs and seratches.
It is also evident that small changes in the surface
condition of the conductor produce large changes in the
magnitude of the loss near the critical voltage. The
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Fic. 13—OBseErveD CORONA Loss—MEASURED BY MEANS OF
THE CATHODE Ray OSCILLOGRAPH

Comparison of losses at 420 cycles and 60 cvcles
Conductor: 0.365 in. diam.. polished surface

S
Spacing to neutral: (_2'—> ;¢ = 21.5in.

A = 63.51in.
Length: 10.0 ft.

deviation of the loss curve from a quadratic below
e, seems to follow the probability law and, since the
loss below e, is determined by the size, projection, and
number of irregular ‘“‘spots” on the conductor, it is
reasonable that this law should apply, at least
approximately.

It seems that the best general practise is not to at-
tempt to design the line for a given amount of corona
loss, but to so choose the conductor and spacing that
the dielectric strength of air (. e., 30 kv. per cm. max.
under standard atmospheric conditions) multiplied- by
the irregularity factor of that conductor is not exceeded
at the conductor surface for the highest operating
voltages. Recent developments in the manufacture
of cables having large diameters relative to their
effective cross sectional areas make it economically
possible to design and construct corona-free lines.

The irregularity factor is determined by actual
measurement on a specimen of the given conductor or
a similar conductor which has been installed and well
weathered under the particular conditions involved.

Journal A. I. K. 12,

Radio interference, and interference with successful
carrier-current communication on the line itsell are
gaining importance as factors making the elimination
of corona an important matter.

Loss at Higher Frequency. TFig. 13 gives the loss
characteristics of a large solid conductor, polished, at
420 cycles in comparison with the same at 60 cycles.
The ratio of losses at the closer spacing was about 3
and at the greater spacing was about 3.5. The conduc-
tion component of the loss was apparently considerably
greater at the small than at the large spacing and
probably accounted for the difference in ratios. These
curves are quadratics with the same ecritical voltages
as the 60-cycle curves on the same conductor.

CoMPARISON WITH RESULTS OF PREVIOUS
INVESTIGATIONS

The quadratic law, which was established by Mr.
Peek in 1910, was closely checked for voltages above
the “visual critical” value (e,). Below this voltage, the
deviation from a quadratic of the loss curves for cables
and roughened solid conductors was found to follow
the probability law closely.

In order to obtain absolute values, it is necessary to
correct the loss data obtained in these tests because the
ground plate did not intercept all the electrostatic flux
emanating from the conductor. The correction varies
with the spacing. For any given spacing, however,
the percentage of flux intercepted by the plate is ap-
proximately constant regardless of the voltage.

The correction is readily obtained by comparing the
calculated charging current of the conductor with the
measured values. In this manner it was found that
at a spacing of 63.5 in. to neutral, about 44 per cent of
the total current was measured, and at a spacing of
21.5 in. to neutral, about 78 per cent was measured.
The uncorrected measured loss at the greater spacing
was about 38 per cent of the value calculated by
means of Peek’s formula and, at the smaller spacing
was about 70 per cent of the calculated value.

The formulas for ecritical disruptive gradients and
particularly the visual eritical gradients as determined
by Mr. Peek’s early work were closely checked.

Over the entire range of conductors tested, a remark-
ably close agreement exists between the observed and
calculated values of e,. There is also a fairly close
agreement between the observed and calculated values
of e..” 1In the case of the roughened solid conductors
the loss actually started at voltages well above the e,
of the same conductor in a polished condition. The
same may be said regarding the roughened cable. For
the mutilated cable, however, e, is lower than e, (eq = e
in the case of large conductors such as this). This

7. eq = Disruptive eritical voltage in Peek’s formula. ey
practically equals ¢, for eonductors of a diameter greater than
about 0.15 inches. See *‘Dielectric Phenomena in High Voltage
Engineering,” by F. W. Peek, Jr., pp. 117-152.
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condition is largely accounted for by the presence pn the
cable of numerous sharp projections which produced
flux concentrations and consequently, local discharges
at relatively low voltages.

CHARACTERISTICS OF THE CORONA DISCHARGE

Typical cyclograms showing the discharge character-
istics under different conditions are given in Figs. 3B,
4 and 14. It will be noted that for polished conductors
(Figs. 4 and 14 left side) the individual discharges,
particularly the negative, form very suddenly, and the
current waves contain abrupt distortions. In the case
of roughened conductors (Fig. 14 right side) and cables
the individual discharges form much more gradually
and the current wave distortions are much less abrupt.

Line KV
lecynac:

uy.0 L i =

Surrace ConNDITIONS
-Povsnep. ‘Rovat-

Figc. 14—CoMPARATIVE CYCLOGRAMS SHOWING THE INFLU-
ENCE OF Conpuctor Surrace ConpitioN Urpon CoroNa
DiscuarRGE CHARACTERISTICS.

Conductor: solid, 0.365 in. diam.
Spacing to neutral: 63.5 in.

Fig. 14 illustrates the influence of surface conditions
upon the magnitude and character of the discharge.

The decrease of instantaneous disruptive voltage
with increasing line voltage is shown in Fig. 14.

SUMMARY

The low-voltage cathode ray oscillograph is well
adapted to investigations of phenomena involving small
currents of complex wave shape. This instrument was
used in a study of the volt—ampere characteristics of
the corona discharge. The circuit employed was such
that the figures traced on the screen of the tube were
volt—ampere cyclograms. These cyclograms were
photographed by placing the film directly against the
end of the tube and the power expenditure represented
was calculated by a method which was in effect the
same as that of transcribing the polar figures to rectan-
gular coordinates and integrating the power wave in
the usual manner. The results were converted to watts
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by means of the tube calibration data which were
obtained by impressing definite voltages across the
deflector plates and measuring the resulting deflections.

The cyclograms give accurate indications of the
structural nature and characteristics of the corona
discharge.

Some of these characteristics were checked visually
by means of the stroboscope.

The following conclusions were 'drawn regarding the
power loss and starting voltage:

1. Above the “visual critical voltage,” ¢,, as given
in Mr. Peek’s early work, the loss-voltage relation is
a quadratic.

2. For polished solid conductors the loss suddenly
jumps from zero to a definite value at e, and then
follows a quadratic.

3. For cables and roughened solid conductors the
excess loss above or below that given by the quadratic
law approximately follows the probability law below
e,. This excess loss may be either positive or negative,
or both.

4. The critical disruptive gradients and particularly
the visual critical gradients as determined in Mr.
Peek’s early work were closely checked.

5. The loss near the starting voltage is greatly
affected by the regularity and condition of the conaucter:
surface.

The characteristics of the discharge are briedly as
follows:

1. For polished solid conductors the individual
discharges, particularly the negative, start suddenly
and are accompanied by heavy rushes of current.

2. For roughened solid conductors or cables the
individual discharges start gradually and the current
waves contain no sharp breaks.

3. The instantaneous disruptive voltages decrease
with increasing line voltage.

4. The individual discharges stop near the crésts of
the voltage waves.

Acknowledgment is made of the assistance of Mr.
T. M. Hotchkiss, and others of the staff of the High
Voltage Engineering Laboratory.

?

Many new buildings throughout the country are now
equipped with the new type of elevators which are so
completely electrified that they operate at high speed
and in the service of the tallest buildings practically
without the aid of operators. New York has several
such buildings and now they are appearing in other
parts of the land. Omaha’s newest office structure is
in the list. When a patron steps on the car at the
bottom level, the operator merely presses a button
representing the floor at which the passenger wishes to
alight. Motors start the car, slow it down, stop it at
the designated floor, open and close the doors and carry
the car on its way.
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Synopsis. e Paper reviews the general characteristics of lurge

synchronous condensers, with particular yeference lo the possibilities
of greater standardization in condenser specifications.  Particular
emphasis is placed on the question of the ratio of lagging to leading
kv-a. capacity, and 4t is concluded that aboul 60 per cerl lagging
capactly is normal, while any imporlant increase in lhis ralio
requires special design of greoter size and cost. Allention 1is

I.  OBJECT OF PAPER

THE large amounts of leading kv-a. required by

modern power systems are most economically

provided by means of synchronous condensers,
and so the numbers and unit sizes of these machines
have steadily increased in recent years. Thus, in 1925
two 40,000-kv-a., and this year, the first of three 50,000-
kv-a. condensers were placed in service on the Pacifie
Coast, while upwards of 35 others of sizes above 1000
kv-a. were built in the United States during 1926.
Their continually Increasing importance makes it de-
sirable to simplify and standardize specifications for
them as much as possible by eliminating unnecessary
restrictions on their design.
II. PRINCIPAL CHARACTERISTIGS OF SYNCHRONOUS

CONDENSERS

The outstanding advantage of the ‘synchronous con-
denser from an operating point of view, as compared
with other means of supplying corrective kv-a., is the
flexibility of its control. Once the machine is con-
nected to the system, the reactive kv-a. it supplies can
be varied continuously over the entire range from 50
per cent or more lagging to full leading kv-a., by simple
adjustment of its field current, The adjustment can
readily be made fully automatic, and so any desired
condition, such as constancy of voltage or of power fac-
tor at a given point on the system, can be maintained.?
This ease of adjustment also enables machines of very
large size to be put on or taken off the system without
appreciable disturbance. Thus, the economic advan-
tages of large sizes can be fully realized with syn-
chronous condensers.

Also, from the manufacturer’s viewpoint, the syn-
chronous condenser has an outstanding advantage over
other rotating machines due to the fact that it neither
drives nor is driven by any other apparatus. This
permits a single, most economical, speed to be used for

1. A-c. Engineering Dept., General Electric Co., Schenec-
tady, N. Y. o
2. Woodruff, ““Principles of Electric Power Transmission,”

p. 153.
Presented at the Pacific Coast Convention of the A. I. E. E.,

Del Monte, Calif., September 13-16, 1927. Complete copies upon
request.
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called Lo the advantage lo be gained by the use of reactors in mlace of
such oversized condensers, where extra lugging cupacily s necded.
Separale scctions of the paper ave devoled lo slarting and stubility
characteristics, und to recent vmprovemends v the design of syn-
chronous condensers.  Finally, the use of a iynchronous condensers
15 discussed and found lo be undesirable

any given size, which, in turn, greatly helps standardiza-
tion. Besides, the torque required e ing merely that
to hold the rotor in step, the usual stability limitations
of synchronous machines are lifted, and consequently
very high current loadings can be employed. All these
things contribute to the attainment of low costs. On
the other hand, the low initial cost of the condenser
itself and the small amount of associated equipment
required combine to make the operating cost of the
power losses an abnormally high proportion of the
whole. On this account, special emphasis is placed
on the attainment of low losses in synchronous con-
densers, and this factor tends to increase the Initial
cost.

III. POSSIBILITIES OF STANDARDIZATION

OF CONDENSER DESIGN

Ideal conditions for standardization, combined with
progress, exist when specifications are so drawn as to
impose the least possible number of fixed requirements,
and when contracts are awarded on the basis of the best
performance on the non-fixed requirements. In this
way, each manufacturer is given maximum freedom for
the use of his available developments and for the play
of his initiative. When more requirements than those
absolutely necessary are laid down, all manufacturers
are forced to do some things in the same way, with
consequent inconvenience and increased developmental
costs for some of them. Synchronous condensers much
more nearly approach this ideal condition than most
other types of rotating machines, and yet it seems that
further progress in this direction can be made.

Aside from the restrictions imposed by the system
frequency and by the method of rating employed, there
are four variables that the purchaser may specify in
describing a synchronous condenser. These are:

1. Leading kv-a. capacity, or rating,

2. Number of poles, or speed,

3. Voltage,

4. Ratio of lagging to leading kv-a. capacity.

The first of these is the fundamental variable that
determines the size of the machine, so that the only
possibility of standardization here is in the limitation
of the number of ratings called for. Present practise
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in this respect is quite satisfactory, as the list of usual
ratings given in the first column of Table I has incre-
ments of at least 20 per cent, and intermediate ratings
are seldom called for. '

It is not desirable for the purchaser to specify the
speed, as this limits the manufacturer’s possibilities, and
usually handicaps one more than another. The natural
desire to improve his designs, and the economic urge of
competition will cause each manufacturer to select the
most economical speed for each machine, and the ulti-
mate user has, therefore, nothing to gain by insisting
on any particular value for it. As high-speed machines
are lighter and more efficient than low-speed machines
up to the points at which mechanical stresses and wind-
age losses become limiting, it follows that synchronous
condensers are normally built for high speeds. At the
present time the speeds listed in Table I are customary,
but the ratings at which the speed is changed vary
slightly among different manufacturers. Usually, ma-
chines are guaranteed for 25 per cent overspeed.

Sometimes condensers are placed in substations in
residential districts where quiet operation is essential,
and this has been thought to require machines of lower
than standard speeds. However, it is possible to so
enclose a high-speed condenser as to make it satis-
factorily quiet at less cost, and with better performance
than can be obtained by using a speed below standard.

For large sizes, it is often economical to use a com-
pletely closed system of ventilation with water coolers,
as deseribed in Section VIII. If this is not desired, it is
still possible to reduce the noise to a very small amount
by using a standard enclosed machine with the addition
of an air discharge chimmey on top. Felt-covered
baffles can be so placed in this chimmey as to practically
eliminate the high pitched part of the noise without
impeding the air flow to an important extent.

The voltage situation is not so simple as that of the
speed, as there are so many different system voltages
employed. However, the recent conferences on the
subject, at New York and Niagara Falls, (culminating
in the new N. E. L. A. table of preferred standard volt-
ages), give promise of some improvement. Also, as
synchronous condensers are frequently provided with
their own transformers or are fed from special tertiary
transformer windings, it is often possible to choose the
voltage that gives the most economical design. If the
condenser voltage is too high, excessive insulation costs
and extra losses due to the large slots required will
result; while if it is too low, excessive costs for the high
current-carrying capacity and extra losses due to eddy
currents in the massive conductors will arise. Hence,
there is a most economical voltage for every rating,
values of which are indicated in the third column of
Table I.

The remaining variable is the ratio of lagging to
leading kv-a. capacity. When a condenser is to be
used solely for power-factor correction, to compensate
for the lagging kv-a. of an industrial load, the lagging
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kv-a. capacity is of no direct interest, and so, in these
cases, it is rightly left for the manufacturer to settle.
As a value of the ratio not far from 0.5 gives the most
economical design for leading power-factor operation,
this is the value characteristic of most standard con-
densers. However, when condensers are to be used for
voltage regulation, a considerable lagging kv-a. capac-
ity is useful to hold the voltage down at light loads,
and so, purchasers frequently specify a value of unity
for this ratio. This imposes a considerable handicap
on the designer and requires a special machine so that
it is desirable to find some other way to obtain the
desired results. It is worth while to study this question

TABLE I
MOST ECONOMICAL SPEEDS AND VOLTAGES OF LARGE
SYNCHRONOUS CONDENSERS

Kv-a rating 60 cycle, r. p. m. Voltage
500 1,200 2,400/4,150
750 1,200 2,400/4,150
1,000 1,200 2,400/4,150
1,500 1,200 2,400/4,150
2,000 900 2,400/4,150
3,000 900 2,400/4,150
4,000 900 2,400/4.150
5,000 900 6,900 or 11,500
7,500 900 6,900 or 11,500
10,000 900 6,900 or 11,500
15,000 720 or 900 11,500 or 13,800
20,000 720 11,500 or 13.800
25,000 600 or 720 11,500 or 13,800
30,000 600 13,800
40,000 600 13,800
50,000 600 13,800

at some length; so the effects on design of varying this
lag/lead ratio will first be described, and then methods
of securing the desired operating results with normal
condensers will be considered.

IV. LAGGING Kv-A. CAPACITY SECURED BY CHANGES
IN CONDENSER DESIGN

The line current of a synchronous condenser is always
equal to the difference between the voltage induced by
its field and the impressed voltage divided by its syn-
chronous reactance and corrected for saturation.
Over-excitation of the field produces a leading current,
and under-excitation produces a lagging current. The
maximum possible lagging current occurs with zero
field current, and is therefore equal to the line voltage
divided by the synchronous reactance. While stable
operation with a small reversed field excitation is
possible, the trouble of providing for this reversal and
the attendant increased likelihood of the condenser’s
falling out of synchronism make it inadvisable. For
our purposes, therefore, the ratio of maximum lagging
to normal leading kv-a. capacity of a synchronous con-
denser may be taken equal to the reciprocal of the per
cent synchronous reactance, or to:
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100
X = 100Y, (1)

As lagging kv-a. are supplied when the field is under-
excited, under this condition the saturation ol the
magnetic circuit is slight and may be neglected. On the
other hand, the leading kv-a. are supplied when the field
1s over-excited, a condition in which saturation of the
magnetic circuit is pronounced.

1f the ratio of the actual field excitation to the no-
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load air-gap excitation is represented by F, the per cent

leading kv-a. is determined by the equation:

Per cent leading kv-a. < 100 (F — 1) Y, (2)
Without saturation, the inequality sign becomes an

equality sign, so that (2) reduces to (1), if F is made

equal to zero. Adding (1) and (2), the sum of the lead-

ing and lagging kv-a. is found to be,

Per cent (leading + lagging kv-a.) < 100 F' Y.

rated field current
S. C. field current 3)

Equation (3) indicates that the sum of the leading
and lagging kv-a. capacities of a given machine is
nearly independent of the no-load excitation. At full
leading kv-a., (2) becomes equal to unity, so that the
relation between F’ and Y, is found to be,

No-load air-gap field current B 1 Y; .
Fullload field current ~ F ~ 1+ 7y, @

Equations (1), (2), and (3) are plotted in Fig. 1 as
functions of Y.. The dotted curves show the ideal
conditions in the absence of saturation, while the solid
curves show the actual conditions for a particular
7500-kv-a., 900-rev. per. min. condenser with different
lengths of air-gap but with constant field excitation.

= 100

Jouenal A. 1, K. 1.

The figure clearly indicates the sacrifice in leading kv-a.
capacity necessary Lo secure greater lagging kv-a. Jf
instead of merely varying the air-gap, keeping the same
stator, the entire design is changed to always keep the
current carrying capacity of the stator winding just
adequate for the maximum kv-a., slightly greater out-
put can be obtained. [For example, at a 100 per cent
ratio of lagging to leading kv-a., a complete redesign will
enable 83 per cent of normal leading kv-a. to be ob-
tained as compared with only 75 per cent when the air-
gap alone is changed. The more extensive changes,
however, make the machine more special and require
additional developmental charges, so that they are not
always of economic advantage.

These results may be summarized by the statement
that a synchronous condenser of a given size and cost
may be designed to give any one of the four following
combinations of leading and lagging kv-a. capacities:
Standard 1009, leading, 509, lagging
Semi-standard - 909, leading, 659, lagging
Semi-standard 759, leading, 759, lagging
Special . . 839, leading, 839, lagging

The increase in air-gap length required to give greater
lagging kv-a. capacity increases the excitation loss
under leading kv-a. operation, so that the efficiency of a
condenser is thereby lowered. On the other hand, if
the air-gap is made so small that the lagging kv-a.
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Fic. 2—REeLative FuLr-Loap LossEs oF a 7500-Kv-a., 900-
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capacityisreduced below about 0.4 of theleading capac-
ity, the tooth frequency iron losses are increased so
much that the efficiency is again lowered. Thus, as
shown by the curves of Fig. 2, the least losses for leading
kv-a. operation with a given size of machine are secured
when the ratio of lagging to leading capacity is not
far from 0.6.

We, therefore, conclude that it 1s desirable to keep
the value of Y, between 0.5 and 0.6 for a standard line
of synchronous condensers. Wide departures from

e ——
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this range increase both costs and losses and so qanngt
be considered standard, and keeping closely to it will
greatly facilitate standardization and, will tend to
further reduce costs and improve performance.

V. OTHER METHODS OF SECURING LAGGING Kv-A.
CAPACITY

There are four principal methods of securing lagging
kv-a. capacity without departing from normal con-
denser designs:

1. By reconnection of the condenser windings,

2. By raising the condenser voltage by means of
transformer taps,

3. By use of reactors, and

4. By reduction of the system voltage.

The simplest general method of reconnection is to
divide each phase in halves and connect unlike halves
in series for lagging power-factor operation. On three
phase, this is equivalent to increasing the voltage in
the ratio of 2/~/°3, and so it raises the lagging capacity
to 4/3 of its normal value. However, unless rather
complicated internal connections are made, the scheme
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considerably increases the short-circuit core losses.* In
special cases, it is possible to change the number of
circuits, and it is always possible to bring out taps
from the winding in such a way that some of the arma-
ture coils can be cut out, with similar effects. These
schemes, however, all involve rather expensive switch-
ing arrangements and they are not conveniently adapt-
able to automatic operation; also, they all result in
increased losses per kv-a. so from this viewpoint they
are not attractive. Some of the methods are desira-
ble for use in special cases, such as when a single
machine is to he operated at different times on circuits

4. Reference No. 6 and Q. Graham, M. M. F. Wave of Poly-
phase Windings, Jounnan A. 1. B. I0., February 1927, p. 118.
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of different frequencies, but they cannot be recom-
mended for standard practise. At best, it is not practi-
cable to double the lagging kv-a. capacity of acondenser
by such means, so that they cannot completely solve
the problem.

The recent developments in tap changing trans-
formers’ at first sight give promise of a solution by
enabling the voltage to be varied at will over a wide
range, without opening the circuit. However, on
closer scrutiny, this possibility, too, is seen tobechimeri-
cal. In the first place, the tap changing apparatus is
quite expensive, and the cost of the condenser is con-
siderably increased by the necessity for insulating it
for the highest voltage used. These extra costs alone
are about the same as the extra cost of making the
original condenser good for full-lagging capacity, and,
in the second place, the losses in lagging power-factor
operation are considerably increased by this arrange-
ment as compared with the latter scheme.

In Fig. 3 there are shown curves of leading and
lagging kv-a. capacity and_per cent losses as functions
of the impressed voltage, for the same 7500-kv-a., 900-
rev. per min., 11,000-volt condenser used in the previous
figures. A voltage of about 130 per cent is required to
give 90 per cent of rated kv-a. in lagging operation, at
which point the losses are 2.2 per cent as compared
with only 1.6 per cent for the oversized condenser built
with a large enough air-gap to give the same lagging
capacity (Fig. 2 at Y, = 1.55). The curves show that
no appreciable increase in leading kv-a. capacity can be
secured by reducing the voltage, so that there is no
incidental gain from this source to offset the disadvan-
tages in lagging operation. We conclude, therefore,
that the voltage regulation scheme is not of value for our
purpose.

There remains the scheme of supplementing the de-
ficient lagging kv-a. capacity of the standard syn-
chronous condenser by the addition of parallel-
connected reactors. As high-voltage air core reactors
can now be built at costs per kv-a. which are about
half those of synchronous condensers and with total
losses of only about 1 per cent, this idea looks promising.
The obvious objection to it is that it requires additional
apparatus with suitable control and extra floor space.
Furthermore, unless the reactors are to be thrown on
the line all in one unit, expensive sectionalizing switches
are required. Thus, the complete equipment is more
expensive than a single oversized condenser designed
for full lagging capacity.

In the long run, however, the capital cost of the re-
actor scheme may prove to be the lower, for lagging
kv-a. are principally required when a system is lightly
loaded, in order to keep down the no-load voltage.
Over a period of time, as the system load increases, the
times of light load become shorter, and the minimum

5. A. Palme, Application and Design of Load Rutio-Conltrol

Lguipment, prosented at the Regional Meeting of District No. 1
of the A. I. E. ., Pittsfield, Mass., May 25-28, 1927.
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load becomes greater, so that less lagging kv-a. are
required, and the demand comes to be for leading kv-a.
capacity to hold the voltage up during overloads.
Hence in some cases, it should be economical to install
reactors alone when a transmission line is first built,
later to add standard condensers, and finally to take the
reactors away altogether for use at some other place,
or for sale.

From the point of view of power losses, too, the
reactor scheme may be attractive. Fig. 4 shows the
total losses in per cent of kv-a. output for the combina-
tion of the standard 7500-kv-a. condenser used in the
previous figures with suflicient air-core reactors to give
a total of 100 per cent lagging capacity; together with a
similar curve for a larger condenser built with a suf-
ficient air-gap to give it 7500 kv-a. capacity on both
leading and lagging operation.

All these methods of securing extra lagging capacity
involve extra cost and losses, so that it is desirable to
avoid the difficulties by merely reducing the system
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voltage. Thisreduces the leading kv-a. supplied by the
transmission line capacity, and increases the lagging
kv-a. due to the line reactance, thus greatly decreasing
the lagging requirements. The voltage reduction may
be made temporarily during a time of light load. In
general, a system design that gives permanently large
lagging kv-a. requirements is not the most economical.

VI. METHODS OF STARTING SYNCHRONOUS
CONDENSERS -

It is standard practise to provide synchronous con-
densers with amortisseur windings and to start them
from a low-voltage transformer tap or from an auto-
transformer. This method of starting is readily adapt-
able to automatic operation, and the equipment re-
quired costs less than a starting motor with its control
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and the necessary synchronizing apparatus. Unless a
source of low voltage for the starting motor is already
available, an extra transformer must he provided for it,
and in this case the cost is very much greater; also,
automatic operation with a starting motor is more
diflicult. The only apparent advantage of a starting
motor is the possibility of securing a lower reactive com-
ponent of the initial starting current by its means.

As the starting kv-a. required by a standard con-
denser is only about 30 per cent of normal, and this can
he reduced to about 20 per cent by adding oil pressures
starting equipment, it does not seem that the use of a
starting motor is ever necessary on this account. How-
ever, in rare cases it may be desirable occasionally to
use a condenser for line charging or for testing a trans-
mission line, and a starting motor will then be necessary.
If a condenser is to be operated on unbalanced voltages
or under other conditions where a very low-resistance
amortisseur winding is needed, the condenser’s starting
characteristics will be poor and a starting motor will
be desirable.

In order to keep down the induced field voltage, it is
customary to short circuit the field through a resistor
during the starting period. The condenser will then
come up to full speed on the tap voltage, and field is
applied before it is thrown over to full voltage. When
the change to full voltage is made, the field current being
kept constant, the kv-a. drawn from the line will change
suddenly by an amount depending on the value of field
current used. Let T represent the ratio of tap to line
voltage, Y, the ratio of lagging to leading kv-a. capacity,
and E the ratio of the field current during synchronizing
to the no-load field current. Then the leading kv-a.,
drawn from the line on the tap, are represented by:

TE-T)Y,
and the leading kv-a. on full voltage are:
EFE-1Y
For minimum shock to the system, these two must be

equal, whence we find the best value of field current to
use on synchronizing is:

E=T+1
which gives leading kv-a. equal to T' Y.,

As a standard condenser usually has a no-load field
current equal to about one-third of its full-load field
current, and as the tap voltage used for starting is
usually not over 30 per cent, equation (5) shows that the
best value of field current for synchronizing is a little
less than 40 per cent of its rated value.

In practise it is convenient for the operator to deter-
mine the best value of field current by taking two V
curves on the condenser, one at full voltage and one on
the starting tap, reading the current input on the line
side of the compensator. Then, asindicated in Fig. 5, it
Is a simple matter to prolong the leading branches of the
two V curves until they intersect, and this will give the
desired field current. The magnetizing kv-a. of the
compensator are usually large enough to make the de-

(5)
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termination by readings on the low side of the com-
pensator considerably in error, as indicated by the
dotted line in Fig. 5.

VII. STABILITY OF SYNCHRONOUS CONDENSERS

There are two aspects of the stability question as it
relates to synchronous condensers, the first dealing
with the stabilizing effect of a condenser on the system
voltage, and the second dealing with the ability of the
condenser to stay in synchronism during system dis-
turbances. These will be considered in turn.

A dead system load, made up of lamps, resistors,
reactors and so forth, is characterized by a constant
ratio between its voltage and current. If the voltage
rises or falls, the current does likewise in an equal
ratio, without change of power factor. A live load,
made up of synchronous and induction motors, 1is
characterized by a constant kilowatt demand, indepen-

dent of voltage, so that in this case the power com-

ponent of current rises if the voltage falls, and vice
versa. With a dead load, therefore, a fall in voltage
results in a decrease in line drop, while with a live load
a fall in voltage gives an increased line drop. The
former is always a stable, and the latter may be an
unstable condition.

For good system stability, it is necessary to counter-
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act the effects of a live load by adding equipment that
will give a rapid decrease in the line drop whenever the
voltage falls. A static condenser is of no use for this
purpose, as the current falls with the voltage, and thus
the voltage rise it produces falls also, increasing the
instability. An induction voltage regulator can be
used, but its effect is secured by the action of its control
mechanism, and so is not immediate. On the other
hand, a synchronous condenser fulfills the desired con-
ditions, as it gives an increased leading current when the
voltage falls, and vice versa. The action in this case
is immediate, as the field excitation is always equal to
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the sum of the values required to produce the voltage
and the armature current, and any decrease in one
results in an equivalent increase in the other. This
property of the synchronous condenser is of the greatest
importance in problems of system stability.

A standard synchronous condenser with about 50
per cent lagging kv-a. capacity has a pull-out torque
of about 175 per cent of its rated kv-a., with full excita-
tion. At no-load, the pull-out torque is reduced to
about 75 per cent, and even with zero field current,
corresponding to full lagging kv-a., it still has a pull-out
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torque of about 20 per cent of its rating. A condenser
designed for 100 per cent lagging capacity has corre-
sponding pull-out torque values of about 225, 125, and
30 per cent. A standard condenser of 5000 kv-a.,or
above, also has a value of W R* equal to:

1000

2
: > 1b. ft. squared
rev.permin,

W R? = (6to 8) (kv-a.) <

(6)

The familiar equation for the torque required to

produce angular acceleration in a rotating mass can

now be applied to determine what rate of change of

frequency can occur without the condenser falling out
of synchronism. This equation is:

W R?
g

d_w = tor(iue
dt ’

)

where the moment of inertia in pound-feet-seconds

squared is:
1000 )
rev. per min.

W R? 7
. ; (‘32«——2 ) (kv-a.) (

approximately, (8)
the angular acceleration in radians per sec. squared is:
dw ( dw ) df
dt wdt fdt
27 ) : df
={ — rev. per min.) ————, 9
( 50 (rev.p ) 7Y 9)
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and the torque in foot-pounds is:

Torque = (0.2 to 1.75) M (10)
rev. per min.

Substituting these expressions in (7), we find the
allowable rate of change of frequency for a standard
condenser to be:

‘fddf =& 0.06 for zero field excitation

= 0.28 for no-load excitation
= 0.55 for full-load excitation (11)

This means that the frequency could be changed 55
ber cent per sec. without causing a standard condenser
operating at rated field excitation to fall out of step,
provided the voltages at its terminals were held absolutely
constant and balanced. In practise, a system distur-
bance usually both lowers and unbalances the voltage,
so the actually allowable rate of frequency change is
much less. i

The torque developed varies as the square of the
voltage with no field excitation (full lagging operation),
and just a little faster than the first power of the
voltage at normal excitation (full leading operation .
If one line terminal is opened, the condenser operates
single-phase, and has a pull-out torque about 70 per
cent of its value at the same voltage three-phase. If,
however, the voltage between two terminals falls very
far, corresponding to a short circuit between lines, the
short-circuited phase acts as a generator feeding power
to the fault, and the pull-out torque is reduced still more.
Also, the existence of reactance in the lines and trans-
formers may greatly reduce the pull-out torque.
On the whole, therefore. taking into account these
factors and remembering that the maximum torque of
a synchronous machine is not fully available, due to the
hunting that always occurs on disturbances, it is prob-
able that not more than 10 per cent of the rate of fre-
quency change given by (11) is permissible.

Our conclusion is that a condenser operating at rated
field current will stay in step during system distur-
bances if the frequency does not change more rapidly
than 5 per cent per sec.; and at zero field current it will
stay in step during frequency changes up to 15 per cent
per sec. -If it falls out of step when the field excitation
is very small, the condenser will behave like an induc-
tion motor and will come right back into step after
the disturbance is over, while at large excitations, it will
come to rest and must be restarted, hence, the lessened
stability of a condenser at reduced excitations is not of
particular importance. On the basis of these figures, it
seems that standard condensers have ample synchroniz-
ing power for ordinary applications and that no weight
need be attached to this factor in writing condenser
specifications.

VIII. RECENT IMPROVEMENTS IN CONDENSER DESIGN

Designers are always striving to make more efficient,
cooler, and more reliable machines without increasing
the cost, and the results of their efforts should at inter-
vals be recorded. There are several recent improve-
ments in condenser design that seem worth presentation
here.

The design of amortisseur windings, especially the end
rings, has always presented a serious problem on large
high-speed machines, as the support of the projecting
bars and rings has proved mechanically difficult.
Furthermore, the presence of a complete end ring has
been very inconvenient in taking down and reas-
sembling the poles. By simply omitting any end-ring
connection between poles, the amortisseur winding bars
can be shortened, and the ring segment placed close to

Fic. 7—RoTor ofF 7500-K\ -a., 900-REv. Per Mix.
Sy~NcHroNoTS CONDENSER
Showing open amortisseur winding and finned field coils

the pole piece punchings. The expansion of the bars due
to heating during starting is taken care of by leaving a
small axial clearance between the rings and the pole
pieces. This gives a very happy solution to the
problem, as it avoids all mechantecal difficulties and
dangers from overheating of the exposed bars, and
greatly facilitates assembly. Most advances in the
art bring complications in their train, and it is there-
fore extremely pleasant to be able to record one that
simplifies the design instead. Fig. 7 illustrates this
construction.

Another recent improvement in rotor design consists
of the addition of fins to the ends of the field winding,
also illustrated in Fig. 7. These fins are made by
simply projecting every second or third turn of the field
coil during winding. They give an increased area for
cooling on the ends, where it is most effective, and so
reduce the field temperature.

In the design of the stator, improvements have taken
the form of simpler and stronger mechanical construe-
tion by the use of steel plates welded together instead

J9urnal A. I. E. E.
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of castings, and in improved arrangements for ventila-
tion. Fig. 8 shows a 10-pole, 20,000-kv-a., 720 rev. per
min., 11,000-volt, synchronous condenser recently built.

The welded frame is much lighter than an equivalent
casting, and is more easily modified to meet special
requirements.

The number of cubic feet of ventilating air passing
through an open machine is so great that astonishing
amounts of dirt can collect on the windings in a short
time. For every kilowatt of loss, a machine requires
about 100 cu. ft. of cooling air per min., or, on the basis
of 8000 hrs. of operation annually, about 50,000,000
cu. ft. each year.

The air found in ordinary buildings usually contains
between 0.02 and 0.2 1b. of dust per 1,000,000 cu. ft.,
and we may take 0.03 as representing reasonably good
conditions. If 10 per cent of the dust in the ventilating
air is deposited as it passes through the machine, then
0.15 1b. are deposited annually for each kilowatt of
loss. Most large condensers have sufficient cooling
air to provide for losses equal to 3 per cent of the rating

Fic. 8—20,000-Kv-a., 720-Rev. PEr M1~., 11,000-VovrT

SyncArRONOUS CONDENSER
Showing steel plate frame

so that this means about 414 1b. dirt per 1,000 kv-a.
of rating. On a 50,000-kv-a. condenser, this gives a
total of over 200 lb. of dirt deposited annually.

The presence of dirt on the windingsand in the air
ducts increases, of course, both the temperature rise and
the fire risk, so that the use of a closed system of venti-
lation prevents deterioration of the insulation and
provides valuable insurance. These advantages suffi-
ciently explain why the 50,000-kv-a. condensers re-
cently built have been provided with closed system
ventilation and water coolers. There is no doubt that
an increasing percentage of large machines will be built
in’this way in the future.

Last, but not least, steady reductions in the losses
of synchronous condensers have been going on. In
Fig. 6, the usually guaranteed losses of standard con-
densers of voltages and speeds as given in Table I are
shown in comparison with those existing four years ago.
Of course, considerable variations from the curve values
occur due to the special conditions in each case; never-

6. Margaret Ingels, “*Ilow Dusty is Air,”" JI. Am. Soc. of
Healing and Venlilating Engincers, Vol. 31, Aug., 1925, pp. 415-
418.
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theless, the curve can be relied upon for preliminary
calculations of the cost of condenser losses in projected
installations.

IX. ASYNCHRONOUS CONDENSERS

Asynchronous condensers, made by exciting a slip-
ring induction machine from a direct-connected, a-c.
exciter, are sometimes used abroad. They have the
advantages of affording a large lagging kv-a. capacity,
and of remaining in step through severe system dis-
turbances. They require a distributed rotor winding,
however, which results in a large extra cost and much
lower efficiency. With the short time settings of pro-
tective relays generally used in this country, the
extra stability is of no importance, and so their dis-
advantages mentioned far outweigh their advantages.

Finally the important advantage of synchronous
condensers in stabilizing the voltage, discussed in
section VII, is lost with the simplest form of asynchro-
nous condenser, which has its a-c. exciter fed from a
transformer connected to the main lines. For, in such
a machine, the exciting current decreases proportionally
to the line voltage, and so the leading current decreases
also, making the apparatus equivalent to a static
condenser only. This defect can be overcome by pro-
viding an auxiliary motor-driven synchronous generator
to feed the exciter, at some extra expense, when the
machine becomes equivalent to an unsaturated syn-
chronous condenser.

X. CONCLUSIONS

From this discussion, several fairly definite conclu-
sions can be drawn. These may be listed as follows:

1. The most economical speeds and voltages for
synchronous condensers are approximately those listed
in Table I. If quiet operation is important, it should be
secured by enclosing features rather than by resorting
to lower speeds.

2. Standard synchronous condensers have ratios of
lagging to leading kv-a. capacity of approximately 0.5.
To require a ratio of unity means an increase in size of
about 25 per cent above standard, together with a slight
sacrifice in efficiency.

3. To obtain greater lagging kv-a. capacity, recon-
nection or variable voltage operation of synchronous
condensers is not generally desirable, but may be justi-
fied in special cases.

4, The use of reactors to supplement the lagging
kv-a. capacity of standard synchronous condensers
offers many advantages, and may be generally prefer-
able to the use of special condensers with large lagging
capacities.

5. The standard method of starting synchronous
condensers as induction machines on reduced voltage
1s preferable to the use of a starting motor. If espe-
cially low starting kv-a. are desired, oil pressure starting
equipment should be provided.

6. The least disturbance on synchronizing will take
place when the field current at changeover from the tap
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to tull voltuge is made equal to (T + 1) times the no-
load field current, or, roughly, 40 per cent of the rated
field eurrent of a standard condenser.

7. Present standard condensers have adequate
synchronizing power, and should stay in step on system
disturbances in which the frequency does not change
faster than 5 per cent per sec. at rated excitation, or one-
half per cent per sec. at zero excitation.

8. 'The use of asynchronous condensers presents no
important advantages over the usual synchronous
condensers, and is accompanied by a sacrifice in cost
and losses.

The author wishes to express his appreciation of the
assistance given him by Messrs. L. W. Riggs and O. A.
Gustafson in the preparation of this paper.
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Annual Report of the Committee on Research -

To the Board of Directors:

1. THE TRAINING OF RESEARCH WORKERS

There is, perhaps no more important problem at
this time than that of the training of research workers
and engineers. The popular appreciation of research
is increasing. This is good because the chief stimulus
of research is a certain state of mind akin to, but more
than, curiosity and inquisitiveness which without doubt
can be developed in the proper atmosphere. It was a
similar state of mind, a dissatisfaction, a desire to go
where others had not gone and see what others had not
seen that actuated our pioneer ancestors and resulted in
America. It would thus seem that the right material
should be available;but more than material and popular
appreciation is required to create the necessary state
of mind. Are our colleges doing their part? As was
pointed out in the report of this Committee last year,
indications are that they are not. As a gage on the
research in electrical engineering at colleges, Dr. F. E.
Terman, of Stanford University, has made a statistical
study of research papers presented by college professors
and their students. The following is quoted from his
report which appeared in the April 22, 1927 of Science:

“The summary of this survey shows that the electrical
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engineering schools of our country produce about one-
eighth of the electrical and radio research that is re-
ported in the pages of the national engineering societies.
This represents about eleven articles a year. Of these
eleven articles coming from the colleges each year,
approximately seven come from four universities.
There is a total of several hundred. Apparently not
over a dozen technical schools are making much effort,
if any, in the way of research. Over half of the uni-
versity research in electrical engineering is the work of
eight men.

This is the situation, and it now remains to consider
the consequences of this condition. University re-
search in electrical engineering is primarily significant
as an indication of the situation which exists today in
the education of electrical engineers. The lahoratories
of the big electrical companies make technical progress
assured even without university research, but the
country’s supply of technically trained young men can
come only from the university.”

These facts are disconcerting. In correcting this
condition, it must be kept in mind that true research
workers are more than mere readers of instruments
and collectors of data and cannot be turned out
mechanically.

It is not a mere matter of money and apparatus;
atmosphere and inspiration are necessary. These must
be supplied. There 1s, perhaps, something still to be
done by the industry in further recognition of the
research worker in a monetary way.

2. ACTIVE RESEARCH

This Committee serves as the Advisory Committee
on Electrical Engineering to the National Research
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Council. At the request of that Council, the Com-
mittee on Research has been instrumental in establish-
ing in the National Research Council, a Committee on
Electrical Insulation. This has given work of a definite
character to the Committee on Research and a small
group of its members has been active in this connection.

The Committee on Insulation, largely made up of
members of the Committee on Research, has already
made two reports; the second of which is a compre-
hensive review of the literature and present information
on the subject of dielectric absorption, and has sug-
gested channels for further research in this field. Asa
result, a number of researches are now under way in
different universities; one of these, in Johns Hopkins
University, is of special interest on the present occasion,
as it is being supported by a generous fund guaranteed
by Engineering Foundation.

A third report of this Committee on Dielectric
Strength of Solid and Liquid Dielectrics is being pre-
sented at this meeting.

Research on cable insulation, under the auspices of
the N. E. L. A, is under way in several colleges. Part
of this work—Influence of Residual Air and Moisture
on Impregnated Paper Insulation—has already been
presented to the Institute by Doctor Whitehead.

3. STIMULATION OF RESEARCH

All divisions of electrical engineering offer wide oppor-
tunity for experimental study, development, and
research. It is the special duty of our Committee to
encourage and stimulate research, to keep in touch with
the results accomplished, and to see to it that the
members of the Institute and others interested are
informed.

To do this, the Committee asks its members to report
onallmattersof the following natures that come *o their
attention:

1. New experimental work about to be undertaken,
Information assists in co-ordination and often prevenis
duplication.

2. Important results of completed research.
formation is necessary for our annual report.

3. Suggestions of important problems for research.
The Committee has frequent opportunities for sug-
gesting promising problems for experimental attack.

4. Any method or occasion which suggests itself for
obtaining important research papers for the Institute.

President Chesney has done much to stimulate re-
search in hisinspiring talks at our various Sections in the
United States and Canada. While he has pointed out
clearly the necessity of pure research and adequate
support of our colleges, he has not let us forget that the
work cannot go on by research alone. Combined with
this research spirit of adventure, there must be the
spirit of cooperation.and willingness of standardization
at the proper time. Strange as it may seem, research
and standardization must go together if the maximum
prosperity is to he attained. 1t is well, in closing, to

In-
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place the engineer by quoting from President Chesney’s
Chicago talk:

“The electrical engineer’s hopes and aspirations turn
him to the future. His spirit is essentially the spirit
of progress, and, while he reveres the accomplishments
of the past in which figures of men were more con-
spicuous than events, the changing conditions of
modern day civilization still leave him the embodiment
of progress. Complacent satisfaction with things as
they are has ever been foreign to his nature; he is con-
stantly striving for improvement.”

F. W. PEEK, Acting Chairman.

SYNCHRONOUS MACHINES--III*
Torque-Angle Characteristics Under
Transient Conditions
By R. E. DOHERTY C. A. NICKLE

Associate, A. I. E. E. Associate, A. L. E. E.

This is the third part of a series of papers on the sub-
ject of synchronous machines. The first two were

I. An Extension of Blondel’s Two-Reaction Theory,

I1. Steady State Power-Angle Characteristics.

The present paper deals with the power-angle, or
torque-angle, characteristics under transient conditions,
namely,

A. Cyelic variation of impressed torque,

B. Sudden angular displacement,

C. Synchronizing out of phase.

It is shown, as in Fig. 6, that although the slope of
the torque-angle characteristic (which is an important
factor in the determination of the resonant frequency)
under the oscillatory condition is greater over a large
range of values of the average angle 6’ than under
steady operation, nevertheless in the range of normal
operation, 1. e., from 6’ = 0 to 6’ = 25 deg., the two
slopes, in the case of salient-pole machines, are practi-
cally the same. Hence, it is only in rather rare, special
cases that a correction in the slope for the oscillatory
condition is necessary. For such cases, equation 27
gives the correction.

Referring to condition B, Fig. 13 shows the steady
state torque-angle characteristic and also the character-
istics for the condition of sudden angular displacement,
the latter occurring from various given points on the
steady state curve. The slopes indicated by dotted
line segments in Fig. 6 merely correspond to parts of
the complete characteristics shown in Fig. 13. The
latter are calculated from equation 46.

It is fairly well known that synchronizing out of
phase gives rise to much larger torque than would
exist at the same angular displacement under steady
operation. The difference between these two torques
is shown in Fig. 17 for a steam turbine type generator.
The steady state torque is calculated from equation 26;
the transient torque from equation 61.

*Synopsis of paper presented at the Winler Convention of the
A 1. E New York N. Y., Feb. 7-11, 1927.
upon requesl.

and

Comyplele copies



High-Voltage Oil Circuit Breakers for
Transmission Networks

BY ROY WILKINS:

Meamber, A T B

HIE standards of the American Institute of Electri-

cal Kngineers define an ojl eireuit breaker as a

“device (other than a fuse) constructed primarily
for the interruption, in oil, of a circuit under infrequent
abnormal conditions.” Common usage, however, has
sanctioned the use of the term “ecircuit breaker” as
applying to a device for the regular and usual inter-
ruption of an energized cireuit as distinguished from a
switch used only for opening circuits which are de-
energized or not carrying load. This rarer will con-
sider only high-voltage oil circuit breakers, the term
“high voltage” teing taken as applying to potentials
of 25,000 volts or above.

The fundamental purpose of a high-voltage trans-
mission network is to deliver power with a2 maximum of
reliakility at a minimum expense.

The high-voltage oil circuit breaker is an integral
part of a transmission network. It is purchased not to
demonstrate whether or not it will fail under operating
conditions, but to insure service under both normal and
abnormal conditions.

In every paper on transmission line stakility
presented Lefore the Institute during tre last five years,
the importance of fast and accurate switching has been
emphasized. The present paper proposes to outline in
a general way how present day high-voltage oil circuit
breakers fulfill some of the operating requirements of
transmission networks.

It may be said that oil circuit breakers are in use
today only because no better substitute has been
develored. In them, the function of the oil is to in-
sulate the contacts one from another and from the tank
or ground. Mineral oils with a relatively high flash
point are the only insulating mediums thus far available.
It must be noted, however, that during the time of
arcing the oil is a decided detriment to the breaker. [t
becomes volatilized and builds up excessive pressures
in the container, and it becomes ionized and forms a
conducting path which aids rather than hinders the are.
If it were possible to so construct a breaker, it would
be better to separate the contacts the required distance
and then introduce the oil at the zero point on the
voltage wave. This is not a practical possibility and it
1s therefore necessary to have the contacts immersed in
oil at all times.

Many substitutes for oil have been proposed and tried
with varying degrees of success, and of these a high

1. Assistant Engineer, Division of Hydroelectric and Trans-
mission Engineering, Pacifie Gas and Electric Co., San Francisco
Calif.

Presented al the Pacific Coast Convention of the A. I. E. E.
Del Monte, Calif., Sept. 13-16, 1927.
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vacuum seems to offer the greatest poseihility of an
ultimate solution to the problem.” A one-half inch
travel of eontacts in a high vacuum is equivalent to a
great many inches of travel under oil, and many possi.
bilities present themselves. The practical application
of the knowledge is a real problem. An exceptionally
high vacuum must be continually maintained under
service conditions, and means must be developed for
moving the breaker contacts the necessary inch or so
within this vacuum before the switch can be made ready
for general application. Of the other alternatives to oil,
mostly hydrocarbons, which have been tried, none so
far has been able to supplant the petroleum derivatives
except for very special uses and even then only to a
limited extent.

From the foregoing it is seen that there is no im-
mediate prospect of using any current interrupting
device for the control of high-voltage transmission
networks other than the oil eircuit breaker using a
mineral oil as the insulating medium. [t must therefore
be the foundation upon which to base the immediate
developments to secure improvements which will
better fit it for the duties it must perform. That im-
provements are necessary and urgently needed is ob-
vious to all operating men.?

The object of an oil circuit breaker is to interrupt
current. For the purpose of this discusssion the charac-
teristics of the interruption may ke divided into two
general groups, which may each be further subdivided
for special consideration as follows:

I Characteristics influenced by the operation of the
oll circuit breaker.
a. Speed of break

b. Current (to a limited extent) to be
interrupted.

IT  Characteristics dependent upon the connected
cireuit.
a. Power factor,
b. Recovery voltage,
c. Phasebalancing,

d. Growth and decay of current values,
. Resonance.

The subheading, I-a, may be still further sub-
divided for a study of the manner in which the speed
of break is controlled :

(1]

2. Vacwum Switching Erperiments at California [nstitute of
Technology, R. W. Sorensen and H. E. Mendenhall, A. I. E. E
Jourxaw, December, 1926, p. 1203.

3. A LE.E. Traxs., Vol. 43, 1924, pp. 656-657. and Elec.
World, Feb. 5, 1927, p- 302.
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Speed of break.
1. Speeding up moving parts by,
a. Spring retracted contacts,
b. Accelerating springs,
c. Quick break contacts,
d. Explosion chamber contacts.

2. Multiple breaks.

The manner in which the speed of break is affected
by the several methods listed above will be considered
as exemplified in present day operating practise.

a. Spring retracted contacts were first used exten-
sively on oil immersed fuses which were in reality oil
circuit breakers with a fuse as the tripping mechanism.

I-a.
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They were developed and used in Europe prior to 1904
and have been thoroughly described in the technical
journals of the time.* Letters patent covering this
type of apparatus were granted in the United States in
1905.> This type of equipment is doubly interesting
at the present time because the surviving examples
represent at the same time the highest contact speed and
the smallest physical dimensions of commercial current
interrupting devices for use on high-voltage circuits.
The speed of break attained in a 114-ampere, oil filled
spring retracted fuse with 7-lb. (3.17 kg.) pull is ap-
proximately 40 ft. per sec. (13.1 m.persec.). An
example of its performance with 1600 ohms resistance
in series is given in Fig. 1 and with 300 ohms series
resistance in Fig. 2. Both tests were made intheshort-
circuited phase to ground connection of a grounded Y
110-kv. circuit.

b. Accelerating springs are used at present on most
of the high-voltage oil circuit breakers. They may be
compression or tension springs or both, and in some
cases both types may be found in the same breaker.
Such springs are for the most part extended or com-
pressed, (depending upon the type), by the final action of
the closing mechanism of the hreaker and serve both asa

4. Klekirolech. Zeitseh,, June 9, 1904, . Collischonn.
5. Patent No. 781,347 to Christian Kramer, Jan. 31, 1905.
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damping agent on the closing strokeand foracceleration
of the contacts on opening. In certain cases, the con-
tacts themselves serve such a purpose, as for instance in
the Westinghouse butt contacts, which are spring-
supported or the condit contacts which are of laminated
leaf copper type. The effect of these contacts can
be seen clearly in the accelerated travel of the moving
member, which slows down again after the contacts
part. See Fig. 6.

There are two major objections to the accelerating
springs in general use. First, their effect is minor so
far as a reasonable amount of speed in concerned, the
maximum recorded being about one-half ft. per sec.
(15.2 em. per sec.);and second, they absorb energy at a
time on the closing stroke when it cannot well be spared
from most types of closing mechanisms. If greatly
strengthened, they give rise to uncertain closing and hair
trigger adjustments, already too much condemned by
operating engineers to require further discussion.
Suffice it to say that present day breakers require
too many critical adjustments, and development must
be toward a reduction in their number rather than any
tendency to make them more critical.

¢. Quick break contacts usually take the form of
auxiliary contacts and serve two purposes,—first, to
increase the separation betwen contacts in a given
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Vaca—Dixon Substation—June 20, 1926

time, ¢.e., to reduce the time of arcing, and second,
to preserve the main contact surface by breaking the
arc on replaceable auxiliary contacts.

From an operating standpoint the time and energy
required to operate the quick breaks is an advantage
to the oil circuit breaker, gained at the expense of the
system on which it operates. This comes about by
reason of the fact that all varieties of quick break
contacts now available delay the opening time until the
contacts have traveled a sufficient distance to bring the
quick break into action. Figs. 3 and 4 show the speed
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time curve of a Pacific Blectrie Manufacturing Com-
pany, 110-kv., 400-ampere, six-break, oil eireuit hreaker
with contacts arranged as shown in Fig. 5. In this
case, the main contacts part after 8 or 4 in. (7.5 0r 10
cm.) of travel from the closed position, whereas the
arcing contacts do not part until 8 or 10 in., (20 or
25 em.) of travel has been obtained. This requires
0.075 sec. or more than 4 cycles on a 60-cycle system.
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Vaca—Dixon Substation—July 12, 1926

Fig. 6 shows thespeed-- time curvefora W estinghouse
Type G-2, 187-kv. oil circuit breaker of the type used on
a 220-kv. grounded Y system in which the quick break
contacts have the form shown in Fig. 7. With this
breaker, the main contacts part about 1% in, (4 em.)
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from the closed position and the quick break auxiliary
contacts about 10 in. (25 em.) from the closed position.
This requires about 0.25 sec. or 15 cycles on a 60-cycle
system. The speed obtained on the quick break con-
tacts themselves is about twice that of the main con-
tacts so that the arc when started is extended at about
three times the main contact speed.

d. Increased contact speed may also be gained
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capacity breakers of the General Electric Company in
the United States, and its affiliated companies, notably
the A. E. G., in Europe. The principle of the explosion
chamber contact is illustrated in Fig. 8 and is too well
known to require any extended description here.

In this type of contact the speed of break is obtained
by virtue of the gas pressure in the contact chamber
acting on the rod as a piston. The gas pressure is
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generated by the arc acting on the oil within the ex-
plosion chamber and depends upon the clearance be-
tween the contact rod and the explosion pot entrance
bushing and the amount of oil volatilized. The amount
of oil volatilized depends upon the current in the are
and the time of arcing. This means that high currents
will cause increased contact speed over lower currents.

Fig. 9 shows the speed—time curve of a General
Electric F H K 0-36-33C, 115-kv., oil circuit breaker at
no-load, and Fig. 10 shows the speed—time curves for
the same breaker when interrupting 300 amperes of
line charging current. In this type of contact the
clearances are determined by the maximum amount of
current to be interrupted and the maximum speed the
contact member is permitted to attain. In the example
given above, the maximum speed was 5.5 ft. per sec.
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(1.8 m. per sec.) while in the extensive Canton tests®
the contact speeds were between 6 and 7 ft. per sec.
(2 and 2.8 m. persec.). The contact speeds attained
at the Alabama Power Company tests’ on explosion
chamber breakers were between 4.75 and 6.6 ft. (1.56
and 2.16 m. persec.). This type of breaker obtains
increased contact speed at the expense of the oil in the
circuit breaker.

The breakers thus far considered have all been of the
two-break type, and the total length of arc in all makes
is approximately the same. The contact speeds are
also of the same order and range from 3.5 ft. (1.15m.)
per sec. to somewhat less than 7 ft. (2.3 m.) per sec.
In order to better appreciate what these speeds repre-
sent, it may be well to convert them to mi. per hr.,
a term universally familiar to all. Thus we see that
3.5 ft. (1.15 m.) per sec. is only 2.4 mi. (3.86 km.) per
hr., 5 ft. (1.64 m.) per sec. is 3.41 mi. (5.5 km.) per hr.
and 10 ft. (8.28 m.) per sec., 6.82 mi. (11 km.) per hr.
which is only slightly above the speed of a brisk walk.
Present day high-speed d-c. circuit breakers have a
speed of approximately 200 ft. (65.6 m.) per sec.

Speed of contact travel is the only feature of the
breaker which may be varied to reduce the time of
arcing, and when it is considered that it is at present
usual to ask for interrupting capacities of a million kv-a.
or more, it would seem logical to greatly increase the
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Vaca-Dixon Substation—July 10, 1926

speed of contact travel. The effect of increased con-
tact speed will be discussed later.

Under the heading I-a, Speed of break, there still
remains the consideration of the second subdivision,
Multiple breaks. By common usage the term multiple
break has been considered to apply to circuit breakers
employing more than two simultaneous breaks in series

6. Journan A. I K. K. July, 1927, p. 698, Tests on Oil Circuit
Breakers, by Sporn and St. Clair.

7. J. D. Hilliard, Circuit Breaker Tests at Bessemer, Ala.,
Trans. A L. K. ., 1924, p. 636.
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to interrupt the ecircuit. American manufacturers of
this type of breaker are the Condit Electric Manu-
facturing Company (Brown Boveri type) the Kelman
Electric and Manufacturing Company and the Pacific
Electric Manufacturing Company. The Brown Boveri
switch tested at Canton® was an imported breaker, but
almost identical with the American built breakers of the
same design. This was a type A F 24, 1A, 150-kv.
breaker with ten breaks in series per pole. It had a
contact speed of from 1.7 to 2.2 ft. (0.56 to 0.72 m.) per
sec. and a contact travel of a little less than one foot,
(0.3m.).

The Pacific Electric breaker has six breaks in series
per pole, the contacts rotating to make a horizontal
break. The speed— time characteristics of this breaker
with a solenoid operating mechanism are shown in
Fig. 4. The most recent switches of this company are
equipped with a motor-wound spring-type operator
which has increased its speed of operation to give a
contact travel of approximately 15 ft. (5m.) per sec.
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F1c. 10—INTERRUPTION oF P1T LiNE CHARGING CURRENT WITH
115-Kv., 400-AnPERE O1n CirculiT BREAKER

Vaca—Dixon Substation—July 10, 1926

with speed—time characteristic curves of the same
shapeas shown in Fig. 4.

Kelman breakers also employ a six-break contact
which is controlled through a pantograph mechanism to
make a horizontal linear break. The breaker is sole-
noid operated, and has a contact travel of approximately
3.2 ft. (1 m.) per sec.

The importance of speedin clearing trouble in a high-
voltage transmission network cannot be too strongly
emphasized. As systems grow in size and the amounts
of power available at a fault increase, it becomes more
and more necessary to isolate the fault in the shortest
possible time. With the large amounts of power avail-
able, great damage is done in a very short space of time

8. Spornand St. Clair., Tests on Oil Circuit Breakers, Jour-
~ar A. I. E. E., July, 1927, p. 698.

Journal A, 1. B, 17,

and the very existence of the network depends upon the
quickness and accuracy of the switching.

Relays have been developed and applied to line pro-
tection to such an extent that it is now practicable to
relay a line so that troubles causing a flashover can be
cleared before material damage is done to the line
insulators or conductor more than 90 per cent of the
time. Relays are now in operation which will close
their contacts selectively on grounds on one of a pair of
parallel lines in a definite direction on both ends of
that line in considerably less time than is required for
any available high-voltage oil circuit breaker to open
its contacts after the trip coil has been energized.

It will be shown later that the time required to open
the contacts of a present day high-voltage oil circuit
breaker is roughly one-half the total time required to
clear the average case of trouble. Exception to this is
made in the case of the breakers with explosion chamber
type contacts where the time is greater or less dependent
upon the particular design and the current to be inter-
rupted. It istherefore evident that the time consumed
by the relays in discriminating between circuits and
starting the necessary operations to trip the switch is
approximately only one-third of the total time required
to clear the circuit. The balance of the time is taken
by the oil circuit breaker itself in completing the inter-
ruption and is unnecessarily long. That increased
speed is desirable seems to be universally accepted.
The best method of achieving this increased speed
seems very much debated. From an operating stand-
point, however obtained, higher interrupting speeds
would benefit both the breaker itself and the system of
which it was a part.

LIMITATION OF CURRENT

In the foregoing outline under subheading (b) as a
characteristic of the circuit interruption influenced by
the oil circuit breaker was given the limitation of the
current to be interrupted.

In such breakers as have this feature Incorporated,
it is usually accomplished by the insertion of resistance
into the circuit before the final rupture takes place.
European breakers use this feature much more often
than those manufactured in America, one reason being
that the greater proportion of European oil circuit
breakers are multiple contact and lend themselves
particularly well to such treatment.

The mechanical design of high-voltage oil circuit
breakers is not yet advanced to a point where the
resistance feature can be added without reducing the
mechanical reliability of the breaker below a safe
minimum in many cases.

However, low-voltage circuits for heavy duty are,
customarily equipped with external reactors to reduce
the duty on the oil circuijt breaker and are considered
sound practise even though they entail a continuous
loss often for the sole purpose of protecting the oil
circuit breaker momentarily during trouble.
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The expense and operating difficulties attending the
use of external reactors for high-voltage work has pro-
hibited their use for 60 kv. or above, except in a few
isolated cases. The mechanical difficulties attending
their use internally on a two break oil circuit breaker
have likewise prohibited their use in that direction in
this country.

CHARACTERISTICS DEPENDENT UPON THE CONNECTED
CIRCUIT

Assubheadingsunder those characteristics over which
the oil circuit breaker has no control are grouped:
(a) power factor, (b) recovery voltage, together with
others to be considered later.

Because of the fact that the current in an a-c. circuit
is broken at or near the zero of the current wave the
duty on the breaker is least at unity power factor since

WILKINS AND CRELLIN: HIGH-VOLTAGE OIL CIRCUIT BREAKERS
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reasonably good and operating practise has detgrmined
also that by far the major portion of high tension net-
work troubles are from conductor to ground.

In practise, therefore, the power factor of the circuit,
while important, is not vital to an oil circuit breaker
with any reasonable margin of safety except in special
cases which will be considered later. Coupled with
power factor is recovery voltage usually defined as the
voltage across the oil circuit breaker contacts in the
first half cycle after the circuit is interrupted.

The only thing definitely established regarding
recovery voltage on an operating network is that it is
not the simple vector relation of normal voltages that a
single generator gives on test. All of the transient
characteristics of the connected equipment influence
it sometimes for several cycles after the arc has cleared.

F1g. 11—INTERRUPTION OF SINGLE-PHASE GRrRouND ON PiT Line No. 1 (SystemM CONNECTED)

Vaca—Dixon Substation—July 9, 1926
Y — B P contacts open
El. 1—Position indicator
El. 2—Arec volts B phase
El. 3—B phase current
El. 4—50-cycle timing

the voltage across the contacts is also zero at that time.
With a decrease in power factor two things happen:

First: The voltage available to strike across the gap
and reestablish the arc is higher being a maximum at or
near zero power factor since the voltage is a maximum
when the current is zero at that time.

Second: Since the character of the circuit interrupted
determines the character of the voltage wave across the
contacts, the arc voltage on inductive circuits has the
characteristic horns as discussed in many texts.?

These horns for metallic electrodes under oil are very
sharp, frequently too sharp to be recorded satisfactorily
on the commercial oscillograph and are often equal to

or slightly greater than the nominal circuit voltage at
the time of interruption.

Contrary to the usual idea, system stability tests have
demonstrated that in practise the power factor of a
ground on a high-tension network may have been

9. Alternating Current Phenomena, C. P. Steinmets, Pages
353-357.

PHASE BALANCING AND GROWTH AND DECAY OF
CURRENT VALUES

In low-voltage networks and particularly in oil circuit
breaker tests on a single generator the current to be
interrupted begins to decrease after the first half eycle
of short circuit. It is therefore, as a rule, easier for the
oil circuit breaker to clear the circuit several cycles
after the short circuit is applied.

Most troubles on such generators and networks are
between phases so that such tests represent a practical
operating condition.

High-voltage network troubles are more often from
wire to ground; on the sytem of the Pacific Gas and
Electric Company for instance, on 60 kv. and above,
over 95 per cent of all line trouble is from phase to
ground. For such conditions the initial short circuit
current may be only a fraction of the final value to be
interrupted.

Fig. 11 gives an oscillograph record of a wire to ground
short circuit on one of two parallel 220-kv. lines with the
system in normal operation cleared by relay in the
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usual way, leaving the second line in service. The
current in this case increased for some 5 or 6 cycles and
was then practically constant untjl interrupted. This
is due to the so-called phase balancing action and in
some cases has given as high as a 2 to 1 ratio between
Initial and maximum amperes. The same thing takes
place if the several phases of an ol circuit breaker do
not interrupt the circuit simultaneously although this
trouble is largely eliminated from present day oil
circuit breakers. 10

RESONANCE

Of all the phenomena occurring during the interrup-
tion of a high-tension circuit as part of an operating
network, there remains the one probably the least
understood,—resonance. At the instant the contacts
part, an arc is established. It has a so-called negative
resistance due to the fact that the initial stream of
lons and electrons under the influence of & high potential
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This has an immediate and practical application in
high-tension oil circuit breaker practise because on
every line that is cleared in trouble to ground at least
two phases at one end must interrupt charging current
which may or may not be the nominal charging current
of that line.

In Fig. 11 was given a record of the interruption of
a single-phase 220-kv. ground of some 2430 amperes.

Fig. 12 gives the record of the same oil circuit breaker
on the same 202-mi. line interrupting 156 amperes of
charging current at 220 kv.

The length of are, slightly under 19 in. per contact,
was the same, the contact burning the same so far as
visual inspection could determine, and the deterioration
of the oil the same. Figs. 13 and 14 give these plotted
in the form of curves.

It is to be noted that after the first two cycles the
current builds up at the natural period of the line to
values much in excess of the normal 60-cycle charging

Fig. 12—Pir Line Cuarging CtrRENT INTERRUPTION AT 220 Kv.

Vaca-—Dixon Substation—June 26, 1926

X—A-phase contacts open
El. 1—Position indicator
El. 2—C phase current
El. 3—A phase current
El 4—50-cycle timing

gradient cause additional ions and electrons by collision.
This in effect increases the area of the arc and decreases
the resistance.

At the start of the break there is a relatively low
potential across the arc and the effect of arc voltage is
scarcely noticeable. As the contacts part the voltage
across the arc increases and the current growth for each
cycle is determined more and more by the character-
istics of the connected circuits frequently differing
greatly from the system frequency.

This ability of the are to convert from one frequency
to another is wellknown in communication but is little
appreciated by transmission engineers and practically
no data on the effect of series arcs in a circuit containing
capacity and reactance are available.!!

10; Pract‘ical Aspects of System Stability, R. Wilkins, A. I. E. E.
Traxs., Vol. XLV, 1926, p. 41, (Fig. 7).

Y — B phase Z — C phase

El. 5—B phase current
El. 6—Arc volts B phase
El. 7—Arc watts B phase
El. 8—50-cycle timing

current, the speed of current growth being greater for
short sections of line since the characteristics change
for them.

In practise such records have been taken for several
makes of 110-kv. oil circuit breakers for identical con-
ditions using the several methods of Increasing contact
speed from two break breakers with a speed of less than
4ft. persec.per contact to 6-break breakers with a speed
of 15 ft. per sec. per contact and a range of arcing time
from 12 cycles on the slower speed to 2 cycles on the
higher speed.

The total arc length increases for a given duty on
most types as the speed increases at some rate less than
the speed Increase, . e., a 6-break oil circuit breaker has
a greater total arc length, but amuch shorter length per

11. C. P. Steinmetz, Frequency Conversion by third Class Con-
ductor, A. I. E. E. Trans., Vol. XLII, 1923, p. 470.
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contact than a two-break oil circuit breaker for the same
duty.

The important point often overlooked isthatthe high-
speed breaker clears the disturbance in much less time
with much less damage both to the system and to the
breaker.

There is no virtue in making an elaborate contact
arrangement and then slowing the whole mechanism
down to the same total speed as a simple one break

breaker. But a breaker which will clear a given trouble
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Fic. 13—SiNGLE-PHASE GroUND oN Pir Line No. 1

Equipped with rotating release arcing tips. Breaker tripped out by
station relays. Line connected to System, at Vaca—Dixon Substation—
July 9, 1926

in one or two cycles is a much more satisfactory piece
of apparatus than one requiring 15 cycles, provided it
can be properly relayed and made to stay together.

CONCLUSIONS

Throughout this paper the viewpoint on controversial
subjects has been from the practical side; that is to
say, from the position of the operating man rather than
the manufacturer. This as is it should be, for design
must meet the requirements of the operating man who
purchases and uses the apparatus.

The primary assumption has been made that the
function of a transmission network is to deliver power
with a maximum of reliability at a minimum expense.
The oil circuit breaker is an integral part of the network
and has a particular and very important function to
perform.

Engineers engaged in the design of transmission
networks must now plan the network to operate in such
a manner that it will not overstep the capacities of the
oil circuit breakers installed. These capacities are
not definitely known and therefore large factors of
safety must be allowed and unnecessary expense
incurred.

This is especially true in very high-voltage trans-
mission lines, where both carrying capacity and stability
are greatly improved if the lines can be hroken up into
sections by switching stations and only a relatively small
section isolated to clear up trouble. Such a plan is
not generally carried out because of the operating
limitations and great cost of high-voltage oil circuit
breakers. The oil circuit breaker is therefore the
limiting feature to the securing of the best possible
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operating results in electric transmission developments
involving many millions of dollars.

With the increase in transmission voltage and the
large concentrations of power, there has come a new set
of problems not previously encountered. The problems
of transmission line stability and continuity of service
are of the utmost importance because outages render
large blocks of power unproductive of revenue and
may cause financial loss to consumers dependent upon
continuous service. The position which the oil circuit
breakers hold in these problems is becoming more gen-
erally realized, their faults and shortcomings recognized
and most important of all, their economic relation to the
rest of the development is being clarified. This has
taken time, for engineers and operators have formed the
habit of unconsciously basing their decision around oil
circuit breaker limitations. They had to be on the
safe side, and what would have been the best solution
of a problem may have been discarded in place of a plan
less favorable from economic or operating results, but
more sure of success because the circuit breakers could
not be considered as highly reliable pieces of apparatus
to guarantee the carrying out of the most desirable plan.

Certain fundamental requirements may be set down
as essential in an oil circuit breaker for use on high-
voltage transmission networks. To meet these re-
quirements with present day knowledge of oil circuit
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witH WESTINGHOUSE TypeE G-2 O1n Circuir BREAKER

Equipped with rotating release arcing tips at Vaca-Dixon Substation,
June 26, 1926

breaker design requires a composite breaker embodying
the strong points to be found in the designs of the several
manufacturers. Briefly, these requirements are:

1. The total operating time for a complete ‘“‘open-
close-open” cycle of operations at rated current, and
voltage shall not be more than 0.2 sec.

2. The arcing time shall approach as close as possible
to the ideal of one-half cycle.

3. The energy for the switch operator shall be stored
and available for instantaneous release. The mecha-
nism should not have a power demand in excess of one
kw.
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4. The breaker shall be capable of completing 100
normul operating cycles hefors any inspections or ad-
justments are necessary. (If requirements 1 and 2
are met successfully, there should be no trouble in
reaching 1000.)

5. The breaker shall be so designed that it can be
installed, adjusted and maintained by the average
mechanic without especial training in oil circuit breaker
technique.

The growing knowledge of the important part played
by the oil circuit breaker in a transmissiion network is
stimulating investigations on the part of the operating
companies to satisfy themselves as to the best ecircuit
breaker for use on a given system. As has been
previously stated, it is economically unfeasible for each
manufacturer to maintain equipment for the testing of
ol circuit breakers with a rating of 2,000,000 or more
kv-a. at 220,000 volts. Also these tests at the manu-
facturers’ plants are not coneclusive for it 1s impossible
to duplicate the conditions met on an extensive. inter-
connected transmission network, where recovery
voltage, resonance, surges, etc., are variable and
indeterminate.

The only way in which it is now possible for an operat-
ing company to satisty itself of the suitability of any
theory of circuit breaker design, is to conduet carefully
supervised tests on its own system. This requires a

IRON AND STHEEL

DUSTRY Journul A ] ¥ K
maximum of courage, but if reliable service s the
utlimate goal, all equipment must be tried and found not
wanting. Competitive designs and theories, coupled
with a wide range in price quotations, all in the fuce of
positive refural to give any guarantees on performance,
make the selection of an oil cireuit breaker for a given
installation extremely difticult. Present day knowledge
must be amplified by further test data.

It is entirely possible that the oil circuit breaker as
now known, may not be the ultimate device for opening
a-c. circuits.  They are used today because they are the
only devices which have been developed to the point
where a reasonable dependence may be placed on their
operation.

The immediate problem is to combine in one oil
circuit breaker all of the good features now available in
the designs of the several manufacturers. By so doing
it will be possible to approach the operating require-
ments set down previously, and seecure a breaker
superior in performance to any now offered. Along
with this must go continued research, looking toward
the development of a device for the interruption of a
high-voltage, alternating-current cireuit which will be
as dependable in its operation as is the transformer and
generator. Pending this time, oil circuit breakers must
be purchased and used with a full knowledge of their
limitations.

Iron and Steel Industry

Annual Report of Committee on Applications to Iron and
Steel Production®

To the Board of Directors:

The importance of electricity to the production of iron
and steel has reached such magnitude that this Com-
mittee believes that all engineers should be informed as
to the situation so as to be prepared to apply it success-
fully in all its fields of application. To this end, the
Committee would outline the extent to which electricity
is being applied in this industry.

LIGHTING

Perhaps the first application was that to lighting.
The arcs were replaced by incandescent lamps and now
illumination is receiving much attention as to the proper
lighting of various jobs and work spaces. Proper
llumination is now credited with increase in both

*Committee on Applications to Iron and Steel Production

A. G. Pierce, Chairman, 1239 Guardian Building, Cleveland, Ohio

A. C. Bunker, S. L. Henderson, J. W. Speer,
A. C. Cummins, R. H. Keil, G. E. Stoltz,
F. B. Crosby, W. C. Kennedy, T. S. Towle,
J. H. Hall, A. G. Place, J. D. Wright.

F. O. Schnure,

Presented at the Swmmer Convention of the A. I. E. E. at
Detroit, Mich., June 20-24, 1927.

production and safety. Steel mills, however, are not
yet lighted as they should be, and increased emphasis
should be placed on this phase of their work by electrical
engineers.

HEATING

The use of electricity for heating has increased with
the installation during the past year of over 25 melting
furnaces. These range from 14 ton to 25 tons, and are
of the arc type. The time of melt has been reduced
considerably. The increase of production has also been
greatly influenced by furnace design. The removable
roof type of furnace appears to be the trend in design.

Resistor type furnaces are being used for annealing
and for heat treating of alloy steels. Laboratory fur-
naces have been used in the steel mills for many years.

Several years ago electrical heating was applied to
rolls in sheet and tin mills to increase production during
the first turn after a shut down or a roll change. This
use is apparently well grounded since a report by the
A. 1. & S. E. E. states that 165 roll heaters are in use
in 19 plants. Electrical heating devices have been
used in crane cabs and offices for many years.
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MaIN RoLL DRIVES

During 1926 nearly 150 main roll drives were pur-
chased, all of which were electrically operated. Of
these only six were a-c., the rest were d-c., ranging from
230 to 900 volts. Of a special interest is the 8000-h. p.,
700-volt reversing, d-c. motor drive for the 54-in.
blooming mill in a Pittsburgh mill. Large motors for
such drives have become common. Individual motor
drives on tandem strip mills are also of interest because
of their increased use. While the use of d-c. motors
has predominated, a few induction motors have been
installed with speed control; also, a few large syn-
chronous motors have been applied with apparent
success on their particular mills. Undoubtedly, the
use of synchronous motors for mill drive will increase.

To reduction of labor and the actual improvement in
the steel produced is due the importance of the electri-
fication of steel mills. Electric drives in steel mills
permit the mill designer to produce a mill that will do
things heretofore impossible.

AUXILIARY MILL DRIVES

In connection with the installation of many new main
mill drives, auxiliary drives have come in for much
attention, with the idea of giving closer control of these
auxiliaries with fewer operators. Automatic control
of screw-downs, tables, transfer cars and drag-overs,
together with furnace doors and pit covers, has increased
with resultant efficiency, the ratio of steel production
to men employed.

The A.1. & S. E. E. has completed its specifications
for auxiliary and mill motors and one motor manu-
facturer has announced motors built according to these
new specifications.

Alternating current is gaining some ground applied to
auxiliary drives, but direct current is apparently very
well grounded in the steel mill electrical man’s scheme
of operations.

WELDING

Electric welding can be mentioned briefly because it
is used extensively for repair work, and indications are
that in the future building construction will be in-
fluenced by this process.

Perhaps the most important application of electric
welding is its use for the building up of large machines
by welding plates. These welded structures are to
replace castings. The ease with which complicated as
well as simple structures can be made, together with
their lightness and strength, is making this innovation
one of importance and one which gives promise of
rapidly increasing use.

SAFETY

Because of the wide-spread use of electricity in mills,
the various electrical departments appear to be leaders
in safety programs and the elimination of all hazards as
well as those electrical. This may be because of the
peculiar nature of electrical hazards, and the extensive
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steps taken by power companies and electricity users to
eliminate these hazards and to take care of unfortunate
victims. The prominent place of steel mill electrical
men in the promotion of safety should be recognized.

MEASUREMENTS AND INSTRUMENTS

The metering of electric power has been practised
from the first, and its convenience has caused its more
extensive uge in the mills in order to determine not only
the total power costs, but also the detailed operating
costs down to individual machines and drives. Even
auxiliary drive controllers are being specified to include
permanent shunts for convenient metering. This
permits proper distribution of costs for different
processes.

Electricity also plays an important part in other than
power measurements, such as tachometers and pyrom-
eters for speed and temperature determinations. The
metering of gases is done also readily with great con-
venience by electrical means.

By the increased use of electrical power measurements
attention has been called to economies that arepossible.
These economies are watched by all departments and
stimulate effort by department heads to make savings
heretofore uncontemplated. Furthermore, these mea-
surements and economies stimulate improvement of
design to effect even greater economies.

CONCLUSION

In conclusion, it may be noted that there is con-
siderable activity in the rebuilding of steel mills so as
to produce more steel at a lower cost. The old steam
drives are replaced by electric drives, most of which are
for direct current.

The transmission of electric power at high voltages,
together with the ease with which it can be converted
for convenient application, has caused the use of
electricity to drive out steam. Its use is now amply
safe-guarded and engineers and operators are more
skilled in its application and use. The ease with which
a few mill operators can control a large number of
motors through remote-control devices further demon-
strates the superiority of the electric drive This
rapidly increasing use of electric power demands the
closest attention of electrical engineers.

The improvement in engineering that is apparent
today gives a certainty of predetermination of results
which is not only gratifying to the engineer, but of
greatest value to the executive.

About 23,000 acres in McCurtain County, Okla-
homa, are to be covered by a lake to be created by the
building of four dams on the Mountain Fork River,
where a paper pulp industry is developing. On the
Colorado River in Texas, near Kingsland, and between
Austin and Lampasas, six power dams are to be erected
to impound water enough to generate 122,000 horse
power of electrical energy.



The Space Charge That Surrounds a Conductor

i Corona

BY JOSEPIL S. CARROLL,

Assoclate, A, 1. B, I,

Synopsis.—A qualitative analysis of the nature of the space
charge created about a conductor in corona, parlicularly with respect
lo relative magnitudes and polarities, rather than actual quantilative
measurement, is described here.  This worlk was Lhe principal work
on corona during the past year in the Ryan High-Voltage Laboratory.

I'n lests with the arrangements of a wire and a plane, and of a wive
and a cylinder, a decided rectifying effect was discernible in the space
about the conductor in corona, in that that region was busll up to a
unidirectional potential above ground, the magnitude and polarity
of this polential depending on the vollage applied. In both of these
set-ups, lhis net rectification, which is evidently caused by some
diflerential action enlering inlo the tonization process, was of a
posilive sign at the start of corona, but changed over to negative as the
vollage was raised.

In a test made on two 1.1-in. diameter, parallel concentric strand
copper conduclors, 10 fL. apart, the space belween them was found to
have assumed a potential above ground when the conduclors were in

and
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corona, the sign of this charge being negative at first, and then
posilive as the vollage increased.  Tesls were also carried out on «
single brush, and on a rod fitled with “‘artificial”’ brushes.

In a corona-loss curve taken on the two cable conduclors 1t was
Jound that at the same voltage at which the sign of the reclified space
charge had reversed, there was a ‘“‘break’ in the curve. 7This
“break” corresponded to the point above which Peck's quadratic law
of corona holds, and below which he has suggested the entrance of a
probability relation.

A Jinal field test was mnade al a span of the 220-kv. Pit River Lines
of the Pacific Gas and Electric Co., in order lo ascertain the magni-
tude and polarity of the charge built up abou! a high-voltage line in
service. A negative polarity was found lo be present as far down as
30 ft. below the conductors. Although the vollage was raised lo
260 kv., the charge remained negative, indicaling that the line al ilg
normal 220-kv. polential was operating al « point on the corona-~
loss curve appreciably below that where the break occurs in the curve.

GENERAL EXPERIMENTAL STUDY OF SPACE CHARGE

HE continuation of the study of the nature of the
T space charge that surrounds a conductor in corona
was made during the past year in the Ryan High-
Voltage Laboratory by attacking the problem from
several different angles.?

One of the simplest cases giving evidence of the
presence of a space charge is in the time-honored set-up
of the wire at the center of a cylinder. If the cylinder
1s connected to ground through a condenser and a d-c.
galvanometer is shunted across the condenser and then
alternating voltage is applied to the wire at the center
of the cylinder, the galvanometer will indicate, in the
usual set-up, the presence of a unidirectional current
as soon as corona appears on the wire®. If the gal-
vanometer shows a deflection, it indicates that some of
the space charge that is planted about the conductor
Is getting over to the cylinder. Since the sign of the
charge leaving the conductor reverses each time the
voltage reverses, the deflection of the galvanometer
indicates that charges of only one sign get over to the
cylinder or that more of one sign than the other gets
over. With the ordinary set-up, this unidirectional
current is usually from the cylinder to ground at first
but as the voltage is raised the galvanometer indicates a
reversal of current. The reason for this will be taken
up later.

If the wire and cylinder be replaced by a wire and
neutral plane, the circuit connections being the same as
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Presented at the Pacifiic Coast Convention of A. I. E. E.,
Del Monte, Calif., Sept. 13-16, 1927.

those described in the use of the cylinder, the results
obtained will be similar.

A little more as to the nature of the space charge can
be learned by the set-up shown in Fig. 1. 'This method
has been used by several others in the past and is not
given here as anything new, but only to complete the
story.®¢ If, for example, the plate is made positive
with respect to the wire mesh, part of the negative ions
arriving at the wire mesh will be drawn through to the
plate where they will give up their charge which will
then produce a deflection of the galvanometer. The
relative amount of the space charge arriving at the
neutral plane can be observed under different conditions
with respect to voltage, size of wire, distance of wire from

Wire

e T

- I Voltage

plate, etc. A great deal of work has been done along
thisline by Mr. Willis.¢ A characteristic plot of results
that were obtained by the authors using the method
just described is given in Fig. 2. The curves show
that the positive ions reach the neutral plane at a lower
applied voltage on the wire than do the negative ions.
The number of negative ions reaching the neutral
plane, however, increases more rapidly with an increase
in applied voltage than does the number of positive ions.
If it were not for the fact that a single brush from a
point has almost the same characteristic curves as those
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in Fig. 2, except with reverse polarity, it might not be so
difficult to offer an explanation for the form of these
two curves. If high-voltage direct current is applied
to the wire instead of alternating current, and the corona
current plotted against the applied voltage with the
wire positive and then with the wire negative, the results
will not differ much in form from those shown in Fig. 2.5
Three of the factors that help to determine the form of
these curves are the mobilities of the ions, their rate
of manufacture and the amount that their presence
disturbs the normal field.

One of the most important things is lacking in the
results obtained by means of the set-up shown in Fig. 1
and that is the time element. In other words, what is
the wave form of the current produced by the arrival of
this space charge at the neutral plane? Since the action
is eyclic, it was a comparatively easy matter to deter-
mine the form of this wave. The set-up shown in
Fig. 3 was evolved. The principle made use of here is
very simple: If a charged electroscope is brought near
to a conductor in corona, it will be discharged, of
course, by the attraction of the ions which will neutralize
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GALVANOMETER DEFLECTION

13 14 15 16
KILOVOLTS
Fic. 2—CurvEs SHOWING] THE AMOUNT OF POSITIVE AND
NEGATIVE CHARGE ARRIVING AT THE NEUTRAL PLANE IN
RELATION To THE APrLIED VOLTAGE. A No. 14 PoLisHED
Correr WIRE 5.5 IN. FROM NEUTRAL PLANE.

its charge. Now suppose instead of exposing the
electroscope continuously, a synchronous shutter be
provided that will expose it for-only a certain portion
of the cycle. If the rate of discharge of the electro-
scope be noted as the shutter is operated at different
phase angles with respect to the applied voltage, the
determination of the wave form can be made. This
synchronous shutter arrangement was obtained by
means of a four-pole synchronous motor driving a
12-in. aluminum disk with two radial slots 3.5 in. long
and five deg. wide; see Fig. 3. This disk rotated under
a metal plate in which there was a slot the same size
as those in the disk and the position of the disk was
such that the slot in the plate and a slot in the disk
came in line once each cycie. When these siots coin-
cided, the plate of the charged electroscope could draw
through some of the ions that arrived at the metal
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plate, thereby discharging the electroscope. The rate
of the discharge of the electroscope is a measure of the
relative number of ions arriving at the neutral plane at
that instant. 'The phase angle of the motor driving the
disk was changed by means of a phase shifter and in
this way the action over a complete cycle could be
observed with the electroscope charged positively and
then with it charged negatively. The electroscope
was charged after each reading by means of a well-
insulated switch, S;. A 1050-kv-a., 60-cycle, sine wave
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generator was used in this work. To~ determine the
phase position of the synchronous disk with respect to
the applied voltage, a contactor C was arranged on the
disk so that it closed a circuit at the instant when the
slot in the disk and the slot in the plate lined up. With
switch No. 2 closed in the A position, a click could be
heard in the phones when the contactor closed the
circuit. By shifting the phase angle of the revolving
disk, a position on the phase shifter could be found
where there was no click, which indicated the zero
point of the voltage wave. Since the motor used could

+ CHARGE

- CHARGE

160 200 240 280 320 0 40
PHASE ANGLE

Fig. 4—Cunrves SHOWING THE RELATIVE AMOUNT 'OF
CHARGE ARRIVING AT THE NEUTRAL PLANE AT THE VARIOUS
Puases or THE VoLTAaGE CycLE. A No. 14 Porisuep Correr
WIRE 5.5 IN. ¥FROM THE NEUTRAL PLANE

come into step with the disk in one of two phase
positions, 180 deg. apart, it was necessary to be certain
that this phase was the same each time the motor was
started up. To do this, switch No. 2 was closed in B
position and with the phase shifter at the same angle
each time the motor was made to come into step so that
the d-c. voltmeter read positive.
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The results obtained by this method are qualitative
only but they give additional information that cannot
be secured otherwise. Curves shown in Figs. 4,5and 6
were obtained by means of this set-up and will be dis-
cussed later.

Since the field about a wire above a neutral plane is
not symmetrical, it was decided to find out what the

0 4 80 120 160 200 240 280 320 30
PHASE ANGLE

Fig. 5—THE SamE as Fig. 4 Excerr THE WiRE Hap BEEN
Ovur iN THE WEATHER FOR Two YeEars Wauicy Hap Ox1p1ZED
Its SurFace

effect on the form of the curves would be of a uniform
radial field. The metal plate was replaced, therefore,
by a 15-in. diameter metal cylinder having in it a slot
which occupied the same position over the disk as the
slot of the metal plate. - The data for the curves shown
in Figs. 7, 8 and 9 were then taken.

The curves of Figs. 4 to 9 show that, except for magni-
tude, there is very little difference in the form of the
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Fic. 6—THE SaME as Fic. 4 Exceer 4 No. 10 PoLisHED
ALUMINUM WIRE W as Usep; Its DisTANCE FroM THE NEUTRAL
Prane Was 10 Ix.

positive and negative halves of the wave. A very
important thing to note is the arrival of the charge at
the neutral plane or cylinder sometime after the voltage
on the wire has reversed.

There are two fields involved in the drive of the ions
across the space, that of the wire itself and that due to
the space charge, and the results have shown the latter
field to be of considerable importance. In Figs. 4, 5
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and 6, the positive charge continues to arrive at the
grounded plate even after the voltage on the wire has
reversed and reached its negative crest. This is also
true for the negative charge and may be attributed to
the diffused state of the jons caused by the unsymn-
metrical field between wire and plane. [n the case of
the cylinder where the field is radial, there is little or no
time when there are ions of bhoth signs present at the
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same instant during the cycle. Figs. 4 and 5 show
the difference between a polished wire and one covered
with oxide. The positive and negative charges seem
to come in at approximately the same voltages with
the oxidized wire. An enameled wire was tried also
and the curves were similar to those for the oxidized
wire. Had a curve been taken at a little higher voltage
with the polished wire, the negative charge would have
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exceeded the positive as it did in the case shown in
Fig. 6.

(Since the scale used for plotting the flow of charge
was dependent upon the rate of fall of the leaf of the
electroscope, which in turn was dependent upon the
position and calibration of the electroscope, the only
quantitative comparison of curves that can be made is:

Fig. 4 with respect to Fig. 5 and Fig. 7 with respect to
Fig. 8.)
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It was found that curves obtained with a polished
copper wire were practically identical with those secured
with a polished aluminum wire of the same size under
similar conditions.

In Fig. 9, with the kenotron in the wire circuit, the
increase in the flow of charge is to be noted as the
voltage on the wire goes over its crest having the same
sign as the charge. This increase in the flow of charge
is due only to the increase in the field driving the ions
across.

Various attempts have been made to compute the
movement of ions with conductors in corona. In
order to do this, some have assumed varying mobilities
for the ions which in our opinion is not justifiable until
more data concerning the nature of this space charge
are available.

If the distance from the wire to the grounded plane or
cylinder be made sufficient, charges of both signs will
not get across, but in no case in our tests was the
distance so great that none of the charge of either sign
got over when corona was present on the conductor.
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10 THE WIRE THrOUGH A KENOTRON

In fact, charges were found 30 ft. out from a conductor
of a 220-kv. commercial power line on which there was
but slight corona. This test will be discussed more
fully later.

For a limited space about a conductor in corona, the
sign of the charge is reversed at each reversal of voltage.
Beyond this space, charges of only one sign appear,
which fact is undoubtedly due to a differential effect
of the alternating charge near the conductor. The
polarity of this charge is not the same for all conditions.
In general, with an unpolished conductor out in the
open, such as a transmission cable, the charge is negative
at the first appearance of corona but as the voltage is
raised 1t changes over to positive. If the wire is highly
polished and near the neutral plane, however,thecharge
is positive at first and then negative. If the distance to
the ground electrode is relatively great, the actual flow
of rectified current to supply this outer charge is very
small. In some cases, however, the potentials built up
by the charges are fairly great.
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If in the case of the wire and cylinder some method
is used to neutralize or balance out the charging current
from the cylinder to ground that would flow if corona
were not present, the current that remains is commonly
called the corona current. The latter is made up of two
elements; namely, the ions that actually reach the
cylinder and the bound charge that is drawn to the
cylinder by the ions that leave the wire but do not get

Shield

Wire
Grmesmssoocooons
I Metal Cylinder & High Voltage
? P{eegihrﬂ’ y " Volimeter
1 r <~ | Pl Coit
~ Deflector Plates of Potentiometer

Cathode Ray Tube
Fig. 10

across. The question arose here as to what percentage
of this current was due to the ions that arrived at the
cylinder. The set-up in Fig. 10 was used to obtain the
corona current. Below the corona starting voltage, a
position was found on the potentiometer control such
that there was no deflection of the cathode ray. This
point, once found, would be the same for all voltages,
so that when corona came in, the deflection of the
cathode ray would be due to the voltage across the con-
denser, caused by the corona current only. The value
of this voltage was determined from the amount of
deflection of the cathode ray, and with the capacitance
of the condenser known, the average value of the corona
current was computed. The set-up in Fig. 11 was
next used to determine the current produced by the
ions actually reaching the cylinder. The principle is
the same as that shown in Fig. 1. In this case, however,
it was necessary to trap all the ions reaching the center
section of the cylinder; therefore, a wire cylinder of
14-in. mesh was fitted inside of the sheet metal cylinder
with eighth-in. hard rubber strips separating the two.
The main difficulty with this set-up was involved in
completely separating the positive and negative ions.

Shield
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With the a-c. voltage held constant on the wire, which
was in corona, the d-c. voltage applied to the sheet
metal cylinder was increased in steps from zero to
1000 volts and galvanometer readings were taken
for each voltage. It was hoped that a plot of these
values would give a saturation curve indicating a com-
plete separation of the positive and negative ions, but
this was not found possible in this case. A wire screen
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with smaller mesh was also tried but was even less
effective. Using the average value of the current,
however, as read by means of the galvanometer, when
there was 1000-volt direct current on the metal eylinder,
it was found in the case of the 0.219-in. brass rod with
voltages ahove 50 kv., at least 70 per cent of the jons
that left the wire reached the cylinder before they were
drawn back to the wire by the reversal of voltage or
were neutralized by the outgoing ions of the opposite
sign.  With a little modification in this set-up, there is
No reason why a complete determination of this ratio
could not be made.

Since the corona on a transmission conductor is
made up largely, if not entirely, of brushes, a point
was placed on the side of the 0.219-in. brass rod in the
cylinder and the corona current studied with set-up
of Fig. 11. At the first appearance of corona at 11 kv.,
the charge arriving at the cylinder was negative and
remained negative until the positive began to get across
at 40 kv. From 40 kv. to 48 kv., there was more posi-
tive than negative reaching the cylinder but from 48 kv.
up to the flashover voltage the amount of the negative
exceeded the positive. The point used was a piece of
fine wire 1/16 in. long. The rod was then tried with
two such points and it was found that the negative
charge arriving at the cylinder always exceeded the
positive, although it decreased slightly from 43 kv. to
45 kv.

SPACE CHARGE SURROUNDING TRANSMISSION
CONDUCTORS

The ionization about transmission conductors was
next studied. Two concentric strand copper cables
1.1 in. in diameter and 50 ft. long were strung up in the
laboratory parallel to each other and 10 ft. apart with a
clearance of at least 20 ft. in all directions. A No. 16
wire was supported parallel to, and midway between,
the two conductors. Hard rubber rods were used for
insulators on this test wire and a lead from it was
brought out at right angles to the plane of the two large
conductors. An electroscope was connected between
the test wire and ground and voltage was then applied
to the two conductors. Below the corona voltage, the
test wire was adjusted so that the electroscope showed
no voltage on it due to position in the electrostatic
field which indicated that it was in the neutral plane.
The voltage was raised and at the first appearance of
corona at 160 kv. between lines the electroscope showed
a negative charge on the test wire. The negative
potential increased on this wire as the applied voltage
was raised until at 280 kv. between lines it was ap-
proximately 3000 volts. As the applied voltage was
further raised, the potential on this test wire started to
fall, slowly at first, then more rapidly, until at 300 kv.
between lines it reached zero and then began to build
up positive. At 500 kv. between lines the test wire had
a positive potential of approximately 15,000 volts
above ground. It was necessary to parallel the electro-

scope with a condenser to obtain the d-c. charge on the
test wire when the applied voltage on the conductors
was above 300 kv. Another test that was made with
this set-up was to short-circuit the electroscope until
the voltage had been taken ofl the large conduectors
and then the short circuit was removed. When this
was done at 280 kv. the test wire accumulated sufficient

KILOWATTS CORONA LOSS PER 50 FT. OF CONDUCTOR
~
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Fic. 12—Corona Loss CurvE Fonr A 1.1-IN. CoNcENTRIC
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negative charge to raise potential of the test wire several
hundred volts. The same thing was tried at 400 kv.
In this case, the potential on the test wire was over a
thousand volts positive. These potentials were due
to the persistence of the charge about the conductors
after the source of ionization had been removed. In
some cases, charges were found to build up potentials
of a few hundred volts on the test wire as long as fifteen
minutes after the voltage had been removed from the
conductors.

A corona loss curve was then taken and is shown in
Fig. 12. Itisrather interesting to note that at 300 kv.
between lines there is a break in the loss curve, and it is
at this point that the potential of the charge about the
conductors changes over from negative to positive.
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Above this point, Peek’s quadratic law seems to hold,
but below, it does not, and it is in this lower region that
Peek has suggested a probability law.s

Since the corona on these transmission cables ap-
peared to be made up of individual brushes, it was
decided to study the characteristics of a single brush.
The set-up shown in Fig. 13 was used. An observer
In the insulated screen cage at high voltage took all the
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necessary data. With this arrangement, the capaci-
tance of the metal point is practically zero, so that the
only current flow to and from the point is corona
current. The simple connection of the condenser and
galvanometer was the first one used. At the start of
corona from the point which appeared as a soft glow,
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Fig. 14—CoroNA CURRENT CYCLOGRAM OF A BRUSH FROM
A SiNGLE PoiNT. Vorrage 100 Kv. 100,000-OEM SHUNT
rorR CURRENT DEFLECTORs AND 9400-OmM SEUNT FOR TIiMING
VOLTAGE

the galvanometer indicated a flow of negative current
which increased until at 112 kv. the galvanometer
deflection was two divisions. At this voltage, purplish
streamers began to shoot out which considerably in-
creased the luminosity of the brush. At 132 kv. the
galvanometer had fallen to zero and at 140 kv. the
current was positive, giving a deflection of two divisions.
By this time the purple streamers had greatly increased
and at 172 kv. the discharge was a large, well-developed
brush giving a reading on the galvanometer of 10
divisions positive. The condenser and galvanometer
were then replaced by the cathode ray tube. A
100,000-ohm resistance connected between the points
A and B gave sufficient voltage drop to obtain a good
deflection of the cathode ray that was proportional
to the current. This current deflection was opened out
into a current cyclogram by applying a sine wave volt-
age to the other pair of deflector plates. This sine wave
voltage was obtained from a 2300-volt exciting winding
connected to the high-voltage end of the secondary.
This voltage had been tested and found to be a sine
wave in phase with the secondary voltage. In order to
put the important changes of current intensity in an
advantageous position on the cyclogram for analysis,
the phase angle of this timing voltage was shifted 90
deg. by means of a condenser. In the cyclograms
shown in Figs. 14 and 15, the corona current appears
to be a maximum shortly before the timing voltage
impressed on the tube is zero, but due to the 90-deg.
. shift it can be seen that the maximum of the corona
current is approximately 25 deg. ahead of the maximum
of the voltage applied to the point. The form of these
corona cyclograms would he altered slightly if they were
changed over to a uniform time axis instead of the
sinusoidal timing wave. The direction of rotation of
the spot that traced these curves was carefully checked,
as was also the polarity of the cathode ray tube deflec-
tors. In Fig. 14, the positive and negative halves of
the current wave are smooth and are practically the
same. In Fig. 15 the negative side is still smooth but
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the positive side shows a sudden pulse of current. It
was difficult to get the exact form of this pulse because
the rapid movement of the spot did not leave a very
distinet trace. Simultaneous with the appearance of
this pulse of positive current, as the form changed from
that shown in Fig. 14 to the one shown in Fig. 15, was
the appearance of the long purple streamers. When a
half-in. brass sphere was put over the end of the point,
breaks appeared in the negative half of the current wave
but they were not so prominent as those on the positive
side. Time nor space does not permit much more to be
said about these tests with the single brush. More
work is to be done along these lines and a complete
report will no doubt be made later.

Current cyclograms were taken on the 1.1-in. trans-
mission conductor previously mentioned with the
charging current balanced out. While they were not
so clear cut as those of the brush from the single point,
they had the same general form. If all the brushes on
the transmission conductor came in at the same voltage,
the result, of course, would be practically the same as
the brush from the single point except for magnitude.
This is very nearly the case when voltage is not far
above the corona starting voltage when there are only
a few brushes present. Since this is within the econom-
ical range, the region we are most interested in, the
authors believe that much can be learned about the
mechanism of corona about the transmission line by
the study of the brush from a single point. It is also
their belief that results obtained from polished smooth
surface conductors, especially if they are mounted near a
neutral plane, are not applicable to transmission lines
out in the open.

TesTS MADE UNDER A 220-Kv. TRANSMISSION LINE

In order to tie in the results obtained in the laboratory
with those of actual operating conditions, the authors
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went to the 220-kv. lines of the Pacific Gas and Electric
Co. at the Vaca-Dixon substation. The section under
which the tests were made was that of a three-phase, 220-
kv.linewith 0.9-in. rope lay copper conductorsin the hori-
zontal configuration. The separation of the conductors
wasabout 14 ft. and they were approximately 63 ft. above
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the ground. At right angles to these conductors and
30 ft. under them, an exploring wire 33 ft. long was
supported by hard rubber rods on long cotton cords.
A lead was brought down from the exploring wire and
connected to one side of a gold leaf electroscope the
other side of which was connected to ground. In order
to reduce the a-c. voltage due to position, the electro-
scope was paralleled by a 0.05 u f. condenser the leakage
of which was negligible. At first, a d-c. potential of
400 volts was applied to the wire which at the same time
charged the condenser. The d-c. source was then
removed and the rate of decrease of voltage on the
condenser was observed by the fall of the leaf of the
electroscope. With a positive charge on the wire, the
voltage of the condenser dropped from 400 to 3875
volts in three min. With the wire charged negative,
there was no decrease in the condenser voltage for the
same length of time. It was obvious then that there
were only negative ions present in the vicinity of the
exploring wire. This was the condition that was ex-
pected to be found in view of the results obtained in the
previous laboratory tests. With no charge on the wire,
the set-up was left untouched for an hour. At the end
of this time the wire had picked up sufficient charge to
raise the voltage on the condenser to 305 volts. The
charge on the condenser was tested and found to be
negative. It was observed that when a rather strong
breeze was blowing, the ionization about the wire
decreased considerably. This was to be expected with
distances from the conductor as great as these.

The voltage was then taken off the section of line
above the set-up and the exploring wire was raised until
it was within 15 ft. of the conductors. The voltage
was then supplied to this section of the line by means of
a 40,000-kv-a. synchronous condenser driven by an
induction motor. In this way the voltage applied to
the line could be varied. Observations were made at
three different voltages, 220 kv., 240 kv. and 260 kv.
The main purpose of this test was to see if the normal
operating voltage was near the value where the residual
charge in the atmosphere about the conductor changed
from negative to positive. At 260 kv. there was no
evidence of any positive charge in the near vicinity
of the exploring wire which was 15 ft. from the conduc-
tors. The amount of negative charge was found to be
slightly greater than it was at 220 kv. with the exploring
wire 30 ft. below the conductors.
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SUMMARY AND CONCLUSIONS
In the ionization process about a conductor or elec-

ABOUT A CONDUCTOR IN CORONA Journal A.I. E. E.

trode in corona, there is a net rectifying action present
whereby more charges of one sign assert themselves
than of the other, so that the surrounding space is built
up to a wunidirectional potential above ground.
Whether it is a case of the charges of the predominating
sign being created more rapidly, or whether they endure
longer than the others without being “wiped out”
by recombination or return to the conducting circuit
of the set-up, is not known, as it is apparently a part of
the mechanism of ionization involved. It is probably
determined by the mobilities of the ions, their rate of
manufacture, and the amount that their presence dis-
turbs the normal field.

For a given test arrangement, the magnitude and
polarity of this rectified charge is dependent on the
applied voltage. For the case of a polished wire and a
grounded plane or cylinder, the sign of this charge is
first positive, but soon drops to zero and then increases
negatively as the voltage is raised. By placing a small
“artificial” brush on the wire, it was possible to detect
a slight negative rectification at the start of corona from
it. The sign soon reversed, though, to positive as the
voltage increased, and then to negative once more where
it remained until flashover.

In a test with a single point projecting from a small
sphere, the rectified space charge built up was first
negative and then positive. The same was found to be
true in the space between two 1.1-in. diameter cable
conductors strung up in the laboratory. This would be
expected since the corona on the surfaces of the stranded
conductors would be, in reality, a mass of small single
brushes, so that as a whole they would assume the
characteristics of a single brush.

The fact that at the same voltage on the cable con-
ductors at which the rectification of the charge reversed
its polarity from negative to positive, there is a distinet
“break’ in the corresponding corona loss curve, proved
of considerable interest. Since it is at this point that
Peek’s quadratic law relation begins to hold, it would
seem from these tests that there 1s some governing
factor contributed coincident with positive rectification
to cause the ionization process to vary quadratically
with respect to applied voltage. Itis this upper portion
of the curve that Dr. Ryan has referred to as that of
“stable brush pattern.” The lower portion he has
called that of “unstable brush pattern,” and it is here

that Peek has suggested the entrance of a probability .

relation.

In the field test made on the 220-kv. Pit River Line
of the Pacific Gas and Electric Company, which
normally shows slight visible and audible signs of
corona, it was apparent that the line was being operated
at a point well below the “break” in the corona loss
curve, as the space about the conductors was found to be
charged negatively even when the voltage had been
raised 20 per cent above the normal line voltage.
Although the potential of the rectified charge is appre-
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ciable, the actual magnitude of the current necessary
to supply it is negligible compared to the alternating
space charge current itself.
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A NOTE ON THE UNBALANCING FACTOR
OF THREE-PHASE SYSTEMS

By A. PEN-TUNG SAH
Material & Process Eng. Dept. Westinghouse Elec. & Mfg. Co.

In an article appearing in the A. I. E. E. JOURNAL for
March 1927, Prof. A. E. Kennelly gave the following
analytic expressions for computing the forward (positive-
phase or direct sequence) and backward (negative-phase
or reverse sequence) components of a dissymmetric
three-phase vector triangle.

a® + b% 4+ ¢? 2s
A dz = —
(A) et
, a? 4 b2 + ¢? 2s
% = — —
6 L

in which a, b, and ¢ are thelengthsof the vectors forming
the triangle and s its area; d and e being the magnitudes

¢ D hre

Fia. 1

F1a. 2

of the forward and backward components respectively.

In deriving expressions (A), he started from the
relations—

14~-m2 + Anz Amz - Anz
— - f? = —

B 2 =

where A,, is the r. m. s. of the sides of the given triangle
A B C and A, the side length of an equilateral triangle
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having the same area. Judging from the fact that
Prof. Kennelly did not state how (B) could be derived,
this must be either self-evident or very simply derivable
from his geometrical construction of the forward and
backward components. However, the present writer
has failed to see this and it will be shown in the follow-
ing that the relations (A) can be very simply obtained
from an alternative method of geometrical construction
of the components.

It is well known that the following constructions
for the components hold:

Let A B C be the given vector triangle. Construct
an equllateral triangle A B D externally on the side
A B asin Fig. 1. Then the magnitude of the forward
component is given by C D/+/3. If we construct the
triangle A B D’ internally as in Fig. 2, we get cD'/
/3 as the magnitude of the backward component.
The lengths C D and C D’ are readily computed.
From Fig. 1 by the law of cosines, we have—
3d2=CD*=b+¢2—2bccos (60°+ 2 BAC)

= b2+c2—2bc[—cos . BAC
\/3 s1n4BAC]

1
Asgbcsin / BAC = Areaof ABAC = s and

2bcecos £ BAC =b + ¢ —a?,

1 : =
3d2=b2—|—c2—§(b2+c2—a2)+2\/3sor
d2=a2+b2+c2+ 2i_
6 V3
which is the first equation in (A).
Similarly,
32 =CD?=0b+c2—2bccos(60°— 2 BAC)
1 —
=b2+cz—2bc[5cos4BAC+ \-;8 sin / BAC:I
1 _
=b2+cz—?(b2+c2—a2)—2\/33
) a* + b? + ¢? 2s
7. €., €% = - .
6 V&

which is the second one of the relations (A).

In passing it should be noted that the constructions
herein given do not give the correct phase relation of the
components. To get the correct phase relation the
line C D has to be rotated through an angle 30 deg.
counter clockwise and C D’ through 30 deg. clockwise
in order to get the respective positions of the forward
and backward components. The unbalancing factor is
by definition e/d.
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Lightning Protection for the Oil Industry
BY . R. SCHAEFFICR:
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Synopsis.—Building safe storage for the products of the oil
industry is quite a diflerent problem from making the storage already
wn use safe from fires sturted by lightwing. The latter problem i3 dis-
cussed with some principles to be observed. Details of conshruetion
are so vuried that it is difficull to give general rules. A record of
several hundred installations over a period of aboul three years is
given.

Work with small models in the Laboratory has been successful in

LIGHTNING PROTECTION FOrR OIL STORAGE

NY problem connected with lightning is diflicult on
A account of the magnitude of the quantities in-

volved. Because of the inflammability of hydro-
carbons, the complexity of the operations, the great
haste, and vast extent of the oil industry, any problem
bearing on fire prevention in the petroleum field pre-
sents great difficulty. When we associate the two in
an attempt to design protection against lightning for
the oil industry, the problem is very complex and its
solution will not be simple nor easily attained. Any
hope of success in such an undertaking must rest on
first-hand knowledge of the conditions under which
fires most frequently occur, knowledge of details of
construction, the varieties of construction used by
different companies, special hazards arising from daily
operations, and the effects of corrosion.

There are two distinct phases to consider; first, to
design an oil tank which will be inherently safe against
lightning; and second, to design a system which will offer
a high degree of protection for the storage tanks in
actual use today throughout the oil industry.

The solution of the first is easy and is probably exact.
Theory and practise both indicate that the modern al]-

Fic. 1-—Ssowine TaE EFFECTS ON METAL SHEETS NAILED
T0 Woop DEcks CaUuSED BY TEMPERATURE CHANGES AND BY
FiLLing anp EmpryviNg THE TaNk. IN Many Casks THE
Errecrs or CORROSION ARE JUST A8 Bap

steel, gas-tight tank is the best type of construction.
The solution of the second problem is difficult and at
best will result in an approximation, but for the present
it is the more important. There are millions of dollars

1. Of the Johns-Manville, Ine., New York, N. Y.

Presented at the Pacific Coast Convention of the A. I. E. E.,
Del Monte, Calif., Sept. 13-16, 1927. Complete copies upon
application.

1358

some cases. 1l vs unwese 6 rely loo much on work of this kind,
however

Since the seal of the chavge under a storm eloud s largely on pipe
lines, tanks, and other metal parts in the oil fields, ightning devices
should be sccurely atluched o these structures. A network of pipe
lines at or near the surface makes a beller ground for towers than a
single shaft driven vertically downward to permanent moisture,

* * * * »

invested in unsafe storage tanks and the aim is to give
this property the highest possible degree of protection
and at a reasonable cost. It is the purpose of this paper
to discuss the design and construction of protective
devices for oil storage tanks now in use.

Oil is stored in various containers. The most com-
mon are steel tanks, spaced on 800-ft. centers, usually

—~

Fic. 2—A Mixor DiscHARGE BETWEEN THE RooFING
MaTERIAL AND THE VERTICAL STEEL SHELL AT tHE EAVES OF a
TANK WHICH 1S NOoT VAPOR-TIGHT M AY BE THE ("AUSE OF A F1RE

about 115 ft. in diameter, 30 ft. high, and having a
capacity of 55,000 barrels. Although the tendency is
definitely toward the use of steel decks for such tanks,
a large number still have wooden roofs or decks,
covered with sheets of galvanized iron or vapor-
resisting paper and waterproofed fabric. In some
localities, corrosion is so bad that steel decks last less
than two years and only a wooden deck can be used.
This is particularly true where the sulphur content of
the crude oil is high. In California and also in the mid-
continent field there are a number of earthern reservoirs
most of which are lined with reinforced concrete and
covered with wood decks similar to those used on tanks.
Some of these are circular, having a radius of 250 ft.
or more, while others are ovals of radius 300 or 400 ft.
and length 600 to 1500 ft. The capacities run from
500,000 to 5,000,000 barrels.

It is common practise throughout the oil fields to
gage and sample the oil from hatches on the deck.
There are generally from one to four such gaging
hatches per tank and there are several designs with
various methods of closing but few of which can be
considered gas tight.

If this brief description properly defined the problem,




Dee. 1927

much could be done in an experimental way with
models. Unfortunately, however, there is a great mass
of detail which seriously complicates the problem.
Other tank fittings and arrangements of pipes vary so
widely from one company to another than it 1S necessary
to examine the design and installation of each company,
and frequently of each tank, for appliances which are
liable to give rise to sparks during electrical storms.
Special hazards introduced by the location and charac-
ter of structures near oil storage complicate the prob-

IHSULATION =]

Fig. 3—Cross-SEcTION OF THE EAVEs CONSTRUCTION WHICH
1s FLExiBLe AxD Varor TicaT. It 13 Comrosep or HEear
Insunation, UsuaLLy Hamm Feur, aANp Rooring FaBrics

lem still further and discount any scheme of protection
which is based entirely on the behavior of models of
isolated miniature tanks and devices in the laboratory.

While the main lightning discharge is so powerful that
it is liable to cause fires under any conditions, it is not
necessary that an oil container receive a direct light-
ning discharge in order to cause a fire. Some years ago
when little or no precaution was taken in the refineries
against escaping gases, it was not uncommon to have a
number of fires resulting from a single lightning flash
in the vicinity of the refinery. Under such conditions,
only a small spark is necessary to cause a fire, and it is
well known that such sparks due to the surge of electric
quantity across the earth’s surface or to induction have
caused fires at a considerable distance from the point
which received the main discharge from the cloud. To
illustrate, one large company erected a tower about
120 ft. high in one of its tank farms. A few weeks later
the tower was struck and two tanks were fired, one tank
about 200 ft. away and the other tank about 900 ft.
from the tower. The disastrous fire at Monterey,
California in 1924 was caused by lightning setting fire
to a tank when the main discharge was received by a
tree 780 ft. away. The reservoir fire at Coalinga in
1924 was caused by lightning although the actual flash
was geen to strike on or near a pipe line about a quarter
of a mile from the reservoir. The great reservoir fires
at San Luig Obispo and at Brea, California in April 1926
were unquestionably caused by lightning. It is not
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known whether the latter fires were caused by direct
hits or by minor sparks which accompanied the light-
ning discharge. The reservoir fire at Bakersfield a few
weeks later was reported to have been caused by a
direct strike of lightning which tore a hole in the deck.
This reservoir was a simple earthern pit without rein-
forced concrete lining and it contained fuel oil.

It is impossible to say what percentage of oil fires have
been caused by direct hits and what percentage by small
sparks or secondary effects, but from the available data,
it is reasonable to conclude that a large majority was
caused by secondary lightning discharges.

Evidently, in the daily handling of large quantities of
inflammable material and in the storage of such material
in containers that are not actually gas tight, there 1s
great danger that small sparks, whichalwaysaccompany
lightning discharges, may cause a fire even though the
main discharge be several thousand feet away. Sparks
caused by the surge over surfaces of varying resistance
or along several paths of different impedance, when the
earth’s charge disappears at the instant of a lightning
flash, are most certainly the cause of a majority of the
fires and explosions in the oil fields.

In a general way, there are three conditions to fulfill
for the prevention of fires on oil property set by minor
discharges:

1. With the exception of one breathing vent, the
containers must be kept closed,

2. Isolated pieces of metal in or near the vapor
space must be grounded and all loose joints between
metal parts must be eliminated to prevent the possi-
bility of sparks,

3. The vulnerable areas should be enclosed by a
Faraday cage or network, completely enclosing the
non-metallic parts and securely grounded.

A iy

Fia. 4 —A Wince Box oN tHe Dick. TarE Cover I8 NOT
Varor TigHT

When it is realized that all this must be done at small
cost, without cleaning the tanks, and frequently when
the tanks are filled with oil, the magnitude of the
problem is apparent.

The design and construction of a suitable network or
cage is the most important thing to be discussed here.
Such a network was first designed and applied to
wooden roofed tanks which had been covered with heat
insulation and had been made vapor tight with flexible
materials to prevent evaporation Josses.
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1f a network of wires is placed under the heat insu-
lation and roofing material, the wires would have to be
very close together to prevent sparks between and
below the plane of the wires, in or near the metallic
fittings on the deck. There is danger also that when
under storm conditions the charge on the deck is
suddenly released by a lightning discharge, the roofing
material may be punctured. This is particularly
likely to happen at the edges of tank fittings or at the
eaves where shallow pools of water may collect directly

Ry i - 5
Fic. 5—AN Ovenr-Smor FiLring Prpe PassiNne THROUGH A
Larce Harcu oN THE DECk

over the angle irons of the tank. If some material such
as poultry netting is used there is great danger of sparks
at the mechanical junctions where the netting is at-
tached to the tank and at the edges of the strips of
netting since all junctions must be purely mechanical.
If a network of small mesh wire is placed directly over
the roof and resting on it, there is the same danger of
sparks occurring and, in addition, it would be again
particularly difficult to deal with tank fittings where
gases escape during changes of temperature of the vapor
space or during the time the tank is being filled. Since
only mechanical junctions are permissible, and these are
very likely to spark during high-potential discharges,
it is important that such junctions are not in 1 region
where there is an explosive mixture of gases.

This factor, as well as the high cost of installing a
network of small mesh and the danger that it would be
damaged by workmen on the tank, made it necessary
to consider a network of wires raised some distance
above the deck. If wires were stretched across the
deck it is necessary first of all that they be high enough
s0 men can work under them. Since the purpose of the
system of wires is to reduce the charge which may
collect on the deck under storm conditions, and to
provide a low-resistance path to ground when a light-
ning discharge occurs, the network must be grounded
in a satisfactory manner. It shouid be securely
attached to the tank itself and additional precaution
should be taken to protect the eaves of the tank, since
it is well known that most of the fires start there. The
most obvious design then was a system of wires extend-
ing radially from a central wooden post at the peak of
the deck to a cable supported above the eaves, This
cable would have to be about 7 ft. above the eaves and
supported preferably by metallic members attached to
the tank as securely as possible without welding. It
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was necessary then to determine how far apart sueh
wires should be and, if possible, to measure the degree of
protection that such a distribution of conduetors would
offer, or at least find the ratio of the charge on the
elevated conductors to the charge on the tank roof when
a charged cloud was overhead.

Preliminary tests were made on a wooden platform
about 12 by 20 ft. covered with hair felt and saturated
paper similar to the construction for vapor tight tank
roofs. This deck was set up 2 ft. above the floor in a
large room with a system of four parallel No. 4 copper
wires arranged 615 [t. above the deck. The spacing of
these parallel conductors was varied during the course
of the experiments from a few feet up to the entire
length of the deck. Above these parallel wires was a
cloud of poultry netting, 10 by 24 ft. suspended from the
celling by cotton tape. This netting was connected to
one terminal of a large transformer; the other terminal
was connected to the parallel wires over the deck. At
one edge of the roofing platform, this grid was dropped
vertically downward to the deck and grounded. The
surface resistivity of the saturated paper on the deck
was quite high when the surface was dry, being ahout
100,000 ohms per em. This was reduced by a large factor
when the paper was wet.

U
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D D
F1c. 6 EquirorenTiaL Lixes IN THE CURRENT SHEET.
THE FracTion of THE CURRENT WHICH FLOWED TO THE GRrip

(¢ a a) INDICATES THE AMOUNT OF SCREENING PropuceD BY
THE GRID IN THE ELEcTROSTATIC CASE

A number of methods were tried for determining Jthe
potentials at points in the field between the deck and
the poultry netting, particular attention being givenfto
the region between the deck and the plane of the grid.
None of the methods tried was considered satisfactory.
Ho.wever, equipotential surfaces were plotted and it was
estimated, from the shape of these equipotential
surfaces, that the amount of protection given|was
about 75 per cent.

The equipotential lines in a current sheet can be
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easily studied and this gives a simple method for getting
the required information. Accordingly, apparatus was
set up to represent the cloud, a parallel grid and the
earth in cross-section and the work carried out in a small
horizontal glass tray. Referring to Fig. 6 C C is the
cloud, D D the deck or plane to be protected and a a @
is the grid; that is, the points of intersection of the wires
with the vertical plane perpendicular to the wires.
The tray had a plate glass bottom about 24 by 36 cm.
and contained dilute salt solution to a depth of about
0.3 cm. The cloud (C C) was a bar of brass and formed
one terminal for the current sheet in the tray. The
protecting wires (@ a a) were small pointed brass rods
screwed into a horizontal bar supported above the
water. These rods were all adjusted in length so that
they just touched the glass tray. The bar holding these
rods was connected to the bar (D D) representing the
deck and these together formed the other terminal.
Using low voltage, 500 cycles, equipotential lines as
shown in Fig. 6 were obtained by using a telephone
receiver and exploring points.

When D D was moved downward to the new position
D' D’ the equipotential surface dropped down as indi-
cated in the figure. In order to get some idea of the
screening action of the grid, the bar holding the points
(@ ¢ «) was disconnected from D Dand the currents which
flowed from C C to the grid and to the deck (D D) were
measured. These currents were measured for a number
of different positions of the cloud C C and of the deck.
Also the spacings of the points ¢ @ @ were changed.
The ratio of the current flowing to aa« and to D D
was taken to be the value of the protection offered to
the plane D D by the wires (¢ e a). This ratio was
practically independent of the position of C C so long
as C C was more than three times the spacing of a ¢ «.
It depended very much, however, upon the spacing
between the wires (¢ « ¢) and the distance from these
wires to the plane (D D). So long as the bar (C C) was
some distance away from the grid the ratio of the spac-
ing of the grid to the elevation above D D determined
the amount of protection.

Maxwell calculated the screening effect of a grating
of equally spaced parallel wires on a plane surface
parallel to the grating. This is the simplest case and
is probably the only one that has been solved mathe-
matically. The formula derived by Maxwell? gives
the density of charge induced on the lower plane when
the grating is interposed. The density of this charge
is to that induced if the grating were removed as

_ bbb,
+ a (b, + by)

where b, is the distance from the grating to the lower
plane, b, the distance from the grating to the upper
plane and « is a function of the spacing of the wires
given by the following expression:

2. “Eleetricity and Magnetism,” Volume I, Artielo 203.
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5= log ((2sin == )
o= = og { 2sin —

2w

Spacing of wires Height of wires Calculated protection

3 ft. 7 ft. 86 per cent
5 ft. 7 ft. 75 per cent
7 ft. 7 ft. 66 per cent
3 ft. 10 ft. 90 per cent
5 ft. 10 ft. 81 per cent
7 ft. 10 ft. 73 per cenl
10 ft. 10 ft. 65 per cent

A large number of readings were made then with the
current sheet to get values indicated for the protection
offered by a grid. The percentages were all from 1 to
6 per cent higher than those calculated. While the
experimental method is probably not capable of great
accuracy, it did indicate a procedure for studying cases
which are too complicated for mathematical solution.

The experiment with the current sheet is so simple
and the results obtained were apparently so satisfactory

Fig. 7—CRros8-SECTION OF A TANK PROTECTED BY A SYSTEM

oF PARALLEL WIrEs 7 Fr. oR MoORE ABOVE TEHE DECK. TEE
ActuasL MopeEL IN Use was 2 Per CENT oF THE DIAMETER
oF A 55,000 BArRREL TANK

that it was decided to study the cross-sections of details
on a much larger scale. A large piece of plate glass
40 by 60 in. was used as a tray. A cross-section of a
storage tank was inserted at the base of the tray over
which was arranged a cross-section of the proposed
network. The currents flowing to the cross-section
of the deck and to the grid were again measured. In
this case, the deck was receiving 13 per cent of the
total current.

The records of tank fires show that in a large majority
of cases, the fires start at the eaves of the tank.
Accordingly, a large model of the eaves construction
was made and the proposed plan for the grid installed in
cross-section. Fig. 8 shows the reproduction of the
equipotential lines traced for the eaves construction.
It was not found possible with this arrangement to
trace equipotential lines under the grid when the wires
are placed very close together on the vertical bracket
(vv). This model was made to scale, on the supposition
that the cable at the top of the bracket was to be in-
stalled 7 t. above the eaves and extend outward beyond
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the eaves, about 8 ft. It Is evident that a network must
not only cover the deck but it must enclose it. While
a fairly large spacing of the wires is probably satisfac-
tory over the deck, the region over and around the
eaves should be protected with a wire net of small
mesh,

Since an actual Installation
much more effective

gives a cage which is
than a system of parallel wires,

Fia. 8—EqQuiroTENTIAL LINgS AT THE EAVES oF o Taxk
PROTECTED BY A SYSTEM OF Wires. Tee ProTecrioN Is
INCREASED BY PLACING WIRES Crose TOGETHER ON THE
VERTICAL BRACKET 79

which this last model represented, it was necessary to
build a model and devise a method for getting the
effectiveness of a miniature network. So 3 tank model
was made to be tested for the three-dimensional case.
The tank was built of a wooden frame on the scale of 1
to 40 for the 55,000 barre] tank. Galvanized iron was
used for the tank and a system of radial wires applied
to scale according to the proposed scheme. The cloud
consisted of one-in. mesh wire screening, 5 ft. by 10 ft.
A vibration galvanometer was used merely as a sensitive
a-c. ammeter to measure the charging current to the
capacities formed by the network and the roof. Charg-
ing currents are proportional respectively to the capac-
ities and to the charges that collect on the network
and the roof. The results obtained this way were
checked by using a ballistic galvanometer for com-
paring capacities. The ratio of the deflections gives
directly the ratio of the charges desired. Measure-
ments with the vibration galvanometer gave 96.8 per
cent of the charge on the network. The ballistic galva-
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nometer gave 98.4. This is the ratio of the charge
which collects on the shell of the tank mode and the
network to the charge which co'lects on the insulated
metal tank top under the network.

Some tests in the field have been made to get an
approximate idea of the efficiency of this network as
actually installed on a tank. The attempts to measure
the effect directly indicate that the efficiency is greater
than 90 per cent. A more accurate result cannot be
given on account of the difficulty of measurement and
the crudeness of the apparatus used. The method
consisted in measuring simultaneously the guantities
of electricity discharged, at the time of the lightning
flash, from a section of the network itself and similar
conductors protected by the network. An improve-
ment of this method will in all probability yield valu-
able information concerning the size of mesh necessary
to reduce secondary effects to an even greater safety.

The ratio of the spacing of the radial wires composing
the network to the elevation above the deck has a maxi-
mum value of five to seven over surfaces which are poor
electrical conductors. The minimum value of the
spacing was 18 in. at the eaves. Certainly this spacing
of wires is too great unless conditions are very favorable,
It is of the greatest Importance to eliminate poorly

-

F16. 9—DovusLg ANGLE-IRON Bracxers ox THE ToP Rixg
OF THE TaNks HowLp THE PERIPHERAL CABLE TO WHICH THE

RapiaL Wirgs ARE ATTACHED

connected or isolated pieces of metal wherever possible.
When this is not possible, it is necessary to use a screen
of small mesh. The smaller the mesh the more com-
plete the protection but the smaller the mesh the greater
the cost and in most cases the greater the difficulty of
application. Since most fires start at the eaves of the
tanks it is advisable to increase the protection at this
point. While the spacing of wires over the tank
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proper may be satisfactory the spacing in the vicinity
of the eaves should not be greater than 1 ft. Welded
mesh wire with a 4-in. spacing should be installed on the
steel brackets. This mesh wire should be 6 ft. wide and
should extend completely around the tank at the eaves.
The lower edge of this mesh should be at least one ft.
below level of the angle iron on top of the tank shell.
Above this width of welded mesh, No. 12 wires should
be installed one ft. apart on the brackets and on the
radial wires over the eaves.

If economy were not an important consideration
many special problems and difficulties could be avoided
by using a network of sufficiently small mesh. A grid
of wires may reduce effects to a very small fraction but
this may not be enough if the structure to be protected
is fundamentally bad, or when operating conditions are
such that fires may be easily started. A large quantity
of gas is given out when crude oil is pumped into a
tank and a lightning discharge near the tank at this
time is very dangerous regardless of the protective
devices. When oil is pumped out of a tank the air
entering makes an explosive mixture and a very small
spark will destroy the tank.

The over-shot pipe which passes through an open
hatch is still in daily use in some places and may
occasionally be used in emergencies by the most careful
oil men. A surge along this pipe line is likely to cause
a spark where the pipe passes through the tank roof and
of course such a spark would ignite any vapors present.

In most cases the breathing vent is installed on the
deck. These vents, fitted with fine mesh screens, are
usually low but in some cases extend 5 ft. or 6 ft. above
the deck, and, in one case, over 20 ft. This extension
was made so that if the vapors catch fire the flames will
be high enough above the deck to prevent setting fire
to the roofing materials. Probably the most satis-
factory solution here is to avoid anything over 4 ft.
high and to install a net of 2-in. mesh wire on top of the
grid composing the main network.

A large number of special problems have been con-
sidered during the past three years. Much experi-
mental work has been done with models of tanks, of
reservoirs, of gas collecting systems, and other construe-
tion details, using various types of electrical discharges.
In some cases. the results of work seemed to be definite
and conclusive but in the majority of cases such experi-
ments were unsatisfactory. Several investigators have
made use of small models and unquestionably much of
value has heen learned in thisway. However, one thing
brought out very clearly during the course of this study
was that the greatest care must be exercised in the
interpretation of results in laboratory tests on models.
It is quite possible to make a device or small model
and apparently prove it satisfactory when experience
under actual conditions shows it is not. Iven though
the models, cloud elevations, and voltage are reduced to
a convenient scale, there are some factors which cannot
be so reduced and, what is just as important, there are
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always conditions in actual practise which are quite
impossible to simulate. Unfortunately, it takes several
years to accumulate information in the field which
could be obtained in a few weeks in the laboratory.
But if the field record is from a large number of appli-
cations and the time includes sufficient number of severe
storms the information is, of course, of prime value.

The network essentially as previously described has
been installed on about 800 tanks during the past three
years. These tanks are well distributed from Pennsyl-
vania and New York, through Louisiana, Texas,
Oklahoma, Kansas to California. The first and the
largest number of installations was made in the mid-
continent fields where the damages from lightning in the
past have been very heavy. In a group where there
are over 100 protected tanks, one tank was fired by
lightning just two years ago. There have been no
losses in this group since. In an equal period of time,
including nearly the same number of storms, prior to

Frg. 10— W aTER SEAL FOR THE EAVES OF A LARGE RESERVOIR
IN Course oF ConstrucTiON. TeHE TroucH 13 CONCRETE
REINFORCED WITH WELDED MEsE WIRE. SHEETS OF ZING
ARE NAILED TO THE DECK AND BENT DOWNWARD INTO THE
Troucr. THE Woop DEck 1s THEN CovERED WITH RoorinNg
PAPER

the installation of the networks, nine tanks in this
group were fired by lightning.

Several other fires have occurred on protected tanks,
but always on tanks which, on account of operating
conditions, were particularly susceptible, and which
could not properly be considered to have a fair degree
of protection. In two cases the hatches were open and
the tanks were being filled with Oklahoma crude when
the tanks received a direct lightning discharge. In
two other cases the heat insulation and vapor tight
roof had been installed over loose metal sheets. The
oil had just been pumped out of these tanks leaving a
mixture which exploded when struck by lightning, blow- ‘
ing the entire rool off the tanks. It is too much to
expect a simple inexpensive network to protect tanks
containing explosive mixtures and so constructed that
thereare numerous air-gaps between disconnected pieces
of metal. Only one fire has occurred with conditions
under whieh the network should have been eflective.
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In all other cases, the fires were due to changing con-
ditions during the process of normal operation of mov-
ing the oil or due to causes otherwise avoidable. Elimi-
nating those cases where for some reason the tanks were
open, the reduction in the number of fires for a period
of two and a half years amounts to over 90 per cent.

It is definitely known that some of these fires were
started by primary discharges and it is probable that
all were started in this way. Certainly some of the
fires could have been prevented if towers had been used
to protect the tanks from direct lightning discharges
although in several cases recently reported, no fire
was started when a direct lightning discharge was
received by the network.

The large ground reservoirs presented new difficulties,
but the enormous value concentrated into a relatively
small space, justified greater expense in building a pro-
tective system. The cooperation of several of the
California companies in working out details of construc-
tion, and their excellent scheme for reducing the oxygen
content in the vapor space of the large reservoirs, by

—CONSTRUCTION ON THE EMBANEMENT OF 4 LargE
RESERVOIR SHOWING THE PERIPHERAL CaBLE, GRID axD, Ix
THE BACKGROUND, A STEEL Tower

the introduction of flue gases, made possible g degree
of protection of the highest order.

A million and a half barrels of oil may be stored under
one roof, half underground, on about 10 acres which
otherwise would require 30 tanks on at least 50 acres.
These reservoirs usually have g3 lining of concrete
reinforced with 6 by 6-in. welded mesh wire No. 6.
The mesh is 10 ft. wide, lapped 6 in. on each strip
and fastened together with short pieces of soft wire.
This mesh wire is carried up to the eaves and is covered
with concrete. The bottom of the reservoir usually
contains several in. of water and above this the depths
of oil may be as much as 30 ft. A number of pipe lines
may lead into this reservoir, the main lines being
usually 16- or 18-in. pipe. Surrounding the reservojr
there is usually a three of four in. water line with fire
hydrants, 300 or 400 ft. apart. Such pipe lines form
the best means for grounding lightning devices,

The record of some appliances which have been in
use for a number of years suggested that a peripheral
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cable grounded at frequent intervals is probably the
most satisfactory and economical protection for the
eaves of the ground reservoirs. If this is supplemented
by a number of steel towers arranged around the reser-
voir, a high degree of protection should be obtained
against primary lightning discharges. A grid of wires
over, the entire deck would raise the charge under a
storm cloud, above the deck and provide a path for the
surge which otherwise would go over the deck when the
cloud discharged.

Accordingly, telegraph poles were installed 40 ft.
apart on the top of the embankment of the reservoirs
about 12 ft. out from the eaves. These poles are 12
ft. above ground and are listed about 2 ft. outward from
the reservoir. A 34-in. stranded steel cable is supported
near the top of these poles and extends completely
around the reservoir. One or more guy wires, extend-
ing from each pole, are connected to this periphera]
cable the guy wires serving the double purpose of
mechanically strengthening the system and affording
good grounding connection. These grounds consist
of metallic screw anchors and are al] connected together
by an underground copper cable which, in turn, is
grounded to all of the pipe lines in the vicinity of the
reservoir.

A detail map of an area that has been developed by an
oil company shows a maze of pipe lines of many sizes,
steel tanks,
stills and steel towers if the storage is near a refinery.
Evidently the charge on the earth under g storm cloud
1s distributed over these conductors and, when the cloud
1s discharged, surges travel along pipe lines and over
wet ground toward the point where the lightning strikes.
If this view is correct, towers, cables, and grids should be
securely attached to tanks and to pipe lines on or near
the surface. When 3 tower in this area receives a
lightning discharge the charge on the earth’s surface
would collect principally on pipe lines and travel in a
surge toward the tower.,

A number of simple resistance measurements were
made in the oil fields of Oklahoma, Texas, Louisiana
and a number of places in California which Indicated
that the pipe lines were quite satisfactory for grounding
lightning devices. In several locations resistance
measurements were taken on the casing of water wells
from 50 to 300 ft. deep. From these points it was
established that pipe lines were well grounded and from

found that the resistance of g pipe line to ground, or of a
steel tank amounted to more than half an ohm.

It is sometimes considered necessary to sink a shaft 50
ft. or more, to permanent water, to establish a good
ground for lightning- towers, Surely this can do no
harm, but it is doubtful if there is information which
indicates that it ig necessary.,

ground reservoirs and, in many cases,.
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Characteristics of Interconnected Power Systems

As Affected by Transformer Ratio Control
BY L. F. BLUME:

Associate, A. I. E. E.

Synopsis.—Operating characteristics of interconnected systems
in which vollage is maintained constant by varying field of the
generators is compared with operaling characteristics, when, in
addition to the conirol of yenerator field, transformers equipped with
ratio control are employed. The use of transformers with variable
ratio introduces a flexibility in operation which permits the division
of waltless currents belween generaling stations independent of
voltage held at the generator busses.

A comparison is made of the use of synchronous condensers for
the purpose of improving regulation as compared with the use of
transformers equipped with ratio control.

The elementary conditions which govern the current distribution
in a loop, L, are determined in terms of impedance characteristics
of the net-work. The equipment necessary 1o control the current
distribution and at the same time maintain good regulation in the
loop are indicated.

ratio transformers in connection with intercon-

nected central stations makes it of interest to
state the fundamental characteristics of apparatus in
systems which make these equipments desirable.
In a paper? before the Institute two years ago, Mr. Al-
brecht indicated their field and compared their charac-
teristics with induction regulators and synchronous
condensers. The purpose of the present paper is to
focus attention on a few of these characteristics in order
to indicate how quantitative values may be obtained.

The various kinds of voltage control now being used
on power systems are:

1. Voltage control by means of generator field current,

2. Synchronous condensers or phase modifiers by
means of which the power factor in transmission lines
is improved and thus better regulation obtained,

3. Voltage ratio control, either by means of trans-
formers or induction regulators.

The above methods of voltage control will be con-
sidered in connection with specific, typical cases, al-
though in the most practical instances it is admitted
that the problem is more complicated than the assump-
tions of this paper imply. The principles as outlined
here, however, are applicable, with proper modifica-
tions, to the more complicated ones. The four typical
cases to be discussed are:

1. Where two generating systems are connected
by means of transmission line and power may flow in
either direction,

2. Where two generating systems are connected
by means of transmission line but one-way flow of
power only is required,

3. A generating system with a synchronous condenser
floating on the end of the line,

4. Transmission line loop.

r I \HE steady and rapid growth of the use of variable

1. Transformer Engineering Dept., General Electric Co.,
Schenectady, N. Y.

2. H. C. Albrecht, Transformer Tap Changing Under Load,
A. 1 E. E. Trans., Vol. 44, 1925, p. 581.

Presented at the Regional Meeting of District No. 1 of lhe
AL E. ., Pittsfield, Mass., May 26-28, 1927. .Complete copies
upon requeslt.

CAsSE I: Two-Way FLow oF POWER OVER TRANSMIS-
stoN LINE CONNECTING TwO STATIONS

With two central stations connected together by
means of an interconnecting transmission line (Fig. 1)
the operation of the system involves the control of:

1. The division of energy between the two stations,

9. The division of wattless kilovolt-amperes,

3. The voltage at the two busses.

The controls available are (a) throttle control,
(b) field control, (c) voltage ratio control. It is evident
that the division of energy between the two stations
is not determined by the electrical characteristics but
by the characteristics of the prime mover and the
throttle control. Field control at the two stations
does not affect the energy flow, but determines for each
load demand the voltages on the two busses, together
with the division of reactive kilovolt-ampere between
the stations. But field control cannot independently
determine the bus voltages and division of reactive
kilovolt-ampere. Either can be controlled, but not
both simultaneously; thus the field control may be
used to hold the bus voltages equal and constant for
all loads, under which condition the division of re-
active kilovolt-ampere between the stations is deter-
minable but uncontrollable. Conversely, by means of
field adjustments it is possible to control the division
of reactive kilovolt-ampere between the stations or
what amounts to the same thing, the power factor in
the line, but when this is done, voltage control on the
two busses is sacrificed. The voltage of one point on
the system may be held constant, but the other bus
voltage will vary through a range which is equal to the
regulation drop between the two busses.

In order to control, independently of each other, the
three characteristics, namely, energy division, reactive
kilovolt-ampere division, and voitage at both busses, it
is necessary to introduce a third independent control.
This is readily accomplished by introducing variable
voltage ratio between the two busses variable under
load.

Thus, by means of the insertion of variable ratio
between the two busses, it becomes possible to maintain
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both bus voltages constant at all loads, which means
that the regulation drop between the two busses is
zero, and at the same time, to obtain any desired di-
vision of current between the two stations. With the
flexibility of operation thus obtained, the bus voltage
of the two stations may be maintained constant, and
at the same time the division of current between
stations may be adjusted so as to obtain either

A. Maximum electrical efliciency,
B. Maximum economy in operation,
C. Maximum utilization of apparatus.

Although all three of the above are desirable aims,
it is rarely possible to obtain them simultaneously.
For example operating for maximum electrical
efficiency is simultaneous with operation for maxi-
mum economy only when the cost of energy de-
livered by station A to the load is equal to the cost of
energy delivered by station B to the load. With
equal energy cost, the division of current to obtain
maximum efficiency depends entirely upon the relative
losses in the two branches,

When the cost of energy in branch A and branch B,
including the transmission line, differ materially,
maximum economy is secured by shifting a portion of
the load kilowatts from the station in which the cost of
energy is greatest to the other station. This resultsin a
reduction in efficiency but an increase in economy.
As the division of reactive kilovolt-ampere for maxi-
mum economy is not affected to as great an extent by
cost of energy, the currents flowing in the two branches
for maximum economy are no longer in phase with the
load.

Division of current, to obtain maximum economy
in operation, is the desirable operating condition for
fractional loads but when the total load demand is
equal to, or approaches the full kilovolt-ampere of the
system, the rating limitations of the apparatus and
line may demand considerable departures from di-
vision of currents as determined by the consideration
of maximum economy. In order to deliver a maximum

Station A Station B
I *  Transmission Line I
Load

Fic. 1—ELEMENTARY DIAGRAM OF INTERCONNECTED SySTEMS
output, the division of current must be such as to ob-
tain the maximum utilization of the apparatus,

It is a relatively simple matter to obtain a measure
of the extent to which the use of ratio control Increases
the maximum load which a given system can deliver
to a given point without sacrificing constant voltage
at the two busses. This may be done by determining
quantitatively the limitation which exists when the
system is operated in which only throttle and generator
field control are employed.
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Voltage Relations.  We shall assume that the load to
be delivered may he concentrated on either hus of the
two stations A and B, Iig. 1, and that it is desired (o
maintain voltages ol busses A and B constant and
independent of the load demand.

Assuming that the flow of power will sometimes he
in one direction and sometimes reversed, the regulation
drop in the transmission line and interconnecting
transformers should be zero. Therefore, equating

2—-VoLTaGE RELATIONS IN INTERCONNECTED SysTEMS

0 A—Equals voltagoe of bus near load,
0O B - Kquals voltage of bus far from load,
Equals phase angle of current in transmission Line

Fia.

the expression for regulation to zero, we have ap-
proximately:

(% I R) cos 6
from which

(% IR)sinf = 0

= (1)

From this formula it is evident that the maintenance
of the two busses at constant voltage at all loads
involves the operation of the transmission line at a
leading power factor cos 6 the value of which is de-
termined from the ratio of resistance and reactance of
the line.

A more exact solution can be obtained graphically
by plotting the vector diagram of the transmission
line voltages, Fig. 2. The premises of the problem
make the three voltages an isosceles triangle O A B in
which the impedance drop of the line is the base A B
and the sides are the bus voltages of the two stations.
From this diagram we may write:

) %1z
sin o = “5 (2)
% IR
tan (6 — a) = I X (3)
where

O A = Voltage of bus near load,
O B = Voltage of bus far from load,
2 a = Phase angle between voltagesO A & O B,
6 = Phase angle of current in transmission line at

load end,
% IR& T X = Line constants including step-up
and step-down transformers.

Thesg equations are plotted in Fig. 4 by means of
which it is possible to determine readily the phase
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angle 6 of current in the interconnecting transmission
line when the per cent impedance drop and the ratio of
resistance to reactance is known.

Current Relations. The corresponding current
relations can be easily derived from the vector
diagram, Fig. 3, showing the current relations in
terms of the power factor of the load being de-
livered and the power factor of the transmission
line. In this it is assumed that the currents sup-
plied by the two systems to the load are equal,

A

3—CURRENT RELATIONS IN INTERCONNECTED SYSTEMS

0 B—Equals current in transmission line,

B A—Equals current at Station A",

0 A—Equals load current

Load power factor cos ¢ equals 95 per cent

Angle of lead in transmission line ¢ equals 20 deg.

Fie.

under which condition the triangle of current O B A is
isosceles where O A is the load current lagging an angle
¢ behind the voltage, O B is the current delivered by
the transmission line at the angle 6, and B A is the
current delivered by the local bus. A measure of the
effectiveness of the transmission line and distant
station in helping out the local station is determined
by the ratio O C / O B, the point C being determined
by making C A and B A equal to each other. This
ratio, which may be called the transmission utility
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factor, can be expressed mathematically by the equa-
tion derived directly from Fig. 3.

T,=0C/OB = 2cos (0 + ¢) — 1 (4)

’ljhis equation is plotted in Fig. 5, from which for

various values of phase angles of currents in the trans-
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mission line and for various power factors of load, the
transmission utility factor can be determined.

By means of Figs. 4 and 5 it is possible to determine
the resulting transmission utility factor, when the trans-
mission line constants are known, for any power factor
of load. The curves show exactly how much is sacri-
ficed in order to obtain constant potential on the two
busses.

Rating of Transmission Line Less than Generating
Stations. In the preceding analysis 1t was assumed
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that the kilovolt-ampere rating of the transmission
line was equal to the kilovolt-ampere rating of
the generating stations, and for that reason the
current in the transmission line and the current
in the local generating station were made equal
to each other. It may be, however, that the kilo-
volt-ampere rating of the transmission line is less than
the rating of the stations,and for that reason, it hecomes
desirable to consider the case in which the division of
load between the two stations is unequal. It is de-
sirable, therefore, to have utility factor curves for



1368

various ratios of current in transmission line to current
in generator nearest to the load. Let

Current in Transmission Line

- J
Current in Generator nearest to Load

The curves, Figs. 5, 6 and 7, correspond to values of
F =1,F =08and F 0.5, respectively.

It is of interest to note that in all of these cases,
Figs. 5, 6 and 7, that a transmission utility of 100 per
cent is obtainable only when the currents in the trans-
mission line and in the generators of both stations are
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Fie. 7—Transmission UTiLITY Facror orF TranswmIssioN
SYSTEM aND DISTANT GENERATOR; | = 0.5

all in phase with the load current, no matter what the
power factor of the load may be, and thus it is evident
that the maintenance of constant potential on the two
busses cannot be obtained under the conditions assumed
without sacrificing the utility factor.

CASE II: ONE-WAY FLOW OF POWER—LINE Drop
IN INTERCONNECTING LINE MAINTAINED CONSTANT

In case I, a two-way flow of power was assumed; con-
sequently it was necessary to equate the line drop
to zero. If the flow of power is in one direction only,
it is sufficient that the line drop be maintained constant
at all loads. A typical case is to assume 10 per cent
line drop. For these assumptions, Fig. 8 has been
determined giving the relations between the trans-
mission line constants and phase angle of current in
the transmission line. Fig. 8 is to be used in conjunc-
tion with transmission economy curves, Figs. 5, 6 and 7.

EXAMPLE FOR CASES I AND I -

Transmission utility factors are determined in the
following examples, in which constant voltage is main-
tained at two busses, by field control alone.3

3. It should not be inferred that all of the assumed operating
conditions in the above examples represent good practise. They
are merely cited to show the inherent difficulty of opnerating
with field control alone. In the first example where a trans-
mission factor of 18 per cent is obtained, the power factor
in the generator is so poor, about 15 per cent lagging, that
it is doubtful whether the generator could deliver its full kilo-
volt-ampere.

BLUMI: INTERCONNE(YTED POWEIL BYSTKMS
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Two stations, A and 73, 14 miles apart, intereonnected
by a 66-kv. transmission line, have a rating of 80,000
kv-a. At this load, the line characteristies ineluding
step-up and step-down transformers are:

Per Cent
Reactance drop 32.5
Resistance drop 75
Impedance drop 33.5
r/x 0.23

Power factor of load 85

To determine the value of using ratio control in con-
nection with the ahove conditions, it is first necessary to
examine the operating conditions or limitations which
exist if the two station busses are maintained at con-
stant potential by means of generator field control only,
that is, without employing ratio control or other voltage
regulating devices. These conditions impose upon the
system the necessity of maintaining the current in the
transmission line at a definite phase angle, the values
of which, as determined from Figs. 4 and 5, are:

For two-way flow of power (Fig. 4) 6 = 22-deg. leading
For one-way flow of power (Fig. 8) 6 = 4-deg. leading

The values of transmission utility factor for various
conditions of operation as determined from Figs. 5, 6,
and 7 are given in column 4 of the accompanying table.
This value is a measure of the usefulness of the distant
station under the conditions assumed, It means that

PERCENT IZ LINE IMPEDANCE
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although in each case the distant generator and trans-
mission line are loaded to the rated kilovolt-ampere of
the line, they are effective only to the extent indicated
by the percentages given in column 4.

CASE II1. COMPARISON OF SYNCHRONOUS CONDENSERS
WITH TRANSFORMER RATIO CONTROL EQUIPMENT

Comparison of Ratings. When used for the
purpose of enabling the system to hold bus volt-
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CASE I: TWO-WAY FLOW OF POWER

8tations A and B Having Equal Ratings, Transmission Line Rating =
80,000 Kv-a.

1 | 2 | 3 4

Transmission
Utility Factor

BLUME: INTERCONNECTED POWER SYSTEMS

|with fleld|With ratio

| Ratio transmission control control
| Rating station | line rating to station only only

A and B ' ratings per cent per cent
Fig. 5 | 80,000 kv-a. | 1 | 18 100
Fig. 6 i 100,000 0.8 30 “
Fig. 7 160,000 “ 0.5 42 [ “

CASE II: ONE-WAY FLOW OF POWER
Station B and Transmission Line Rating = 80,000 kv-a.

1 2 , 3 4

Transmission

l
|
i utility factor
|—

With field With ratio
l Ratio transmission | control control
Rating | line rating to station l only only
| Station A | ratings | per cent per cent
Fig. 5 | 80,000 kv-a. 1 | 62 100
Fig. 6 100,000 * | 0.8 l 66 “
Fig. 7 160,000 “ 0.5 72 “

ages at both ends of the line constant and inde-
pendent of load changes, the synchronous condenser
must compensate for the regulation of the line and inter-
connecting transformers. The condenser floating on
the end of the line takes an additional wattless load
the value of which, expressed in per cent of transmission
line rating, is to be determined. The regulation due
to the addition of the condenser load must be made
equal and opposite to the regulation due to load.
Hence

(¥)
[% (Kv-a.). + % (Kv-a.)cl] -*/'Olgo—X' =9 Rk (1)
where
% (Kv-a.). = Rated leading kilovolt-ampere of con-
denser,
% (Kv-a.),! = Rated lagging kilovolt-ampere of con-
denser,
% I X = Per cent reactance drop of line without
condenser,
% R = Per cent regulation of line without
condenser,
from which the condenser rating can be determined

when the regulation of the line, without condenser,
is known,

The rating of load ratio control equipment for the
same duty is:

% (Kv-a.)xc %Z.R i
Combining equations (11) and (12)
1/2 [ % (Kv-a.)e + 9% (Kv-a.),! ] 0/(]({0)(
- % (Kv-a.)uc (13)
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which means that line reactance determines the rela-
tive size of condenser and ratio control apparatus for
the same performance.

In equations (12) and (13) the fraction 14 is inserted
assuming that the ratio control equipment has equal
plus and minus ranges. This is generally, but not
always, the case.

These equations determine the sum of the leading
and lagging ratings of the condenser. They also show
that as far as voltage control is concerned, it is im-
material how much of the sum is lagging and how
much is leading.

Assuming that the first cost per kilovolt-ampere of
ratio control equipment is appreciably less than the cost
per kilovolt-ampere of synchronous condenser, it be-
comes evident from equation (13) that the first cost of
ratio control equipment is inherently much less than
the synchronous condenser.

Increased Output of System Due to Condenser. The
costs of the two equipments are not directly comparable
owing to the fact that the use of the condenser increases

Fic. 9—CURRENT DIAGRAM SHOWING EFFECT OF SYNCHRONOUS

CONDENSER ON TraNsMissiON LiNE CURRENTS

the output of the system. The amount can be deter-
mined from Fig. 9. As the maximum load is increased
by the condenser current, the energy remaining con-
stant, we can write:

(Kv-a.)rcos ¢ = (Kv-a.)r cos 6
or

cos 6

(Kv-a.)r = (Kv-a.)r 208 ¢ (14)
where
(Kv-a.)r = rating of generating plant,

(Kv-a.). = Kv-a. delivered to load,

which means that the ratio of the power factor of the
load to the power factor of the line determines the
increase in kilovolt-ampere of system on account of the
condenser.

Perhaps the best way of obtaining an equable cost
comparison hetween the use of a condenser and ratio
control equipment is to determine the extra cost
involved when ratio control is used to increase the
system kilovolt-ampere by the ratio cos #/cos ¢.
Ordinarily this merely involves providing the generators
and interconnecting transformers with a correspond-
ingly greater current carrying capacity. 'The increase
in current in the overhead transmission line does not
necessarily involve an increase in copper since the only
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practical eflect of the increased current is greater line
losses and increased regulation drop. An exception
to this should be noted in the case of underground
cables where the consideration of operating tempera-
tures may make it undesirable to Increase the maximum
current. In this case the saving in cable equipment
secured by employing the synchronous condensers
may more than off-set its greater first cost.

Saving tn Line Losses Oblained by Means of Syn-
chronous Condenser. Consideration must also be given
to the fact that the synchronous condenser, by im-
proving the power factor of the line currents, decreases
the copper losses in the line. The ratio of line copper
losses with and without using the condenser is given
by the expression:

3(5¢_)2 (15)

Loss ratio = ( -
cos 6

Improving, by condenser, the power factor from 80
per cent to 95 per cent, for example, reduces the line
loss 25 per cent. Where poor power factor of load is
combined with inherently large line losses, the saving
in losses at full load due to the use of condensers 1is
considerable.

The actual saving in loss, however, is less than may

0
| B
D
C
A
Fic. 10—CurreENT DIaGRaM FOR Fracrionar Loaps

SHOWING EFrEcT OoF SYNCHRONOUS CONDENSER WITH Maxivuyn
LaceiNg CURRENT EQUaL To M AXIMUM Leaping CurreNT

be inferred from the above, on account of the fact that
under usual operating conditions the load factor 1s
considerably less than unity. At fractional loads, the
saving in losses resulting from the condenser is very
much reduced, and at light loads, when condensers is
operating lagging, the line losses are actually increased
by the condenser. Tt is reasonable to expect, therefore,
that under normal conditions of load, the actual net
saving in line losses is much less than the value ob-
tained for full load conditions.

From this it appears that the saving in line losses is
very much affected by (a) the load factor and (b) the
ratio of leading and lagging rating of the synchronous
condenser.

Losses tn Condenser vs. Losses in Ratio Control
Apparatus. Furthermore, the net line losses saved by
condenser are off-set partially by the fact that the
transformer ratio control apparatus is inherently
considerably more efficient than synchronous con-
densers, for several reasons:

1. On account of the smaller kilovolt-ampere rating
of transformers,

BLUME: INTERCONNECTED POWERTISYSTIMS
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2. Onaccount of the inherently higher efficiency
of transformers,

3. On account of the fact that in transformer ratio
control, both the core and copper losses may be variable.
The core loss varies from maximum to minimum when
voltage ratio is shifted {rom maximum value to unity
and the copper losses vary from maximum to minimum
with changes in load.

To form a correct comparison hetween the two
equipments, the actual values of the various losses just
cited must be carefully estimated and capitalized.

ExAmMPLE ILLUSTRATING CASE III
Assuming the following conditions:

Per Cent
Line reactance drop. ... ... .. . = 29
Line resistance drop.... ... ... . . 7
Power factor of load....... . .. . 8

1t is desired to compare the use of ratio control equip-
ment with a synchronous condenser when used to
maintain voltage at both ends of line constant. Under
these conditions the line regulation without the con-
denser is 22.7 per cent. By equation (12) the rating of
ratio control equipment necessary to maintain voltage
constant i1s 11.3 per cent of the kilovolt-ampere of the
load.

By equation (13) the rating of the condenser is
per cent (kv-a.), + per cent (kv-a.);! = 70 per cent

The synchronous condenser performance depends
upon the ratio of the leading and lagging rating of the
condenser. Assuming equal leading and lagging rat-
ings, in other words, per cent (kv-a.). = per cent
(kv-a.).! = 35 per cent, current relations are obtained
as shown in Fig. 10. At full load the addition of the
condenser brings the line power factor up to 99 per cent.
The ratio of line power factor to load power factor is
1.14, which means that the system rating has been
increased by 14 per cent, equation (14). The full load
line losses by equation (15) are 77 per cent of what
they would be without the condenser. The triangle
OB D in Fig. 10 gives the current relations for full
load; O C is the condenser current at no load; and the
line C D B is the locus of the line current as the load
increases from no-load to full load. At the intersect D
corresponding to half load for Fig. 10, the condenser is
not contributing. For less than half load the condenser
Is increasing the line losses, and for loads greater than
half load the line losses are decreased by the condenser.

The current diagram, Fig. 11, corresponds to the
assumption that the leading rating of the condenser is
46.5 per cent and the lagging rating is 28.5 per cent.
The chief difference between Figs. 10 and 11 is the
position of the intersect D, which now occurs at 33 per
cent load. It is evident that operation, in accordance
with the assumption upon which Fig. 11 is based, means
a greater saving in line losses for a given load factor
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than operation in accordance with conditions assumed
for Fig. 10.

CASE IV. TRrANsMISSION LINE Loop

Under cases I and II it-was shown that by the help of
one voltage control equipment constant voltage can be
maintained at two points and at the same time any
desired current relation obtained. The principle can
be extended to any number of stations operating on a
line so that with N stations and N — 1 voltage control
equipments it is possible to maintain the bus voltage
constant at N stations and at the same time secure any

A

Fic. 11—CurreNT Diacram ForR FractioNnaL Loap, sHOW-
1xG THE EFFECT OoF SYNCHRONOUS CONDENSER WITH MAXIMUM
Laceing CurreNT 50 PEr CeENT or MaximMuMm LEADING
CURRENT

desired division of current in each portion of the line.

At each station voltage control may be inserted
between high and low voltage of the power transformers
as shown in Fig. 12, or the variable voltage may be
inserted in series with the line as shown in Fig. 13. In
the former case the over-all regulation of the line is
unaffected, whereas in the latter case the variable
voltage being inserted in the line itself, not only the
station bus voltage but also the line voltage, is affected.

Fio. 12—Transmission LINE Loor Provivenp witn IN-Puask

AND QUADRATURE VorTAgE CONTROL

When the two ends of the lines ¢ and b, in either
Fig. 12 or 13, are connected together forming a loop,
it 18 desirable to know whether complete current
flexibility is still obtainable. It is evident for example,
that if the currents in the four portions of the line, in
Figs. 12 and 13, are to he independently variable, a
variable voltage exists hetween ¢ and b which is the
resultant of the impedance drops in the four lines.
This voltage (e) varies in value and in phase from time
to time depending upon how much the currents are

BLUME: INTERCONNECTED POWER SYSTEMS
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changing in the line. We may write for the voltage
between « and b for Fig. 12

e=1,7, +12Z2 + 1,7, +I4Z4
where

I,1I,1,]I,arethe currents desired in the lines;

Z.Z,Z;Z, are the corresponding line impedances.

For Fig. 13 the expression becomes:

e =127 +1,Z,+ 1:Z; + 12— e;,— e;— e
where
es, €3, €, are the control voltages inserted in the line at
stations 2, 3 and 4.

If the loop is formed by connectlng a and b without
inserting any control equipment, the voltage (e), as
given in the above equations, is short-circuited and a
circulating current flows throughout the loop, the value
of which is given by the expression,

I, =e/(Z,+ Zo+ 25+ Zy)
The line currents have now become
I. + 1.
L + 1,
I, + 1,
Ii+ I,
It is evident that the desired currents, I,, I, I;, I, can

€

I2 T4

X, ¢

€4

€3

Fie. 13—TransvissioN LiNg Loor ProvipEp wiTH IN-PHASE

AND QUADRATURE VoLTAGE CONTROL

be obtained only in the remote coincidence that these
currents happen to be of such values as to make the
resultant voltage (e) zero. The alternative is to intro-
duce into the line a voltage which is always equal and
opposite to (¢). Therefore, if the ends @ and b are to be
connected without interfering with current flexibility,lit
is necessary to bridge the points ¢ and b with a voltage
which is equal to, and in phase with, the vector sum of
the impedance drops in the lines.

The insertion of such a low impedance voltage bridge
hetween points @ and b in which the voltage and also
the phase angle are independently controllable can be
accomplished by two ratio control equipments, one
providing the proper in-phase voltage and the other
providing the proper quadrature voltage. (See note
following.)

In general, a transmission line loop in which a maxi-
mum current flexibility is desired together with N points
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maintained at constant potential, requires N voltage
ratio controls and one quadrature control.

Although two independent controls, consisting of an
im-phase and a Guadrature control, are necessary to
obtain complete flexibility, nevertheless, under particu-
lar conditions of loa variation, one ratio control equip-
ment is suflicient for loop control.*

For example, when the currents I, I, I, I, vary
during the load cyele in such a manner that the resultant
voltage (e) changes in value but not in phase, it is then
only necessary to determine the phase angle of (e) with
reference to the line voltage, and to design loop control
equipment having this angle.

Loop control may be needed to prevent excessive
current flowing in portions of circuit as, for example,
when underground cables are used having a limited
current rating, or it may be desired in order to be able
at all loads to obtain a minimum of energy loss in the
loop. In the latter case the exact setting of the control
equipment can be caleulated readily.

Current  Distribution with Reference to Obtaining
Minvmum Energy Losses in Loop. At the end of this
paper, equations are developed which give the condition
for current distribution so as to obtain minimum energy
losses in the loop. These equations show that the
criterion for minimum losses is the condition that the
vector sum of the resistance voltage drops around the
loop should be zero. This criterion can always be met
by means of two control equipments if they are so
adjusted as to allow a circulating current to flow
through the loop in accordance with

RI.+ 2rI =0
where

I, is the circulating current,
R is the total resistance of the loop,

2r I is the vector sum of the resistance drops (not
including the drop due to circulating current).

To obtain this current distribution, the control equip-
ments must introduce the following voltages into the
line: Anin-phase voltage equal to

€ = .7.1 T + ]‘2 Ts + ]‘3 rs + ete.
and a quadrature voltage equal to
je = 7:11'1 -+ izxz + 7:3x3 + ete.

An important particular case is when the ratio of
resistance to reactance in each portion of the line is
equal; that is, when

4. Loop control can also be obtained by means of {wo poly-
phase inductive regulators, the series windings bemg mounted
in the line and connected in series with each other. Each
regulator inserts in the line a constant voltage with phase angle
variable from zero to 360 deg. By adjusting their phase
angles, the combined voltage introduced into the line can be
made any desired value and any angle.

BLUME: INTERCONNECTED POWER SYSTREMS
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x z, Ty X
T . Ty T I

where [t and X are the total resistance and reactance
of the loop. Then

T r T

=T X = X m= X

When these values are substituted in the equations for
e and j e, they reduce to the following simple form:

je Zri i{
"

But by the conditions of the problem Xir — 0 and

2jr=0. It therefore follows that both ¢ and je
are zero. The important conclusion follows that

when the ratios of resistance to reactance in each
portion of the loop are all equal to each other, the
currents distribute in the loop so as to obtain minimum
copper loss, when the loop is closed without voltage
inserted. Loop control equipment is therefore neces-
sary only by virtue of the fact that the various portions
of line have different ratios of resistance to reactance.

Acknowledgment is hereby made to Raymond
Bailey, P. J. Walton, W. W. Lewis, H. O. Woods and
M. B. Mallett for their assistance in the preparation
of this paper.

An appendix with equations to find the current
distribution in a loop with reference to obtaining
minimum energy losses in a loop is included in the
complete paper.
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Abridgment of

A Theory of Imperfect Solid Dielectrics

BY MICHEL G. MALTI:

Associate, A. I. E. E.

Synopsis.—This paper covers Chapters VII, VIII and IX of a
thesis presented by the author to the Faculty of the Graduale School
of Cornell University, for the degree of Doctor of Philosophy.

In this thesis a summary is made of the experimental facts
regarding the anomalous behavior of solid tnsulaling malterials
under varying conditions of polential, time, temperature, frequency,
humidity, tonizing radiations and various other faclors.

A bibliography containing about 400 articles dealing with experi-
mental and theoretical research is appended to the thesis. These
articles are chronologically arrcnged and numbered.

Five tables are given, including references to experimental
research done on (a) dielectric resistivily, (b) dielectric charge and
discharge, (c) dielectric constant, (d) dielectric strength, (e) dielectric
energy loss.

Hypotheses are here established which account, in a general way,
for the observed behavior of solid dielectrics. Definitions of the
resistivily, permittivity, electric charge and electric strength of
solid dielectrics under both conlinuous and allernating potentials
are submilled. Terms are introduced and defined: ¢. g., the ‘(i — )-
characteristic,” the ‘‘electrization curve,” and the ‘‘hystero-viscosily
loop.”’

The various enerqy losses occurring in dieleclrics are traced to
their sources and subdivided into hysteresis, viscosily and resistance
losses. Methods are devised for separating the lotal dissipated
energy into its three component parts.

Finally, the classical theory is shown to apply to imperfect solid

dielectrics if the submitted definitions and terms be adopted.
* * * * *

Part II.

A. THE RESITIVITY p OF SOLID DIELECTRICS
1. Resistinity at Continuous Potential.

The resistance R of a solid dielectric with a continuous
applied potential will be defined as:
~ Limit
St

Definitions of Terms

R (1)

(F—-2E,)/I,
The notations used in equation (1) may be visualized
by referring to Fig. 4.

From equation (1) the resistivity p will be:

p=Ra/d = [(E—-2E,)/1,) (a/d) 2)

[

+ |
+ |
=)
+
aell)
2 —IDECREASE IN THE SPARKING DIsTANCE OF A (AS DUE
T0 PLACING A Souip DieLECTRIC NEAR THE ANODE

Fia.

For continuous potentials, and within the same
potential range, p will be constant. However, p will
assume lower values as higher ranges of potential are
reached until at the breakdown potential p hecomes
practically zero. The resistivity defined by equation
(2) is easily measured because all the quantities on the
right hand side are determinable. F,is the only factor
which seems difficult to measure. Its value, however,
may be experimentally determined as was done in

. Instructor in Klectriea) Wngineering, Cornell University,
[thaca, N. Y.

Presented at the Regional Meeting of District No. 1 of the
AT KL, Pitsficld, Mass., May 25-28, 1927 .
upon requcst

Complele copnes

(53-15) and (2-25) by first impressing E for a time ¢,
then suddenly decreasing E to such a value that i,
becomes zero. This new value of E at which 2, = 0
is the value of 2 E,, while (53-15) shows that if this is
done, R, (at least in the case of quartz and iceland spar),
is not only independent of E, within certain limits, but
is also independent of the time &.

2. Resistivity at Alternating Potentials.

The value of p can thus be experimentally determined
when continuous potentials are used. With alternating
potentials, the conduction current cannot be experi-
mentally separated from the charging current. The
method generally adopted of measuring the power
dissipated in a condenser and taking p of such a value
that W = I? R, is physically erroneous because of the
fact that the energy dissipated is largely a hysteresis
loss, and the I2 R loss forms but a very small percentage
of the total dissipated energy (see 2/82, 94-12 and
17-15).

Two questions arise in regard to the resistivity when
alternating potentials are used:

a. What conception must be formed ol p with
alternating potentials?

b. If p is a function of the potential range, what
value of p must be adopted when alternating potentials
assume instantaneous values which fall within more
than one potential range?

The answer to the first question is that the concept
of p with alternating potentials should not differ from
that of p with continuous potentials.

The answer to the second question would lead to a
definition of an eflective resistance which, although
having no physical basis when the potential gradient
exceeds the initial range, leads to an approximate
determination of the true I* R loss when alternating
potentials are used. Thus, let ¢, &, . . t, bethe
times at which the sinusoidal voltage wave (Fig. 3)
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assumes instantaneous values ¢, € ¢, such that
¢ EA, e M’n, & ['4"'. where 1'4'\, Ky
L are the upper potential limits of the potential
ranges, A, R N.
Then
i

Wi = ) G Radt = Ry | Gy de
) ]

W, 7[ () Rudt = Ry | (o) dt (3)
1 i

In in
Wen = f (o) Rudt = R | Gn)td
1, 1 Uy —1)

where 1,,, 1,5, . 1,~ are the conduetion currents,
R., Ry, R« are the resistances and W, W,
W. are the energy losses that would be obtained at
continuous potentials lying within the ranges A,
B N.

The value of the first integrand in equation (3) will
then be '

1

Woi =Ry § ((a v 2)sin wifrdi
1]

2w

The other integrands in equation (3) cannot be so
easily evaluated because, according to the eighth
hypothesis, we cannot assert that the conduction
currents I, I~ are sinusoidal. However, if we
should follow the procedure adopted in obtaining
equation (4a), the error will be only in the deviation
of the current from the sinusoidal value. This error,
for potential gradients lying well below the rupturing
gradient G,, cannot be very large. We shall therefore
evaluate the remaining integrands as was done in the
case of the first and obtain:

sin2w(.]

= (I, Ry) [ 6 (4a)

3 sin2 wt,~sin2 wt,
Wir = (ot Bo) [ (= 1) - 0L SN2 0l]
, sin 2 wt,~sin 2 wt, | »
W, =, R [(/,, — )~ 5 ](4n)

Therefore the total energy dissipated per 14 of a
cycle is:
W.= W+ W, + o+ W) (5)
But with actual conducting materials the energy loss
due to the passage of a current of effective value I,,
for a period of time 7 4 is:
W =1,RxT/4
from which
Ry =4 W, 12T (6)
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The equivalent resistance of g dieleetric at sinusoida
potentials, huving instantuneous values which extend
over more thun one potential runge, may be analogou: ly
defined u:
R., 4 (W W.. 4 wh,, /1,1 7)
where W,, W W,. are defined by equations (4
At voltages whose amplitudes do not excew! Lhe
initial potential range, equation (4a) for ', of a cycle
becomes:
4 AR T (8)
Therelore, the resistance of a slab of dielectric at such

te
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alternating potentials is equal to that obtained by using
a continuous potential of a magnitude equal to the
eflfective value of the alternating potential.

It must be remembered that I,, in equation (8) is
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not the effective value of the alternating current, flow-
ing through the condenser, as measured with an a-c.
ammeter. It actually corresponds to /, in equation (1);
t. e, it is the true conduction current read at a time (.
on a d-c. instrument, when a continuous potential of a
magnitude equal to the effective value of the alter-
nating potential is applied to the condenser.

B. ELECTRIC CHARGE AND DISCHARGE OF SoLID
DIELECTRICS
1. The Charge with ( ‘ontinuous Potentials.
a. Definition: If, for a definite temperature, hu-
midity, and continuous potential, cu