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Engineering
Education

The second report of the Board of Investigation and
Coordination of the Society for the Promotion of En-
gineering Education, issued in June, is based upon the
results of a general investigation “directed to a study of
the objects of engineering education and the fitness of
the present-day curricula,” which has been conducted
by the Society during the past three and one-half
years. It deals with the following two distinct but
related issues:

“I. Engineering Education—A Unified #s. a Divided
Process.”

“II. The
Curriculum.”

The following paragraphs are quoted from the
“Summary of Issuesand Conclusions’ and “Conclusion”.

Part I. “A unified educational process implies a
curriculum in which humanistie, scientific and techno-
logical studies are combined into an orderly whole, con-
stituting a complete and self-contained branch of higher
education under unity of supervision. A divided process
implies a distinet pre-engineering curriculum under
separate auspices and an engineering curriculum set up
on purely technical lines, a plan corresponding to the
present educational scheme in law, medicine and
dentistry.

“The Board is of the opinion that the engineering
colleges in general may best fulfill their purpose by
providing under their own auspices an educational
program which is complete in itself and which may be
entered direct from the secondary schools; that this
type of program supplies the norm in engineering
education; but that facilities should be afforded for
the admission to advanced standing of students who
desire a more extended general academic training
before entering upon the study of engineering.”

Part II. ‘““The issue concerning the length of the
curriculum grows out of the accepted principlethat more
than four yearsof preparationareneeded toequip men for
creative leadership in the engineering profession. The
alternative lies hetween a longer prescribed program,
to be pursued in full or in part by all students, and a
normal undergraduate program as a base with a variety
of supplementary programs to fit different needs and
preferences.

“The Board is of the opinion that it is advisable to
preserve the usual distinction between undergraduate
and post-graduate programs and that the undergraduate

Question of a Longer Engineering

program should be self-contained and lead to a degree.
Opportunity should be afforded and encouragement
given to students of promise to extend their formal
training by means appropriate to their aptitude,
ability and choice of a career, such as the voluntary
election of additional humanistic studies, the pursuit
of post-graduate study in a fully qualified institution,
or through orderly studies pursued in conjunction with
engineering experience. Four years is regarded as
the normal length of the undergraduate program.
In many cases this program may be divided advan-
tageously into two stages under the same supervision
and both reasonably self-contained, in order to provide
an intermediate goal and facilitate a selective process
of admission to the upper years.”

Conclusion. “In conclusion, it seems fitting to out-
line the Board’s conception of the place and function of
the engineering colleges in the educational scheme and
to indicate some of itsideals for their future progress.

“It is the Board’s belief that engineering education is
so broad in its aims and that its methods are so truly
educative as fully to justify its established position as
one of the major complete branches of higher education.
The engineering college is conceived to be coordinate in
organization and status with the college of liberal arts,
in both undergraduate and post-graduate divisions.
There is a clear-cut distinction, however, in their
purposes and their methods of work, which invests the
engineering colleges with a professional character.
The undergraduate engineering curriculum properly
combines humanistic, scientific and technological
studies into a coherent and integral program which is
set off from a loose grouping of scientific studies by a
well-marked professional orientation. The professional
element in the curriculum becomes increasingly im-
portant in the upper years of the program and domi-
nates the more specialized work of the post-graduate
vears.

“The Board recognizes the need to develop, broaden
and enrich engineering education, in view of the con-
stantly enlarging responsibilities of engineers in society
and the increasing exactions of professional practise.
It holds, however, that this development should pro-
ceed from within, by enhancing the distinctive qualities
of engineering education, rather than by adding to it
unrelated elements from without; that the preservation
of a unified program better lends itself to this end;
that it is desirable to give a more generous place to
distinctly humanistic studies in the curriculum and to
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give these studies a form and content' which will enrich
the student’s conception of engineering and its place in
social economy; that it is desirable to give the student
a more connected and better grounding in engineering
principles; that a greater effort should be made to
develop the student’s capacity for self-directed work;
and that these ends should bhe gained, wherever need
be, at the expense of unrelated studies on one hand and
of detailed technical training on the other. The Board
holds that detailed training in engineering technique
should be more adequately provided for in both post-
graduate and post-scholastic courses.

“The Board holds that its principal efforts for the
improvement of engineering education must take the
direction of a simpler and better balanced curriculum,
better selection of students, better qualified teachers,
better teaching methods, better subject matters and
more adequate provision for advanced training,
rather than changes in the scheme of eduecational

organization.”

For a list of publications dealing with various phases of this investigation
and a brief summary of the first report of the Board, see page 83 of the
Jounrn~aL for January, 1927. The following more recent publications
are now available:

Second Report of the Board of Investigation and Coordination.
Bulletin No. 10. A Study of Engineering Curricula. 40 cents.

Bulletin No. 11. A Study of Evolutionary Trends in Engineering Curri-
cula. 20 cents.

Bulletin No. 12. A Study of the Cooperative Method of Engineering
Education. 30 cents.

Copies may be obtained from The Lancaster Press, Inc., Price and Lemon
Streets, Lancaster, Pennsylvania.

15 cents.

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

John White Howell, Member of the Institute since
1887 (Fellow 1912) and Edison Medalist for 1924, was
born at New Brunswick, New Jersey, December 22,
1857. His preliminary education was followed by a
year and a half at the College of the City of New York,
whence he went to Rutgers for a year’s study in engi-
neering, following it by a special course at Stevens
Institute of Technology, which he completed in 1881.
Later, in 1899, he was given the honorary degree of
Electrical Engineer by Stevens.

On July 6, 1881, he joined the Edison Lamp Works at
Menlo Park. The lamp industry was then in its in-
fancy with no machinery and no established methods
of procedure. In fact for several years, Mr. Edison
himself supervised the work personally, but gradually,
as Mr. Howell became more experienced, this super-
vision was passed on to him until he was finally in
full charge. His contributions by important inventions
and much constructive literature have been representa-
tive factors in the improvement and enlargement of the
incandescent lamp developments.

Two of his earliest achievements were the production
of a portable voltmeter and the Wheatstone Bridge
type of potential indicator now widely used in central
stations and electric light plants to compensate for

1. It is the expectation that the Board will deal “_'ith fche
form and content of the humanistic studies of the engineering
curriculum in a later section of its reports.

NOTES AND COMMIEN'TS
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temperature. Later on, the comparative indicator,
a novel system for giving the voltage at each feeder end
by comparison with one standard indicator, was also
originated by him.

In 1886, he determined for the first time in the
history of the incandescent lamp the relation between
its life and its candle power. This has since been ap-
plied to all forms of incandescent lamps. The next
year he introduced a carbonaceous paste elamp, which
greatly decreased the cost of clamping and filament,
at the same time greatly increasing the efliciency and
quality of the lamp. And when, in 1890, he was made
Technical Advisor to Manager of Works, he introduced
certain changes in the exhaust which, while increasing
the speed of the exhaust, still further improved the
quality of the lamp. It was in 1892 that the KEdison
Lamp Works became a part of the General Electric
Company, and Mr. Howell was appointed Engineer
and Assistant Manager of the Lamp Works. Contin-
uing his experimental investigations, he organized the
Edison Lamp Works Engineering Department, im-
proving upon the Thomson-Houston method of treating
carbon filaments and developing a treating machine
which completely revolutionized the most important
processes of current lamp production. He also intro-
duced the squirted collulose filament, thereby reducing
the number of operators required in this specific depart-
ment from 350 to 12. As engineer, manager, inventor,
Mr. Howell has ever been an ever moving force in the
development of the lamp industry. It would be
difficult in fact to even catalogue his many technical
achievements; his patents are numerous and cover a
wide field in parts, processes and the machinery used
in the evolution of the electric lamp.

To devote more time to the more congenial occupa-
tion of his engineering duties, Mr. Howell, in 1895
resigned from his assistant managership. He in-
vestigated and reported favorably upon the Malignani
methods of exhaust, afterward introduced into the
works at an enormous increase of production. With
W. R. Burrows, he designed and patented the first
stem-making machine which was a great innovation
at that time and is still in use. Various filament
inventions were investigated by him and he assisted
Doctor Whitney in the development of the metallized
filament. During 1906 much of his time was spent in
Europe for the purpose of studying the Tungsten lamp
and acquiring their American rights. Today he is the
most distinguished pioneer in incandescent lamp field, in
the evolution and development of which he has rendered
inestimable service. His work of research has been of
universal value, and the general public as well as the
entire electrical industry have derived many benefits
from his labors. Mr. Howell is also a member of the
American Society of Mechnical Engineers, the National
Electric Light Association, the Association of Edison
Illuminating Companies, Illuminating Engineering
Society, Franklin Institute and Past-president of the
Edison Pioneers.



Lightning Protection for Oil Storage Tanks and
Reservoirs

BY ROYAL W. SORENSEN*

Fellow, A. I. E. E.

Synopsis.— This paper outlines work done in connection with
planning a protection scheme for the oil storage tank farms of
the General Petroleum Corporation of California. The work
shows that the average annual number of storms at a given location
is a constant. The dielectric property of oil has no influence n
causing lightning or inducing it to strike oil in storage.

Tesls show that excellent protection can be obtained by towers

JAMES HUGH HAMILTON+

Non-Member

CLAUDE D. HAYWARD

Non-Member

properly installed, but they do no indicate absolute immunily
against hils.

The work done also shows that an extensive field program, sup-
plemented by such laboratory work as required for understanding
and assisting the field program, should be carried out to extend

our knowledge of lightning phenomena and protection.
* * * * *

INTRODUCTION

N California, the production of great quantities of oil

I has made necessary the development of storage

capacity for millions of barrels of oil of varying
degrees of inflammability.

Three types of storage containers have been used;
all steel tanks, tanks with steel walls and roofs of some
other material, and large concrete basin-like structures
commonly known as reservoirs.

Previous to 1926, on California oil properties, fires
resulting from lightning were scattered as to time and
place. Also, insurance rates for damage to these prop-
erties by lightning were sufficiently reasonable to make
such insurance more economical than the employment
of protective measures for oil or oil products against
induced and direct-hit ignition by lightning.

Three major fires which occurred during April 1926,
resulting in the loss of several lives and almost
$20,000,000 worth of property, immediately caused a
large increase in insurance rates and entirely changed
the aspect of the problem in emphasizing the fact that
insurance can never compensate for the economic loss
involved in the destruction of large quantities of oil.

The average number of thunderstorm days per year
for a given geographical location is, according to
Weather Bureau statistics, a constant which has not
changed during the period covered by their records
(Fig. 1).

In different parts of the United States, the number of
such days varies from less than 5 to 95 per year. Small
areas within the divisions represented by the reports
may have a greater or less number of such days.

The probability of damage by lightning in any given
area is largely a function of the number of storms occur-
ring within that area, the amount of the area occupied
by life and property, the character of structures or
materials included therein, and the ahsolute humidity
which determines the percentage of lightning discharges
that will occur as strokes to ground.

*Prof. of Klee. Kingg., California Institute of Technology.

tOraduate Student, California Inst. of Pech. 7

{Uraduate Student, California Irst. of Tech,

To be presented at the Pacific Coust Convenlion of the A. 1. I, K.,
Del Monte, Calif., Sept. 13-16, 1927,

Each year adds to the portion of any given region
occupied by life and property and increases accordingly
the probability of loss of life and damage to property.
For this reason, not only the petroleum industry but
also other industries should consider means of protec-
tion for the future in addition to those required at
present, and should make it possible for engineers and
scientists to plan and execute a thorough program of
field researches on the character of lightning discharges,
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Fig.

Cumulative chart from records of the Weather Bureau. In this form a
straight line indicates a constant thunderstorm frequency. It should be
noted that in 1903, an alteration was made in station regulations equivalent
to changing the official definition of a thunderstorm from *thunder with
rain’ to “thunder with or without rain.'" ‘This explains the increase in
thunderstorms recordod since 1903. (From Marion E. Dice, ''Lightning
Hazards," 0il Bulletin, 13, 27, Jan. 1927.)

supplemented by such laboratory work as may be re-
quired for the development of the apparatus for these
tests and interpretation of the results obtained in the
field.

Directly following the 1926 oil fires, several oil com-
panies using the laboratories at the California Institute
of Technology as a base, independently or in coopera-
tion with members of the Institute staff, undertook the
problem of designing protection for their oil storage
properties. The most extensive of these programs was
conducted for the General Petroleum Corporation by
Marion E. Dice of their Consulting Engineer’s Depart-
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”,‘f"?t and the California Institute of Technology
High-Voltage Laboratory staff. It forms the basis of
this paper.

EFFECT OF LOCATION ON LIGHTNING HAZARD

Given a geographical section within which certain
industrial operations are to he carried on, are there spots
within that area which vary as to the probability of a
lightning discharge?

A study of contributing causes for lightning, such as
the breaking of water drops in upward currents of air!
at the required velocity, showed that much can be
done in reducing the lightning hazard by proper loca-
tion with respect to thunderstorm paths.

Lightning damage may be caused by direct stroke or
by ignition from secondary or induced discharges.
As the energy in discharges caused by induced charges
is relatively small, oil fires from this means can result
only by such discharge acting as ignition systems.
The obvious method for guarding against such effects
1s to reduce to a minimum the storage of highly com-
bustible oils or gases given off by oils, and to keep
well guarded against spark discharges the oils that are
the more highly inflammable or give off gases which,
with air, form explosive mixtures.

The well-known impossibility of producing differences
of potential between two objects within a completely
closed conducting envelope by influences exerted
without the envelope indicates the proper solution for
the problem of induced discharges. In practise,
therefore, the desired protection from induced effects
has been obtained by storing readily inflammable oils
or oils which will give off explosive gases in all metal
tanks, with well screened and properly designed vents or
by the use of wire networks over wooden roofs. Float-
Ing roof construction, which reduced to a minimum the
free gas space above oil in a tank, is an aid to this form
of conservation. Tanks constructed in this way are
costly and it is therefore not practicable to use them as
general storage for the millions of barrels of oil now
stored. Fortunately a great percentage of the oil can
be reduced to a heavy residuum of low volatility for
storage. This heavy residuum can be safely stored in
the large reinforced concrete reservoirs, used so exten-
sively in California, or in metal tanks with non-metal,
nen-floating roofing, providing such reservoirs or tanks
are protected from direct hits.

Before discussing methods of guarding against direct
hits, the authors wish to present some data bearing
upon the possibility of any special phenomena related
to lightning which may be directly chargeable to the
influence of the oil itself.

COLLECTION OF CHARGES ON OIL SURFACES

It was suspected at one time that certain oil.ﬁr'es. of
unaccountable origin might have been due to ignition
from sparks caused by independent charges accumu-

1. For all references see Bibliography.

SORENSEN, TAMILTON AND HAYWARD
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lating on parts of a large oil surface and then coming
near enough to each other to have their charges equal-
ized by a spark between them. The apparatus shown
in Fig. 2 was used to make tests relating to this pos-
sibility. With voltage applied to the pan and terminal
above it as electrodes, charges could be detected at the
surface of the oil only while such voltage was applied.
Also, during the application of voltage, the oil was
always in circulation, the rapidity of circulation being
a function of the potential gradient through the oil.
Bits of cork or other insulating material in the oil
would show a rather definite circulation path from the
strong field under the rod above the pan out to the
weaker field. Frequently particles of insulation ma-
terial in the oil, because of some pecularity of shape or
color, could be singled out and watched. Many of these
particles were seen to act as though they were in the
business of carrying charges from the surface of the
oil to the pan at the bottom; that is, with a rate of
motion entirely apart from the rate of circulation of
oil, these particles would come to the oil surface, move
down until they touched the pan at the bottom, and
then come to the surface again to repeat the operation.
As a further check, a charged electroscope was con-

nected to a conductor which was allowed to touch the
surface of the oil. In every case the electroscope was
very quickly discharged. Also, it was found that the
electroscope could not ke charged above the potential
drop through the oil so long as it was kept connected
to the surface of the oil. These tests showed, as did
similar earlier? ones, that oil cannot accumulate charges
at points on its surface. Thus, there need be no fear
of 1solated or local charges on the surface of oil building
up or approaching each other, and igniting the gas
above the oil by spark discharges.

INFLUENCE OF OIL ON SPARK DISCHARGE

In planning protection for oil storage, one is con-
fronted with the question; does oil have to be considered
as a special proklem because of characteristics which
have influence, different from those of other sub-
stances, in directing the path of a lightning discharge

between a charged cloud and the earth, or because of

2. Loec. cit.
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any special phenomena relating to the accumulation
of charges on the surface of a body of oil.

It is a known fact that when a high potential direct
current is applied to two electrodes insulated from each
other, a dielectric, such as glass or mica, placed near the
positive one materially lowers the voltage required to
give arc-over hetween the two terminals.? At the sug-
gestion of E. R. Wolcott of the Union 0il Company of
California, oil, being a dielectric, was examined for such
an effect with negative results. There was found no
evidence that spark-over voltage between two charged
electrodes was changed by placing oil on the positive
one. This is fortunate, for if oil in a reservoir on the
ground could act to lower the discharge voltages, there
would be a great hazard for theoil, whenever a negative
cloud formed in the region of storage.

This absence of any influence of the oil to cause it to

insulation over the pan), was increased, and no arc from
upper electrode to pan took place. Also, when the oil
film was not punctured, there was no arc discharge from
the upper electrode, the discharge around this electrode
being limited to the corona discharge; that is, an arc
does not strike from a conductor to an insulator unless
the potential gradient over the insulator is great enough
to either puncture the insulator or carry the arc around
it through the medium surrounding the insulator. This
is a fact of which one sometimes loses sight in thinking
of the action of two insulators having different di-
electric constants when placed in series in an electrie
field. When voltage is applied to such an arrangement,
while it is true that the greater stress is upon the in-
sulator with the smaller dielectric constant, it is also
true that in order to obtain an arc there must be com-
plete breakdown of both dielectrics by puncture or

A

he a more probable target for spark discharges was also
checked by the use of the piece of apparatus shown in
Fig. 2. This apparatus consisted simply of a large
shallow pan partly filled with oil. With an electrode
above the pan, (as shown), connected to one terminal
of the source of direct current supply and the pan con-
nected to the other many tests were made. These
tegts show that as the voltage was increased, the oil was
agitated more and more violently until, as the voltage
approached that required for arc-over, the oil was
hollowed out under the upper electrode, as though blown
away, and when the depth of oil directly under the
elechpde was sufficiently small, the arc struck through
the oil to the pan. If the voltage was kept constant
and the oil level in the pan raised by adding more oil,
the depth of oil (or, in other words, the thickness of

3 Lo, ¢l

Fic. 3—DieLectric EFrects or O1L IN A RESERVOIR

(See also Fig. 4)

A No oil

B No oil

C 0il in reservoir

arc-over, as the arc cannot strike through one dielectric
to the other as a terminal.

As a further check upon the inability of oil in a vessel
to cause the discharge to take place more readily, many
tests were made with smaller pans, dimensions of which
were proportional to those of reservoirs. These were
placed on the floor below the electrode used to represent
a cloud, the other terminal of the power supply being
grounded to the floor. With oil in the pan, the dis-
charges missed the pan altogether or struck the edge;
without oil in the pan, the discharges would hit in the
pan or at the edge indiscriminately as shown by Figs.
3and 4.

LIGHTNING STROKES
There are three possible ways of guarding against
direct hits; viz., to prevent the occurrence of lightning
discharges between clouds and earth, to construct
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the tanks or reservoirs in such a way as to provide
Immunity to damage from such hits, or to direct the
hits elsewhere to conductors which will harmlessly
carry a discharge occurring between cloud and earth
until all energy of the discharge is dissipated. All of
these suggested solutions were discussed shortly after
Franklin’s invention of the lightning rod in 1752, were
revived and again thrashed out about 100 years later
when Sir W. Snow Harris devised lightning conductors
for ships of the English Navy, and more than 50 years
since were reduced to scientific analysis by Sir Oliver
Lodge.

To prevent lightning discharges between clouds and
earth, itisnecessary toprovidea means of preventing the
accumulation of sufficient charge on cloud and earth to

No 01l in Resrrvoir

Oil'in Reservor

Edge of Reservoir

 a \

> Storm Center Slorm_ Center
© over this Pojnt over this Point
o i
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Wins, -

Metal Plate
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4—DieLectric EFFeeT oF OIL IN A REsErvoir with
GROUNDED WaLLS
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These records show that the presence of oil in a reinforced concrete or
metal reservoir tends to direct electrical discharges, which would otherwise
strike into the body of the reservoir, to the edge. At the same time, the
presence of a body of oil of the proportions of a reservoir in a thunderstorm
field does not affect the number of discharges which fall within that area.
Oil does not attract or repel lightning. In the tests, discharges from the
surge generator were directed into a scale model of one of the 500,000-bbl.
Wilmington reservoirs when empty and when full of oil (13 deg. residuum).
The storm center was over the center of the reservoir at an elevation of
1000-ft. (actually 10-in.). The small cirecles show the location of hits.

Results
Reservoir Reservoir full
Point Struck Empty of Oil
Edge. .. .. 8 17
Inside. .. ... .. 8 0
Outside. 4 3
20 20

cause a discharge to take place between them. There
are no known records of this having been accomplished
in such a way as to make available any data on energy
discharge from structures erected for this purpose,
though there have been many schemes suggested.
These schemes rely for the most part upon the use of
points attached to earth as a means of discharging the
charges produced. Tests to determine the value of
such a scheme should be made on actual tower and point
installations in a district subject to many lightning
storms. Not having available such an equipment,
tests were made with laboratory apparatus as shown in
Fig. 5. This apparatus was constructed to scale and

4. Loc. cit.
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tests made for several conditions involving different
actual dimensions.

In these laboratory tests, steady unidirectional fields
were used, because, had alternating fields heen used,
the total current measured would be the resultant of an
energy current in phase with the voltage and the charg-
ing current leading the voltage 90 degrees. Lack of a
proper wattmeter for use under such small current,
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high-voltage conditions would make the separation
of these components very difficult. There are also
other difficulties with alternating fields, such as dis-
torted waves having greater peak value on the positive
half cycle than on the negative half cycle, which make
the separation of energy current from total current
practically impossible. With direct current, these
complications are avoided and the conduction current
between points and the upper plate has a steady value
for any given voltage.

The apparatus (Fig. 5) consisted of two parallel flat
metal plates, mounted horizontally and insulated from
each other. The upper plate represented the thunder
cloud and by means of the kenotron and condenser
equipment shown in the figure, could be charged to a
maximum potential of 100 kv. The lower plate was
connected to ground and represented the earth surface
under the thunder cloud. A number of steel needles,

Fig. 6—DivENsioNs oF NEEDLES USED 1y Fic. 5
(Fig. 6), projected through holes in the grounded plate.
Each needle was insulated from the plate by means of a
small piece of glass tubing and all the needles were
connected together at their ends by a third, smaller,
flat metal plate which in turn was connected to ground
through a micro-ammeter. The connecting lead was
carefully shielded against induced charges by a
grounded metal tube which surrounded it, and the micro-
ammeter itself was placed inside a grounded screen wire
cage.

For each set of readings, the upper plate was set at a
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given distance above the lower one, the points were
raised above this plate 1/12 the distance between plates,
and the needles were separated a distance of four times
the needle height. The sphere-gap was set for a desired
value and voltage was applied, slowly increasing until
the gap sparked over, at which time the micro-ammeter
was read.

Results of some of the tests made are shown in Fig. 7.
Each curve demonstrates the relation between the
average voltage gradient between the plates and the
conduction current from the points. The curves give
no constant relation between conduction current and
gradient, but indicates so many variables as to make it
impossible to draw many conclusions from the data
at present available.

On the other hand, the curves show that the con-

T T 7T 1 1

7 Curve  Cloud Ht.  Point Ht. Point Spacing 1

I+ in. in. in. T
— I - 12in, Lin. 4in. | !

o+ gin.  05in. 2in. ‘ |
u = 6in. 0.5 in. 2in. |

61 + 3in.  0.25in. lin -
- 3in.  025in. Lin.

T(H)e |

A

|— Note' (+) and (=) Indicate Polarity of Cloud.

i {
' I
I}

(S,

|

MICRO-AMPERES PER POINT.

F-Y
L
s
2

o

mE
HEERNAA
WiV
! ///' . !
ol x“/ //V'// 1 +T |
0 80 100 120
KV. PER FOOT

7—DissipaTioN CURRENTS OF NEEDLE PoINTS
DiscHARGING AN ArTiFiciAL CLoUD

CONDUCTION CURRENT
N

Ty

20 40 60
AVERAGE GRADIENT
Fia.

duction current is practically zero (less than 1078
amperes) up to a certain critical gradient in each case.
From this point, as the gradient is increased, points are
obtained according to some regular ldw (which permits
them to be plotted as points in a curve). They also
show that the current is influenced by the actual size
of the apparatus within the range available in the
Jlaboratory at the present time, but it is inconceivable
that the same order of increase of current with increase
of scale will be maintained up to the scale of clouds and
lightning towers in actual use.

If conduction current great enough could be obtained,
there would be a possibility of keeping the potential
hetween earth and clouds down to a value too low for
the discharge by lightning. Some calculations based
on the data obtained from the tests just described,
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and from other investigations, may be of interest in this
connection.

C. T. R. Wilson® shows that a probable charge of
50 coulombs is neutralized by a lightning flash. Simp-
son® states the total charge to be of the order of 100
coulombs. Norinder” found the time required for
building up charges preceding lightning flashes to vary
between large limits, the short intervals being only
about three or four seconds and the longer ones, several
minutes. Apparently a large number of them are built
up in 10 sec. or less. Assuming for our calculations, a
time of 10 sec. allowed for the accumulation of a charge
of 50 coulombs, resulting in a gradient of 100 kv. per
ft., if it is assumed that the gradient builds up at a
uniform rate during 10 sec. of applied voltage the
average current would be approximately 2.5 micro-
amperes flowing for eight seconds, if it takes a gradient
of 20 kv. per ft. to start the current as shown by Curve

I (+), Fig. 7. The number of points required
to give out this conduction current would be
. S 2.5 108

8% 25 x 100 ~ “° X

points, each of which must be 1/12 of the cloud height.
For clouds 2400 ft. high, this requires 2,500,000 200-ft.
towers spaced 800 ft. apart. Conceding these calcu-
lations to be largely in error, there is, nevertheless,
little indication that lightning may be prevented by
conduction currents from points. For cases of more
rapid charge accumulation, the number of towers required
would be correspondingly greater.

TANKS

The use of tanks for oils which are dangerously in-
flammable has been discussed in relation to induced
discharges. These same tanks made entirely of metal
can be made to furnish, unaided except by good grounds,
protection to contents for direct hits. They need no
further discussion.

LIGHTNING RODS

Franklin when he gave instructions that conductors
used for lightning rods should terminate at the upper
extremity, with one or more points, and extend down-
ward until they met permanently moist earth possessed
of good powers of electric conduction showed knowledge
of the fundamentals of lightning rod protection far
beyond that of his associates. These fundamentals
are, however, insufficient for the whole solution of the
problem, and must be supplemented by knowledge of
lightning phenomena developed since the time of
Franklin, such as was reported by Sir Oliver Lodges
and added to by the engineers and physicists of today.

In fact, with all our knowledge of these phenomena,
such as side flashes, back strokes, electrical inertia,
and the effect of location, ground conditions, ete., there

5,6, 7. Loec. eit.
8. Loc. cit.
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seem to be no general rules which can be applied to all
places to be protected, and these rules are sufficiently
comprehensive to make unnecessary a specia) study of
practically each location for which protection is desired.

[For oil in storage, it seems best to have the rods take
the form of high towers, placed as far from the reservoirs
and as far apart as practical, being at the same time
near enough to each other to make almost impossible
any hits to objects between them. FEach tower so
erected should be grounded at its base to the water
plane below the tower, to all piping around the base of

8—SPREAD OF DiscHARGE C'URRENT OVER s C'ONCKETE
FLroor

Fig.

the tower, and to the reservoirs for which protection is
being provided.

To avoid so far as practical, any danger from side
flashes which might ignite the oil, the towersareerected
at some distance from the reservoir they are to protect.
Good grounds directly under the towers also assist in
reducing the possibility of side flash. Fig. 8 shows a
current of electricity that appears to spatter all over the
surface of a concrete floor with no special provision for
good grounding when a condenser is discharged into the
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a A-c. 50 cycles

b D-c. with condenser
¢ D-c. pulsating

d Surge generator

floor. There is no evidence of this flow of current over
the floor surface when it is well grounded.

Having decided to consider high towers well
grounded, the next step was the making of many experi-
ments to determine the protection area about rods as
single units and in groups, as set up on models in the
high voltage laboratory. In making these experiments,
many tests were made with a-c., 50-cycle sparks, d-c.
sparks with and without condensers both for grounded
positive and grounded negative terminals, and for dis-
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charges from a surge or lightning generator.® Con-
nections used are shown in ¥igs. 9A, 8, C and D,

Results of the tests made for all types of discharge
used show no absolute immunity for any area around a
rod. The tests were made on models having the storm
centers two and four rod heights off eenter.  Considered
from a statistical viewpoint, the number of hits within a
circle having one rod height as a radius and with its
center at the rod was practically nil, but there was an
occasional hit even within this area which was not
taken by the rod.

As the area under consideration is increased by con.
sidering larger houndary circles drawn about the rod,
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the number of hits which can strike within a given
area Is increased until, at a distance of four times rod
height from the rod, a circle may be drawn as indicative
of the fact that beyond this point the rod furnishes
little or no protection.

Results of some typical tests are shown in Fig. 10
and Tables I, II, and IIl. These tests show the
statistical protection values for single rods for areas
enclosed by circles having radii of one, two, three, and
four rod heights. All tests of this type were made with
apparatus set up to scale, the rod in each case being
considered as 150 ft. high. The actual rods used varied
in height from 14 in. to two in., with actual sparking
distances varying from about two in. to almost 27 in.

Having determined in the laboratory what one rod

9. Loc. cit.



LIGHTNING PROTECTION FOR OIL STORAGE TANKS

Sept. 1927

|
| | ﬁ |
1
. _ | |
g8 7 0 0 ﬁ 001 € 0 001 4 o | L9 13| 2 oc 0002 /.92
¥l 2 0 0 0 1 1 29 6 g -} 6€ € | 63 oc 0051 0c
] b 0 0 P ] 0 0 9 /% _ ¥z 63 %@ 0s 0001 /€1
- — o _ [
) { 1
ze 23 0 0 3 0 0 z8 11 3z _ 18 9z | 1 oc 002 €z
8 P 0 0 ‘] 0 0 S v 1 v A oc 0002 (14
el ') 0 0 001 1 I o 1 4t v zs | 68 Pl oc 00<T 9
8 ) 0 0 0 0 I 0 S c 124 | @& 17 oc 0001 o1
1
lllll : ==y . T T | 71 1 R i ==, = B
|
og 001 3 0 001 | ¢ 0 001 o1 0 #6 _ 91 1 o¢ 0008 0%
%3 001 i 0 001 i ot 0 ¥6 L1 1 L 92 | 9 oc 00<3 /201
1€ : 0 0 001 | e 0 68 6 . T Ly _ 61 | ot o¢ 0002 /el
el ) 0 0 001 £ 0 (i el s | g 33 12 oc 00ST o1
) ] 0 ) ¢ 0 0 0 ¥ L 0 | st | 62 o | 0001 /29
— | — 7||. B S | e
61 001 z 0 7 001 8 0 001 ¥1 0 L9 13 L oc 000€ et
vi ¢ 0 o | oot € 0 €6 ¥1 1 19 81 L oc 0022 [2E4¢
9% b 0 o | ¢ 0 | o 08 g 1 4 iz |- o1 oc 000% o1
9 P 0 0 [ 001 < 0 _ L9 A 9 i 2 ¢ | ¥& [0, 0051 %L
€ 1 % o | o ¢ 0 0 09 ot ¥ v | iz | 93 | oc 0001 g
| | S — - —————
im [ _ d .
98 ] 0 0 001 3 0 cL ¥ 1 £8 | g oc 000€ ot
ee 001 b4 0 001 9 0 S6 61 1 88 ge ¥ _ os 00¥3 8
11 001 I 0 001 9 0 9¢ 6 v ¥ 61 1 oc 0007 /.9
1 001 1 0 08 g 1 £6 ¥1 1 6¢ ze | = oc 00<T c
6 001 1 0 001 1 0 0 S & 8¥ ee 7 2 oS 0001 €
9z 001 z 0 001 9 0 001 ¥1 0 68 61 3 og 0007 o1
£E 001 1 0 001 E 0 @6 a1 1 g6 61 | 1 oc O0EE 8
(] 001 ! 0 £8 9 1 98 ¥1 z Q9 4 8 0g 2992 £/:9
0z 001 1 0 001 g 0 8L 11 € oe ; oz | %I oc 0008 e
Edd | d | o 0 001 1 0 29 9 | =z 09 | oz | 8 o¢ £eel £
el _ 3 - 0 7 0 0 11 6 | T oc | ¥ | &t oS 0001 %3
€% _ ¢ 0 o | 001 3 0 001 6 0 001 A ¢ _ 0 o< 0009 ot
12 X 0 o | 001 ¢ 0 001 ot 0 g6 3 1 og 008t S
0 | 001 € 0 001 L 0 06 ot 1 18 | ot | 2 o¢ 000t £ .0
o1 _ % 0 0 001 @ 0 38 u T 29 61 | 2 oS 0008 c
oe _ ) 0 0 19 € 1 o¢ 8 v ag 91 L oc 000& £/,8
0z _ 001 bt 0 001 e 0 16 It 1§ 09 et o1 o¢ 00<t S
12 _ : | o 0 3 0 0 0 | & (4 €8 oe 9 os 000t /sl
_ S SO | S — e e = - S —
poa 7 uojmoad _ pod por | uopaayoad | poa pou uorvejoad _ poa poa _ uonoaoad | poa pod POJ INOYIM V] w
o) JUOD 0] IMOWIT AL GUAL | WO aed Inoudia LRI PN JUID 4D INOYITAL _ YA\ U IO INOUNS | AL puv pod LIS O, | [N
smong | ! = S e _ = A A N Soqos
| OJOI1D UIYIIM QD Uy A | Odad Uy I | QI UL Jo oN oy (Pnop) wod
| faunyd 0} SoN0Ng | ouwid 01 soyons _ auwid 0) SaYONS ouvid 03 SANONIE
Y1 o= SNPRI YN M B13D § g = SIPRL YA 92U | i £ = SNIPAT YA 911D | y § o= Spua gua spnd

WY PUR Y R Y Gy £19A100d800 auB M PR gsoya put J0ued oYy sty

RAOM 9

YO AU YIHIAL JO ST SIR PIPIOIAT WS M SAHOALS YIHY W Ul SRUw dyL,

33 081 01 QUOIRAIDO ‘Y €1 3YNPY 0SOUM POI YL JO SUT] WIUSD @Y} WO ¥ 1 JO AIURISIP [RIVOZLOY ¥ 1v puw auepd
A1 0A0QU SOIURISIP ENORTA 17 PATRIO] JOJUOD PNOY B HULIUASSAAL JUIOd ¥ W) SAINYIS|P JOITIUAZ-OIINS GFIA 2PTW $150) WOy AN SNSAX IS ]

1L ONTANAONNAS S§VIAYV HOd SA0Y HIONIS Al aHAN04AV NOLLOW.LOYd

1 3NdYL

= -

g 2
i ]
= ~
2 =
- >
=

- —
v £

-

- |
§ =
nﬂ <
= =

- -
z g
-3 -
S 2
m‘d —
& o
3
=
= =]
- 2
= =
= s
R e
B S
1 11
= =
= 2
b -
= =
= el
o -—
= =
1]
- 2
2 =
=
- s
- =Y
1
. =
@ =
= -
- -
= ¢

ey |
poy



806

TABLY 11
PROTRECOTION AFFORDED BY BINGLE ROD

Summary of taboratory tests wish various sources of potential when storm
contor Is four wmes the rod Lelght from vortical line through the rod.
On the scule used. the rod holzbg is 150 ft. and tho averago etoud hoight s

2578 I'.  With each source of potvntial 800 strokes wepo made with the rod
anet 900 without the rod. One rod height = i,
| | I DO, |
{ ' D. C. l ‘ with Surge
| | (Pulsat-| A.C. | Con- Gon-
, (tng) |50 Oye. | donser [ erator
Olrcle with | Hits with rod [ 227 | 256 | 261 | 125
Radius = 4/ Hits without rod | 401 | 386 ' 415 307
| Per cent protocsion | 43 | 34 37 69
Olrcle with | Hits with rod 72 | 76 | o7 31
Radius = 3 h| Hits without rod 198 168 148 183
Per cont protection 63 | 55 | 55 83
Circle with Hits with rod 15 | 7 2 I 3
Radius = 2 /1| Hits without rod l 77 63 47 65
Per cent protection | 83 1 89 96 96
. - ——————e | — - I__ ——
Circle with ' Hits with rou | o | o | 0 0
Radius = 1 Hits without rod I 19 | 19 12 | 14
Per cent protection 100 100 100 100
No. of strokes to rod 278 | 181 | 333 345
Per cent of 900 strokes to rod ) 31 20 | 36 | 38
TABLE II1

PROTECTION OF A SINGLE ROD
Summary of laboratory tests when the storm center is twice the rod height
from a vertical line through the rod. On the scale used, the rod height is
150 ft. and the average cloud height is 2578 ft. With each source of dis-
charge used 900 strokes were made with the rod and 900 strokes without

the rod. One rod height = h.
| | | D.C.

D.C. | with Surge

(Pulsai-| A.C. Con- Gen-

' ing) l 50 Qyc. l denser | erator
Circle with | Hits withrod | 208 192 147 | 6l
Radius = 4h | Hits without rod 721 662 774 I 650
Per cent protection 71 [ 71 81 | 92

Circle with. | Hits with rod | 1290 | 108 | 134 | 16
Radius = 3h | Hits without rod | 562 501 614 495
Per cent protection l 77 76 ’ 78 97
Qircle with Hits with rod | 39 26 45 3
Radius = 2 | Hits without rod I 318 263 332 264
Per cent protection ! 88 90 86 99
Circle with Hits with rod : 1 0 0 0
Radius = h Hits without rod 94 66 81 74
Per cent protection | 99 100 100 100
No. of strokes to rod ‘ 584 | 615 710 675
Per cent of 900 strokes to rod 1 65 68 79 75

will do, combinations of rods using 2, 3, 4 and 6 rods set
on the circumference of circles were tried. Many
tests were made with the rods grounded and connected
to one side of the circuit, and an electrode above the
center of the circle, on the circumference of which the
rods were located. The rods took a large share of the
hits, but it was entirely possible to make a portion of
them strike the area within the circle when that circle
had a radius of 4 rod heights. For smaller circles the
number of hits inside was less. Also the protection
factor increased with increase in sparking distance, or
height of point above the plane of the rods.

Data about cloud height showed thunder clouds for
Southern California to have a height of 2000 to 6000 ft.

SORENSEN, MAMITTON AND HAYWARD
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above the earth.'® The preliminary work while far
from complete suggested as a probable safe spacing of
protective towers such that no portion of the area to bhe
protected would be more than 24 times a tower height
from a tower.

To check this hypothesis, a model of one of the im-
portant storage farms to be protected was made to the
scale of one inch equals 100 ft.

In making the protection plan, the model was tested
first with towers only, the towers being adjusted as to
location and height until it was practically impossible
to make any discharges hit the miniature reservoirs.
It was considered unnecessary to make it impossible
to get a discharge to structures representing steel tanks.
After the reservoirs were thus fully protected, some
connecting cables were added at the 150 ft. level and
another group of tests was made to test their effect.
As a further precaution, each cable has, at the middle
point of the spare between towers, a vertical cable
extending downward from the aerial cable to the ground
cable.

Each tower at its hase, is grounded by means of a well
drilled to permanent water and is also tied in to the
water pipe system which is installed in such a way as
to form a complete loop around each reservoir. The
reinforcing steel of each reservoir is also connected
to this grounding system.

In conclusion, it may be said that the authors feel
that very good protection has been provided for the oil
reservoir farms of California. It is urged, however,
that more knowledge of lightning phenomena be gained
asrapidly as possible. As a step in this direction many
towers which have been erected are being equipped
with fusible tips and klydonograph attachments to
make it possible to get records of hits to towers.

S

11—EqurroteNTIAL LINE aArounp a CoxbucTing Rop
UNDER A CLoUD

Fia.

This plot was obtained by the formula of H. V. Ingersoll. The potential
of any point (z, y) on the lineis 5. The potential of the cloud is 100 and the
potentential of the earth is 0. The height of the cloud above ground is 6.69
and the height of the rod is 1.22. In the plot the vertical scale is 24 times
times the horizontalscai

Appendix

Inasmuch as grounded conducting towers do act as
lightning rods, it would be natural to expect that
some law of influence of a rod in space upon the electric
field about that rod may be found. A search of litera-
ture for results of such studies and a series of tests to
determine the effect of conducting rods upon an ad-
jacent electric field were planned. The tests have not
been completed and results which can be considered

10. Loe. cit.
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conclusive have not been obtained as yet, but a large
number of tests and two equations found in a thesis of
H. V. Ingersoll, indicate something worthy of attention.
The equations are
_‘bq — &,
Iv2
Vi -z — )+ Q- — AT g+
and

& =

Vo — Uy
h 2
V@ -w-m V- @ -e- @ty
The first of these equations was developed at the

P =

. Cloud

Rod Height Above Ground-2.7in.=150 ft.
Cloud Height Above Ground = 18 in.= 1000 t.
Cloud Height Above Rod=15.3in.=850 ft.

% 6.67
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Fic.12
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Charts plotled from tests made with salt tray shown in Wig, 15
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California Institute of Technology, whereas the second
one is taken from a paper by Dr. Charles H. Lees
published in the proceedings of the Royal Society of
London, 1915.
In the first equation the following symbols are used:
& = potential at a point (x, y)

¢, = potential at a cloud

®, = potential at ground

l = height of cloud above ground
d = height of rod.

In the second equation the symbols used are:

v = potential at a point (z, ¥)

h = height of rod

a 7r . . ‘ . .

5 vertical potential gradient at point (z, ).

If the vertical potential gradient is constant over the

AT Uy — Uy

whole area then 5 ]

where
v, = potential of cloud ;
», = potential of ground
{ = distance between cloud and ground.

The equation now is
Vo — Uy
P = =
Tl~/2

N N T L R
With &, and v, taken as zero and Dr. Lees’ equation

Resistance Boxes
Oscillator

15—DisrgraM oF TEsts To DETERMINE EQUIPOTENTIAL
LiNEs WITH VARI0US ROD ARRANGEMENTS

Fic.

multiplied by 7 to get both equations in the same
system of units the equations are identical.

Fig. 11 shows a curve plotted by use of these
equations.

Figs. 12, 13, and 14 show charts obtained by means of
a salt tray with one, two, and three rods respectively.

The salt tray used was 21 in. by 25 in. in size.

The bottom was a true plane kept level and then
covered to a depth of 14 in. with tap water.

Fig. 15 shows the arrangement used in making the
tests.

An attempt was made to get from men with several
years of experience at industrial plants, such as smelters
with high stacks, located in places subject to con-
siderable lightning reports of hits with relation to tall
stacks equipped with lightning rods.
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The reports are somewhat in disagreement and do not
furnish material from which positive conclusions may
be drawn, but there are a number of cases ol reports
backed by competent and careful observations which
state that lightning often hits close to high stacks
properly equipped with good lightning rods, without
striking the rod.
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Electric Oscillations in the Double-Circuit

Three-Phase Transmission l.ine
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Synopsis.—This paper, after referring to the resulls of a pre-
vious study of the electric oscillations on the three-phase aerial line
oblained by Dr. Bekku, describes the additional work done by the
wriler concerning the electric oscillations in the double-circuit,
three-phase transmission line, and shows that there are three kinds of

oscillations in the three-phase aerial line? and showed

that, when the three phases are symmetrical, there
arise two kinds of traveling waves having different
surge impedances and, in general, different propagation
velocities. He showed also that when the conductivity
of earth is infinity, the propagation velocities of the two
waves become equal to that of light.

Referring to his paper, the writer has discussed the
oscillations in the double-circuit, three-phase trans-
mission line which are of practical interest and has
pointed out some of the important points obtained in
studies of these oscillations.

*With supplementary diseussion by H. G. Brinton.

1. Graduate student, Stanford University.

2. Jl.of Japanese Inst. of E. E., Feb., 1923.

To be presented at the Pacific Coast Convention of the A. I. E. E.,
Del Monte, Calzf., Sept. 13-16, 1927.

IN 1923, Dr. S. Bekku deduced the theory of electric

traveling waves. The nature of these waves, and some of the im-
portant resulls of the induced transients, are described. In the
appendizes, it is shown briefly how these results were derived and how
to calculate the line constants from the construction dala of the lines.
A few numerical examples are given.

NATURE OF WAVES ON THE SINGLE- AND
DoUBLE-CIRCUIT LINES

When a single conductor is running parallel to a
boundary plane of a perfect conductor, the oscillation
therein as is well known, consists of one kind of traveling
wave having a propagation velocity equal to that of
light. If, however, several conductors closely parallel
one another, as in the case of ordinary transmission
lines, there exist various kinds of traveling waves, due
to mutual inductive effects. It was shown in Dr.
Bekku’s paper that in the three-phase line, if the three
conductors are balanced, i.e., if the transposition is
complete, there are two varieties formed and there are
two kinds of traveling waves. The first kind has
currents and voltages the sums of which in the three
conductors are zero, while the currents and voltages of
the second are equal for three conductors. The first
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is 2 wave between conductors and the second is a wave
between the group of conductors as one side and the
ground as the other. The same theory applies to both
aerial lines and underground cables.

If another three-phase circuit of the same electrical
characteristics is closely coupled to the former circuit,
as in the case of ordinary double-circuit, three-phase
power lines, and if we assume that each conductor of
one circuit is in the same position with respect to the
conductors of the other circuit, then the oscillations
therein are the superposition of three kinds of traveling
waves, as follows: (The above assumption 1s not
satisfied unless a special method of transposition is used,
however, according to the numerical caleulat ons for the
actual lines, the assumed conditions are practically
realized.)

1. The wave whose sums in voltages to ground and
currents of the three conductors of each circuit are zero.

2. The wave whose voltages to ground and currents
are equal for all of the six conductors.

3. The wave whose voltages to ground and currents
are equal for the three conductors of one circuit and
equal but opposite in sign for the three conductors of the
other circuit.

Each of the above three kinds consists of two com-
ponent waves traveling in opposite directions, and each
current wave is accompanied by the corresponding
voltage wave in the ratio of surge impedance; that 1s,
each kind acts by itself as does the ordinary wave in
the case of a single conductor.

The three kinds of waves may be stated as follows:

1. The first kind consists of two waves;

a. The wave between conductors of the first
circuit,

b. The wave hetween conductors of the second
circuit,

2. The second is the wave between the group of six
conductors as one side and the ground as the other side.

3. The third is the wave between the group of three
conductors of one circuit as one side and the group of
three conductors of the other circuit as the other side.
The three kinds are illustrated as in Fig. 1.

Thus we see that a wave can never exist on one con-
ductor only, but it is always accompanied by its com-
panion waves on the other conductors. The surge
impedances and the propagation velocities of these
waves can be expressed as follows:

For the first kind,

Z =\/(L - L) (K _,K‘)’ (1)
U 1 ‘\/ (IJ e Ll) (K Kl), (la)
For the second kind,

Zo =~ (L+2L +3L)/(K+ 2K, +3K,), (2

v, =1/~ (L+2L, +31Ly) (K+2K, +3K,) (2a)
For the third kind,

Z, =~ (L+2L—3L)/(k +2K,— 3Ky, (3)
v =1/ (L+2L—3Ly) (K +2K,— 3K:) (3a)
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in which

L = Self inductance per unit length of a conductor
with ground return,

L, = Mutual inductance per unit length between con-
ductors of the same circuit with ground return.

L, = Mutual inductance per unit length between
conductors of the different circuits,

K = Coefficient of capacity per unit length of a
conductor,

K, = Coefficient of static induction per unit length
between conductors of the same circuit,

K, = Coefficient of static induction per unit length
between conductors of the different circuits.

As is clear from the above expressions, the surge

impedances and the propagation velocities of the three

kinds of waves are different. If the conductivity of

the earth is assumed to be infinity, the three velocities

become equal to that of light.

The relative magnitudes of the three waves entering
into the oscillation are determined by the initial
conditions. For example, if equal charges are thrown

No. 1 Circuit

A

DD

S

%cuit
/\ SR
/‘\ \/‘7
\_/
First Kind Second Kind Third Kind

Fig. 1—ILrusTrATION OF THREE KINDS OF WAVES

on the conductors, as might be the case in a lightning
stroke, only the second wave comes in. In three-phase
switching operations there will exist only the first wave.

REFLECTIONS AND REFRACTIONS

If the waves meet an irregularity, the reflections and
refractions occur as in the case of a single conductor.
If the irregularity is the same for the six conductors,
each kind of wave independently obeys the same laws
of reflection and refract on as in the single conductor.
If, however, the irregularity is different in the various
conductors, interference and splitting-up occurs among
the different kinds of waves; 7. e., although the incoming
wave is one kind, the reflected and refracted waves
consist, in general, of three kinds. If the irregularity
is the same for the conductors of the same circuit, the
first wave acts separately from the other waves, being
reflected without splitting-up, while there is splitting-
up between the second and the third waves. Ior
example, if the ends of the six conductors are grounded
equally through the resistance R, then all waves obey
thelaw, G = — FF (R — Z)/(R + Z), in which I and
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ae the incoming and reflecting current waves of one
kind and Z s the surge impedance corresponding to
that kind. TFrom the above formula, we see that when
the six conductors are equally grounded with the
resistance equal to the surge impedance of a certain
kind ol wave, the reflection is zero when the incoming
wave is of that kind, but this is not the case for the
incidence of the other waves.

When the line having the surge impedances Z,, Z,, Z s,
for the three kinds of waves is connected to another
double-circuit, three-phase line of surge impedances
Z]l, Z-gl, Zs', then

G=F(Z~-2)/Z+2
H=F.22/Z + 2
for each kind of waves, in which H is the refracted cur-
rent wave, that is, H is the current wave that travels
on past or through the irregularity.

When the conductors of the same phase of two cir-
cuits are tied together at the end of the line, as in the
case of a paralleling bus, this end acts as an insulated
end for the second wave and as a grounded end for the
third wave, while for the first wave, there occurs no
reflection; that is, the incoming wave on the first cireuit
passes through the tie bus and returns on the second
circuit and vice versa.

SOME OF THE EFFECTS OF INDUCED TRANSIENTS

From the above results we see that any oscillation
in one conductor is always accompanied by correspond-
ing oscillations in the other conductors. If, in the
case of a single conductor, the conductor is grounded or
broken on the way of the wave, the wave undergoes
total reflection and cannot pass through the faulty
point. In the case of three-phase lines, however, due
to the inductive effects of the sound conductors, the
waves do pass through such faulty points. Sound
conductors must also stand the high voltage of waves
due to induced transients from the nearby faulty con-
ductor. The sound circuit must sometimes stand al-
most as much voltage as the faulty one. Waves start-
Ing on a single-circuit line will induce large transients
in a sound circuit that may parallel the faulty circuit,
even though the place of fault is some distance away
from the point where the two circuits come together.
This will be important because low-voltage lines often
parallel high-voltage lines.

Since the sums of currents and voltages of the first and
the third waves in six conductors are zero, they do not
give inductive disturbances in adjacent lines. Induc-
tive disturbances are caused only by the second kind of

wave. The induced voltage resulting from the second
~ kind of wave is obtained by multiplying by six the
voltage induced by the individual conductor.

EFFECT OF LOSSES

Due to the energy losses in the circuits, the waves
gradually die out. In this case also each wave acts
independently of the other waves and the whole theory
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obtained for the wave in the case of a single conductor
can be applied to the individual wave. Ior example,
each wave has its own attenuation constant and its
wave front gradually flattens out just as il the other
waves were absent.

[CXAMPLES

Applying the theory outlined above to several cases
one obtains the following results: In these examples,
the following values of surge impedances were assumed:
Z, = 400 ohms, for the first wave, Z, = 1000 ohms, for
the second wave, Z; = 500 ohms, for the third wave.
(These are typical values obtained for existing high-
voltage lines.) When there is only one three-phase
circuit having the same construction as one of the
above double-circuit lines, Z, is the same as for the

No. 1
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21
t- 2%[ t
m L
No. 2 No. 2
4 ﬂ
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Fig. 2

£ i Third Wave

Vortace WavVES or Ex. 1

double-circuit case, while Z, is different and has the
typical value Z,’ = 800 ohms.

1. When the voltage source is suddenly connected to one
of the circuits having the end conditions as shown in
Fig. 2.

The propagation and reflection of voltage waves
when the source voltage is 1500 volts d-c. are shown in
Fig. 2. The calculation of this example is shown in
Appendix III.

In this figure, as well as in those that follow, the
different kinds of waves are distinguished by different
shadings so far as the clearness of the figures allows.
As seen in Fig. 2, two kinds of waves are produced and
the voltage wave of 1500 volts on No. 1 circuit is
accompanied by the corresponding induced wave on
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No. 2. When these waves reach the right end, they are
reflected. If this end of No. 2 circuit were insulated,
or if No. 2 were absent, the maximum voltage in No. 1
would be twice the source voltage, but, affected by the
grounding of the right end of the former, the maximum
voltage in the latter is 1.8 times. The voltage of 0.85
times the source voltage is induced in No. 2 circuit.

2. When the wave comes from a single circust.
Fig.3.)

Fig. 3 shows how the voltage waves split up and give a
disturbance in a parallel circuit when waves of 100 kv.
between conductors and ground (second kind of wave),
come equally on three conductors of a single circuit.
This case might arise from a lightning stroke on No. 1
circuit producing voltage waves that travel to a point
where No. 1 parallels with No. 2. If the latter is the
low-voltage circuit, the induced voltage may be suf-
ficient to cause a flash over even though the trouble
originated in No. 1.

(See

No. 1
No. 2
Kv
e 1
0 = = ol .
No.1 ===l No. 1
t:0 v l
L 4
7 2% 2
No. 2 | No. 2
i | g ]
No. 1 ‘ | No. 1
§Y
t ;‘3‘ vy |
No. 2 L : No. 2

[ Second Wave of a Single Cireuit,

Frg. 3—Vourace Waves or Ex. 2

3. When one of the conductors 1s broken and grounded on
the way of waves.

The state of reflections and refractions of voltage
waves when the incoming wave is of the second kind of
100 kv., is shown in Fig. 4. As shown in Fig. 4, a
considerable voltage wave passes the point at which
the conductor is broken and grounded due to the indue-
tive effect of the other conductors, and the fault in one
of the conductors causes reflections on all of them.
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4. When the two circuits are tied together at ome end,

phases a and a, charged to 100 kv., and phases b and

by, ¢ and ¢, to — 50 kv., then the other end of phase a

is suddenly grounded, as the result of an insulotor

failure. (The state of oscillation is shown in
Fig.5.)

An oscillation of this type could arise, if, in the

double-circuit lines charged by a three-phase alternator

through transformers, the distant end of a conductor is

7 ,
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Fic. 4—VorLraceE WavEs oF Ex. 3

grounded at the instant when the voltage of this phase
is maximum. The first few oscillations are represented
approximately in Fig. 5 provided the length of the line
is not large. This is because the impedances of the
transformers are large for the high-frequency oscilla-
tion so that the phases may be considered approximately
insulated from one another for a short time interval.
As seen from Fig. 5, the voltage of 1.8 times the initial
value is induced in phases b, ¢, b, and ¢; due to the
sudden ground of phase «.

CONCLUSIONS

1. The oscillation in the double-circuit, three-phase
transmission line in general consists of three kinds of
waves.

2. As the result of the existence of three kinds of
waves, there are three kinds of surge impedances.

3. In a single conductor, reflecting waves can be
made zero by grounding the end with a resistance equal
to the surge impedance of the line. However, when
there are three kinds of surge impedances, even if the
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six conductors are equally grounded with a certain
resistance, the reflection may sometimes he zero, or
sometimes otherwise.

4. When the waves meet an irregularity of the line,
one kind of wave splits up into three kinds.

5. Inasingle conductor, if the conductor is grounded
or broken on the way of traveling waves, total reflection
occurs and the waves cannot propagate beyond that
point. But, in three-phase lines, due to the inductive
effects of the other wires, the waves do propagate
beyond the point at which the conductor is grounded
or broken.

6. Due to the fault of one conductor, an appreciable
voltage may be induced in the sound conductors; for
instance, in example 4, due to the sudden ground of
phase a, the voltage of 1.8 times the initial value is
induced in_the other phases.

. jbvcl

Fia.
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7. Inductive interference to neighboring telephone
circuits from the transmission lines is caused only by
the second kind of wave and can be easily calculated.

The writer wishes to acknowledge the assistance
rendered by Dr. F. E. Terman of Stanford University
when this paper was prepared.

Appendix I

DERIVATION OF KEQUATIONS AND THE METHOD OF
‘SOLUTION

The following assumptions are made:

1. The characteristics of the two circuits are electri-

cally the same.
2. The conductors in each circuit are in the same
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position with respect to one another and to the ground,
1. e., the transposition of each circuit is complete.

3. 'T'he eonductors in one circuit are in the same
position with respect to the conductors in the other
cireuit,

All the energy losses shall be neglected. Let L, L,
L, K, K, and K, have the same meanings as in the
main text. Let
q electric charge per unit length of a conduetor,
¢ = magnetic flux interlinkage per unit length of a

conductor,
E = voltage to ground of a conductor,
I = current of a conductor,
t time,
x = distance along the conductor, (take positive direc-
tions of x and I the same.)
Denote the three conductors of one circuit by a, b, ¢, and
those of the other circuit by a,, b, ¢;,. Then we have,
¢a = L Ia + L ]b + Ll I + L2 (Ial + ]bl + Icl)y
and if we neglect the voltage drop in earth,

OE, dx =0d¢,/01,

or
ok, °l. , 01 21
Y or T4 5 Thi5y
I (0101 | OI,,l OI, )
thel % % t 50 )

(4)
and exactly similar equations are obtained for
conductors b, ¢, a,, b, ¢;.

We have further,

9. =KE, + K E,+ K E. + K.,(E., + E,, + E.),

(5a)
and
bo)
L= 57 fq,,dx,
or
ol ()q_
Y ot
so that,
ol, OF . OF . OF
T oz Ko tE T+ K
= aEll OE’b] OE“
fa( 25 2B Fa )
ot ot ot ’
(5)

and exactly similar equations are obtained for
conductors, b, ¢, a;, by, c,.

The above equations are the fundamental equations of
the electric oscillations in the double-circuit, three-phase
transmission line, and since they are twelve simultane-
ous partial differential equations of the first order and
of the first degree having the twelve unknown guanti-
tieS, Ia, ]b, Icy Ialy Ib]y ]cly Em Eb, Ec; Ea]; Ebl and Eclr
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it is seen that their general solutions are twelve inde-
terminate functions.

To solve the above equations, let us make the follow-
ing transformations of the variables:

I, =1, + 12+ 15 I, =% + 12— 1 ]
I, =1 + 12 + 3 Iy = o + %2 — 15 (6)
I, =1+ 1+ 15 I =10+ 12— 15 -
ta +% +12 =0 Tar 4 tot + 2 = 0. (7
E,=¢€,+ e + e Eoq =€, +e2— 635 ]
E, = e + e + e, Ey = en + e2— &3 (8)
E. =e + e + e E. =61+ e — e =
e« + 6 +e =0, €1 + e + e = 0. (9)

Though the right-hand sides of the equations (6) and
(8) contain 16 variables, since there are 4 relations of
(7) and (9) among them, they are essentially 12 inde-
pendent variables. If these component currents and
voltages are known, the currents and voltages of the
six conductors are obtained by combining them accord-
ing to equations (6) and (8). Hence, we shall now
obtain these components.

Substitute (6) and (8) into the fundamental equations

(4) and (5). By adding all the six equations of (4) and
dividing by (6), we get,

—dey/ox = (L + 2L, + 3Ly .04,/04, (10)
treating (5) the same as above,

—01%.,/0x = (K+ 2K, +3K,).0e/0t. (10a)

By adding the three equations of «, b, ¢ of (4) and sub-
tracting from it the three equations of a,, by, ¢1, and
dividing by 6, we get

treating (5) the same as above,
ai:; ()x=(K+2K1—3K2).Oe«; ot. (lla)

By subtracting (10) and (11) from the first equation of
(4),

—0e,/o0x = (L— Ly).01,/01, (12)
by subtracting (10a) and (11a) from the first equation
of (5),

01,/0x = (K— K,).0e,/0t. (12a)
Exactly the same equations as (12) and (12a) are
ohtained for e, 7, écty let.
Equations (10), (11), (12,) (10a), (11a), and (12a)
have the following forms:
de/dx = L.013/d1, (13)
01/0x = K .oe/ot. (13a)
They are essentially the equations of oscillations in a
single conductor having a self inductance per unit
length I, and a capacitance per unit length K, the solu-
tions of which are, as well known, two traveling waves
propagating in the opposite directions and can be
expressed as follows:

i Fx—vl)+G @&+, (14)
¢ =2Z. F(x—-0)—-2.G(x+vl), (14"
v 1/+/ L K = propagation velocity, (15)

Z =+ L/K~ = surge impedance. (16)
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F (x — vt) is a wave traveling in the positive direction
of z, and G (x + vt) in the negative direction of =z.
The forms of functions F and G can be determined
from the boundary conditions.

If we apply the above results to equations (10), .
(12)', we get at once the solutions of component currents
and voltages:

1.2 =F2(x—vzt)+G2(Z+1)2t), (17)
ey = Zo[Fa(x — v2t) — Ga (x + 02 1)), (17!
i3 = Fa(x— v3t) + Gs (z + vs t), (18)
e; = Zs [F.'s (IIJ — U3 t) — G, (x + 03 t)]: (18)1
ia:Fa(x_Ult)'f‘Ga(x'*'vlt); 1

?;b = Fy (x—vlt) +Gb(x+1)1t), (19)
e,,=Zl[Fa(x_vlt)—Ga(x+vlt)]’—

e, = Z [Fo(x—mnt)— Gy (x + v, 1)), (19)!

in which Z., v1, Zs, v5, Zs, vs are as expressed by (1),
(1)4, (2), (2)}, (3) and (3)!, and

Fa+Fb+FcEO»‘, Ga+Gb+GcEO;]
Fu+F,u+F =0, Gu+Gu+G,a =0. (20)
By combining the above results according to equations

(6) and (8), we get the general solutions of the oscilla-
tion: (omitting (x — vt) and x + v t) ),

Ia - (Fa +Ga ) + (F2+G2) + (F'1+G3); ]
I. = (F. +G.) + (F:4G2) + (F3+Gy), -
Ial = (Fa1+Ga1) + (F2+G2) - (F3+G3); ]
Iy = (Fu+Gy) + (Fat+G2) — (Fs+Gy), (22)
I, = (Fcl+Gcl) + (F2+G2) - (F3+G3), =
Ea = Zl(Fa _Ga )+Z2(F2_GZ) +Z3(F3_G3)’ 7]
E, = Z\(F, —Gy )+Z:(Fo—Go)+2Z5(F3—Gy), (21a)
E. = Z(F. —G. )+ Zy(F:—Gy)+Z3(F3—Gs),
E.. = Z\(Fu—Ga)+Zo(Fo—Go)—Z5(F5—Gs), ]
Ebl = Z](Fbl_Gbl) +Z2(F2—G2)—Zs(F3—G3), (223)
Ecl = Z1(FcJ—Gc1) +Z2(F2—G2)—Z:;(F3—G3)- =

All F waves travel in the positive direction of x and all
G waves in the negative direction of z. By comparing
the above equations with the deseription in the main
text, it is seen that the first two terms of the above
equations represent the first kind of wave, the second
two terms the second kind of wave and the third two
terms the third kind of wave. The equations when
the losses are considered can be treated in the same way
and resolved into three sub-equations as above.

The forms of functions F’s and G’s are determined
from the initial conditions. Let the distributions of
currents and voltages on the six conductors at the
instant at which the oscillation begins (when ¢t = 0) be
Ja(x), Jo(x), Ja (@) and V, (x), V), (x),

V. (x). Then wehave,

Ja (@) = (Fu4 Go) 4+ (Fy 4 Gy) + (Fs + Gy),
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“u (T) Z'I(I"n - "'(l) + z!!(‘[”'.! L ("'J) + Z&(ﬁlﬂ GQ)’
from which

Fo=(Q1/6)(2Ja=J -J) + (1/62) V.-V, -V,
G. = (1/6) (2J.~J, Jo) = (1/62) 2V ,~V,~V.),
and all other functions F and G can be obtained in
similar forms. If we put z — » ¢ instead of x in all the
F functionsand x + v ¢ instead of z in al] the G functions
and combine them according to (21), (22a),
we get the equations of osecillation.

Appendix 11

CALCULATION OF LINE CONSTANTS

Assuming that the earth is a perfect conductor, the
current in the earth is confined to its surface and the
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principle of electric image holds. Let the configuration
of thelines be as in Fig. 6.

(In Fig. 6,
H =(1/2).<AA,.BB,.CC,.
X=+~/AB.BC.CA.

YAB,.BC,.CA,.

X' =(AF2?.(BF:*BD)?.AD.BE.CF .
X\'= (AF):.(BF,):.(BD)*.AD:,.BE,.CF, .
r = radius of eonductor.)
Then we get,

L =(1/2)+2.log.(2H/r)) X 10-*

henry per em. (23)
henry per cm. (24)
henry per cm. (25)

X,

L, =2.]log. (X,/X) X10~°
L, =2.log.(X,/X") X10°°
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Let

P coeflicient of potential
conductor,

P coellicient of potential per unit length hetween
conductors of the same circuit,

P coeflicient of potential per unit length between
conductors of the different circuits,

then we have, from the ordinary electrostatics,

B R ([a+P1 g+ P.g.H [)"((Iul'*\'qbl_f_(Jfl)v

E, =P,.q.+P.q+P,.q+P ((Inl"‘l_(lhl"‘l_(lrl);J (26)

per unit length of a

where

P =2.log. (2H/r) X9 x 10"  daraf per cm. (27)

P, =2 log.(X,/X) X9 x 10" daraf per em. (28)
P, =2.log. (X,//X') X 9 X 10" daraf per em. (29)
Equations (26) can be rearranged as follows:
¢ = K.E,+K E,+ K FE '
+ KxE. + Ew + E.),
q K, .E.,.+K.E,+K,.E
(30)

+ Ko(Ea + Eu + E.),

(see (5a) of Appendix 1),
in which
(P+2P) (P + P)— 6Py

£ (P—P) (P+2P,+3P.) (P+2P,_3 P, 3V

(P +2P)P,— 3Py

K== =Py +2pP 13P) (Prep 3P, 3

P,
" (P+2P,+3P,) (P+2P,—3 P,

which are the required coefficients of capacity and

A'-z = (33)

induction. Itisalso seen that,
K — K, =1/(P-P), . ... 34)
K+2K +3K,=1/(P+2P,4+3P,),... (35)
- K+2K,- 3K, = 1/(P+2P,— 8 P)s swa 36)

From these results, the surge impedances and propaga-
tion velocities can be calculated. In this case, if we
neglect the effect of magnetic flux inside the conductor,
(f we drop 1/2 in the expression of L), we get
P/L = P,/L, = P,/JL, = 9 X 10%, so that v, = v,
=03 = 3 X 10%em. per sec.

Appendix II1
CALCULATION oF EXx. 1.

From the symmetry of the line, we see that the first
kind of wave is zero, and all G waves are zero since, at
first, only outgoing waves are present. Put FE, =
voltage of the source, E, = E, = E. - E FE, =FE,,
=Ec1=E1, I==I.,=I =I, Ia1=Ib1=Ic1= Il;
then, EF = Z?Fg +Z3F3,E1 = ZQFQ_ Z;;F‘, I = Fg
+ Fs, I, = Fys — Fy, (see (21), (22), (21a), (22a) and at
=0, E=E, I,=0, whence, F.=F,=FE,/(Z,+Z,),
and thus the outgoing waves are obtained.
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When these waves reach the right end, the reflection
occurs. Let G, and G; be reflected waves. Then
E = Zz(Fz— Gz) +Z3(F3_ G;;),

El = Zz (Fz— Gz) - Z; (Fz— G;;),
I = (F3+Gz) + (Fa +G3),

I, = (F: + Go) — (Fs + Gy),

and at the right end

E,=01=0,
from which,
Gy, = F» (Zz - Za),’(Zz + Zs) — F;. 2Z3,II(Z2 + Z3),
Gy =—F3.22:/(Zo+ Z3)— Fys. (Zy— Zs)/(Z2 + Z3).
When the G waves reach the left end, they are reflected.
The left end of No. 1 acts as a grounded end, hence the
reflection is the same as at the right end except No. 1
and No. 2 are interchanged. The oscillation at any
instant can be found by superposing all these outgoing
and reflected waves.

Discussion

H. G. Brinton: The paper by Mr. Satoh is rather mathe-
matical and has been somewhat difficult to understand. It is
based on a previous paper presented in Japan by Dr. Bekku,
and perhaps Mr. Satoh assumes that the reader will look up the
previous paper and so gives very little explanation himself.
The writer has found it possible to understand the paper by first
making an analysis from a physical standpoint and then checking
Mr. Satoh's equations. As we have no other literature on this
phase of the subject it appears desirable to give here a discussion
of waves on several parallel wires.

The case to be discussed is that of two parallel three-phase
lines. The three wave currents in the three wires of one line are
I., I, and I,. The three wave currents in the three wires of the
other line are I,!, I,' and I.!. The corresponding potentials
of wires to earth are E,, etc. Thus we have in general six travel-
ing waves of different potential and current on six parallel wires.
If we have only one wave on an isolated wire we would calculate
the current and energy from the values of voltage and surge
impedance, and we would ealeulate the changes in voltage due to
reflection, ete. at points where the circuil constants changed. In
the case of several waves on several adjacent wires, the problem

is complicated by the magnetic and electrostatic interactions -

between the various waves. If we have six waves of different
potential to consider, then there are six different surge impe-
dances, or ratios of potential to current, to determine; and the
surge impedance for each wave is affected by each of the different
currents in the five other wires. Thus we have quite a com-
plicated set of interactions and it is necessary to find a method
evaluating them.

We shall first explain how it is possible to consider these six
currents as the resultants of certain components and thus
simplify the problem hecause of the simpler relations between
these theoretlical components. Consider first the three wave
currents 7, ete., in the three wires of one threc-phase line, If we
add these currents, taking account of direction, and then divide
hy three, we shall have the average value of current in these
three wires. The actual current in cach wire differs from the
average. We shall call these differences I,, [/, and ;. We
know that the sum of these differences from the average value
must be zero, because otherwise thiere would be an average
difference from an average value which is impossible. Thus we
goe that the three uncqual actual curronts are composed of three
equal components e¢ach baving the average value and three
unequal components whose sum is zero.  1n the same way we see
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that the three unequal currents in the other line are composed
of similar components. We can now take the average of the
three equal currents of one line plus the three equal currents of
the other line. Let this value be called /. This value must be
greater than the average value of one line by a certain amount,
and less than the average value of the other line by the same
amount which we shall call I*.  Then the value of the three equal
components in one lineis I + I' and the value of the three equal
components in the other line is I — I'. Thus we have reduced
the six unequal wave currents in the six wires to the following
components. In the three wires of each line there are three
unequal components whose sum is zero. In the six wires there
are six equal components called / flowing in the same direction.
In the three wires of one line there are three equal components
called ! flowing in one direction; and in the three wires of the
other line there are three equal components — J' flowing in the
opposite direction to I' in the first line. A further simplification
is obtained by considering the tbree unequal currents of each line
whose sum is zero as equivalent to two equal and opposite
currents. For example, if we wish to consider the surge impe-
dance Z, of the wire in which I, is flowing, we can consider the
two currents /. and I; as equivalent to a current — I, flowing
in the opposite direction to I.

Then in considering the various components we have only
equal currents to consider. When considering equal currents
there is only one value of surge impedance to calculate. Thus we
have reduced the problem to three sets of components and three
surge impedances to be determined.

Before discussing these components further, it is well to state
briefly the known relationships in the case of a single wire. In
that case, if the wave potential at a given point is known, the
wave current is found by dividing the potential by Z, the surge

impedance. Z is ealeulated from the formula
i
Z=/\/ but s = ——= = velocity of light
c P v VL ve y g
1
L= — L= :
cv Co?

C is the capacitance to earth of a unit length of the wire and is
twice the capacitance from the wire to its image.

If there is another wave of equal voltage and current on a
second wire; then the capacitance of the first wire to earth is
reduced or increased by the presence of the charge on the second
wire, being reduced by a charge of the same sign and increased
by a charge of the opposite sign. The capacitance will then be
C instead of C per unit length. The inductance of the first
wire is also affected by the current in the seeond wire, but if
the waves travel with the velocity of light the produet of capaci-
tance and induetance remains constant and it is only necessary
to caleulate the capacitance as in the simple case of one wire.
In the case of two wires the capacitance is then « C and the

inductance is 5 and the surge impedance is

2

This is the formula for surge impedance in the case of the com-
ponent current I, and its opposite — /, in the first line, and
also in the case of /' and 'in the second line. 1 we assume,
as Mr. Satoh does, that the two equal butl opposite currents of
one line would have zero resultant affect on the other line, then
this formula for %, holds true when these particular current
components are flowing in the two lines at the sane time. The
voltage components corresponding to these curreni components
are

oy 1.4, Is) I Z,
K, =1,7, Iy 14" 4,
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”.“l.Zr IQ!‘EI‘lZﬂ
T'herg is only one value of surge impedance for these components
Dovnuse the three wires of eaoch line are assumed to he under the
sume influences. ‘These ussumptions do not correspond exactly to
any oconditions existing in practise, but they are sutisfaotory
for the purpose of siding us to obtain a Inir general coneoption
of the wave relationships.

\We may next consider the eurrent and voltage components in
the case of the six egual components in the sume direetion in the
Bix wires. In this ease the cupavitance of ench wire to earth is
reduced. 1f we assume, as Me. Satoh does, that eash wave is
cqually affected by the ather five, then the capacitance of each
wire i8 reduced by the same factor which we may designate as .
Theu in the same way as above we see that the su rge itnpedance of
each wire is

1

Z —
BCyv

We then have for each wire
F = Z-_) 1

The third set of components to be considered are those con-
sisting of three equal eurrents /' in one direction in the three
wires of one eireuit and three equal currents — /! in the 0pposite
direction in the other eircuit. In this case the capacitance to
earth of one wire is 7y C instead of C. Assuming each of the six
wires is under the same influences, this value C applies to each
wire. The eorresponding value of surge impedance is

-1 _
_‘YC’v

In the ahbove we have started with six waves of given eurrent.
In the same way we can start with six waves of given voltage and
then caleulate the wave currents after determining the surge im-
pedances. For example, we would first find the average value E
for the six waves. The average value for one cireuit would he
E + E' and for the other circuit £ — E'. The differences E,
and E! eould then he determined, knowing the total voltages
L. and E,'. After determining the various surge impedarices
Z, Z and Z', the current components could be calculated and the
total current in any wire would then be the sum of the com-
ponents in that wire.

In order to determine the various surge impedances, it is
necessary to calculate C and the factors ¢, 8 and 7 which depend
upon the amount that the capacitances are affected by the
presence of the other charges. There are several ways of doing
this.
how mueh the potential at one wire is affected by the presence of
the charges on the other wires. For example, in the case of Z,
we have to consider two wires oppositely charged. The effect
of the unit echarge of one wire is to make it have the potential,

L]

N

1

2h
46log ——

where / is the elevation of the wire and » is its radius. The
opposite charge on the second wire decreases the potential of the
first wire by the amount,

T2
4.6 log ——
m

where r; is the distanee to the second wire and r; is the distance
to its image. Therefore the potential of the first wire is de-
creased by the factor

24
log

¥ 7y
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One way is to work with unit quantities and determine

Joyraal A1 K

Binee in tha case of unip given ehurge the voltage is inversaly
proportignal to the eapacily we ¢an say that the espacity of the
wire i increasud by the factor

2 h
log

v

loy log

The factor 18 i dotormined in the sume way, remembering that
the charges ure ull of the suimne sign in thie case and that there
ure six charges to he considored. Mr. Batoh gses an averags
value for the distance of the three wires of une circuit to one wire
of the other cireuit.  Calling this distanee r,' und the distunee to
its image r.' we see that the factor is

2h

r

log

¢

2k r . L]
log —— + 2 log—> + 3 log —
Ty

The factor ¥ is calculated inthesameway. Remembering that
in this case the three charges of one circuit are opposite in sign
to those of the other circuit, we see that

2h
log -
=

log 2 + 2 log - 3 log
I

Mr. Satoh does not use the ahove factors because he adds to or
subtracts something from € to take account of the effect of the
other charges instead of multiplying € by a factor. We have
used the factor method for the sake of simplicity.

Mr. Satoh gives some interesting diagrams showing rectangular
waves on parallel wires and the effect of certain changes in circuit
constants. lle gives the caleulations for the case of three equal
waves on three wires of one circuit due to an impressed d-e. volt.
age and three equal but smaller voltage waves on three wires of
parallel eircuit due to induetion from the first ¢ireuit. However
he apparently omits the calculation of the values of the induced
wave which are the really important unknowns; and in the dia-
gram the induced charges in the second circuit are incorrectly
shown as having the same sign as the charges in the first circuit.
These specific cases will require some further study and it there-
fore seems hest to consider them separately. One point of in-
terest to us is the fact that when waves of about equal voltage
arrive at a station on the three wires of a circuit, which perhaps
is the usual occurrence, the surge impedance is greater hy a con-
siderable percentage than in the case of a single wire, and so the
wave current and energy is correspondingly less.

Electric power is entering more deeply into the steel
industry every month. Steam power is now being
entirely replaced in the main plant of the Youngstown
Sheet and Tube Co. at a cost of about $6,000,000.
The boiler plants whose clouds of smoke have hung
over the mill region every working day for years to-
gether with the blast furnace and large Bessemer steam
power houses will be scrapped and replaced. For
20 years electricity has been advancing into steam’s
stronghold-—the steel industry--and today some of the
most powerful motors in the world are used there.
Motor ratings of 7000 horse power are now familiar in
some milis.



Equipment for 220-Kv. Systems

BY J. P. JOLLYMAN

Member, A. I. E. E.

Synopsis.—This paper discusses the characteristics of equipment
which have been found most suitable for use on 220-kv. systems or
on extensive lower vollage systems. Consideration 1is given to
general system design, governors of prime movers, generalors,
excilotion the systems, transformers, high-vollage oil ctrcuil

breakers, transmission line and the equipment of substations.
The resull of four years’ operation of a 220-kv. system have proven
il o be as reliable as a 110-kv. system. The economies of 220-kv.

transmisston have been realized.

* * * * *

XPERIENCE gained from the operation of a pioneer
E project confirms the wisdom of the original choice
of equipment or shows where improvements can
he made. This paper will discuss briefly the character-
istics of equipment found most suitable for a 220-kv.
system in the light of four years of operation. While
the statements apply particularly to 220-kv. 60-cycle
systems with long lines, they also apply to lower voltage
systems if due allowance is made for the differences in
magnitude.

The 220-kv. transmission systems are required
for three principal purposes: (1) for long distances
and considerable power; (2) for short distances with
large amounts of power; and (3) as a part of an
ultimate network. The requirements of equipment for
the three types of systems are essentially the same.
The systems having long transmission lines are the
most difficult to operate on account of the very large
charging kv-a.’s that must be supplied. The system
with large power but with short transmission is less
difficult to operate but imposes very severe duty on the
oil circuit breakers.

GENERAL SYSTEM DESIGN

When planning a transmission system for 220-kv.
operation, the entire system with its connected equip-
ment must be considered as a whole or as a part of the
whole of the ultimate system. The sections of trans-
mission circuits which must be handled as a unit have
to be determined, since the kv-a. required to bring these
sections of transmission to normal voltage decides
the size of generating units and of synchronous con-
denser units.

FExperience has very definitely established the neces-
sity for operating 220-kv. transmissions as well as
lower-voltage transmissions containing a considerable
amount of transmission mileage with the transformer
neutrals solidly grounded not only at the generating
stations but also at all substations. All transformer
banks should be equipped with delta-connected wind-
ings for the purpose of stabilizing the relation between
the separate phases as well as improving relay opera-
tion. In the case of transformers at generating sta-
tions, the delta winding becomes the low-voltage
winding of the transformer bank. In the case of
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transformers at substations, the delta windings can
frequently be used to supply the necessary synchronous
condensers.

Due consideration must be given to the supply of
charging current, and this supply must take into
account the fact that the generators, when carryingload,
must operate at a high power factor if stability is to
be maintained. These requirements will generally
make it necessary to operate a high-voltage transmission
with a drop in voltage in the direction of the flow of
power. The effect of this operation will be to necessi-
tate supply of charging current from the receiving end
of the line, leaving the generators free to operate at a
high power factor.

Under heavy loads, it is possible to supply sufficient
boost at the receiving end of the transmission section
to bring its voltage to an equality with the sending end
of the same section without causing a leading current
in the generators at the sending end. In very extensive
networks where the flow of power may be reversed,
operation at the same voltage at all points may become
necessary.

Should this be essential, definite provision for a supply
of charging current at some of the generating stations
will have to be made.

Some flashovers of line insulators seem inevitable.
Interference from external sources cannot always be
avoided, nor has any insulation yet been found which
will withstand the effects of all kinds of lightning.
When a failure does ocecur, the section of line involved
in the failure must be disconnected from the system
with the least possible delay. While the arc resulting
from a flashover may be extinguished by dropping the
system voltage, this operation will nearly always result
in the loss of synchronism between the generating
stations and the load. It therefore seems better to
cut out the section of line on which trouble has occurred.

Experience shows that this can be done in the
majority of cases without loss of load, provided the
sections of line remaining in service have suflicient
capacity to carry the total load. To disconnect a
section of line on which trouble has occurred requires
the use of automatic relays. Excellent satisfaction has
heen experienced with theuseof directional overload and
directional residual relays. It is possible to connect
the directional residual relays to the system in such a
manner as to secure inverse time operation. With
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such a system of connections, it has been found possible
to relay out one of two parallel lines even though the
trouble was within one per centof the total distance from
one end of the section. To attain this result from the
balanced system of relays is extremely difticult, if not
impossible.

GENERATING STATIONS

The prime movers of generators employed on high-
voltage systems will usually be steam turbines or water-
wheels of the reaction or impulse type. The only
special requirement of prime movers for such systems is
that their governors should hold the speed very close to
normal without hunting at no-load. This requirement
must be met if quick operating is to be attained.

In the case of certain types of hydroelectric plants
where pulsations in penstock pressures tend to cause the
waterwheels to hunt when running atno-load, thisis not
an easy requirement to meet. The use of a load limit-
ing device on the governors which will permit a con-
venient adjustment of the output of the prime movers
has been found very useful. Especially in hydroelec-
tric plants it is frequently desirable to limit the output
of many of the units and permit only a few units to
govern. The load limit device permits of such opera-
tion in the most advantageous manner.

The generating units may be called upon to build up
the voltage on transmission line sections for the purpose
of tests or for the purpose of bringing up a section to
put it in service. In either event the generator must
be first connected to the line with little or no field
current. The fact that no terminal voltage, or a very
low terminal voltage, would exist on the generator prior
to the time the line is brought to full voltage prohibits
the use of electric drive governors. The later types of
mechanical drive for governors have proved so satis-
factory that there seems little reason to desire the
electric form of drive.

From the standpoint of the function which they must
serve in connection with the operation of this system,
generating units connected to high-voltage systems fall
in two classes: (1) Those units which must be of suffi-
cient capacity to handledesignated sections of the trans-
mission lines; (such units will generally be of fairly large
size); and (2) smaller units having insufficient capacity
to handle any part of the high-voltage system whose
function is merely to feed in a certain amount of power
but which must be cleared from the system in case of
trouble or in case of line test.

The larger or control units should have fairly high
short circuit ratios so that they may have good stability
during system disturbances and be able to carry charg-
ing kv-a. at least equal to rated capacity without
exceeding rated terminal voltage. Such genera-
tors should also stand occasional overvoltages of the
order of 50 per cent since switching operations may
occur at any time which will result in high over-voltage.

A smaller generator should have a sufficiently high
short-circuit ratio for stable operation and should have
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the ability to operate with considerable overvoltage at
least for brief periods.
[CXCITATION SYSTEMS

Excitation systems for generators supplying high-
voltage lines must be automatic as to their voltage
control and must operate with the highest practicable
speed, especially in a case where direct-connected
exciters are used. If this is not done, the generator
voltage will vary far too much with the changes in
power factor resultant from the changes that occur,
especially in case of line trouble. The automatic
voltage regulators should be direct-connected to the
generators and not to the station bus. The generators
are thus protected from protracted overvoltage in the
event of their being tripped off the bus.

The use of direct-connected exciters, which is degir-
able fron nearly every standpoint, presentsanadditional
problem because of their being affected by generator
speed. Hence, on such an increase of generator speed as
will be occasioned by sudden loss of load, the terminal volt-
ageof the generator tends to increase with the square of
the increase of speed. To avoid this compounding effect,
the automatic control of the excitation system must
have a very quick response.

Sudden loss of full load, with large hydroelectric units
driven by reaction turbines, results in a speed increase
of the order of 30 per cent. In the case of impulse
wheels, this speed increase can be reduced somewhat
provided governor action in less than two sec. is per-
missible. With excitation systems having fairly high
speed response, it has been found possible to hold the
generator terminal voltage to a rise which is not greater
than the per cent rise in speed.

In order that each main generating unit may be as
independent as possible, the use of direct-connected
exciters, with a voltage regulator for each unit, has
been found very satisfactory.

TRANSFORMERS

Modern high-voltage transformers have given very
good service in high-voltage systems. The reactance
of these transformers should be kept as low as can be
reasonably obtained. If this is not done, the trans-
formers will contribute to bad voltage regulation of the
system especially when lines are being tested or sections
of lines placed in service.

The short-circuit current through transformers con-
nected to long distance hydroelectric systems tends to
be limited by the generating capacity or the line imped-
ance rather than by transformerimpedance. Itdoesnot
seem necessary to introduce any additional reactance in
the transformers for such systems to protect them from
damage from short circuits.

In the case of transformers fed from large steam
turbine generating units, great care must be exercised
to provide for their safety under a short circuit on
account of the higher momentary short-circuit currents
of steam turbine units as compared with water-wheel
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units. Like the generators, the transformers must stand
considerable overvoltage. However, as transformers de-
signed for an induced potential test of 2.73 times
normal voltage have given perfect results on solidly
grounded neutral systems, it does not appear neces-
sary that for such systems they should be designed
to stand a higher test voltage.

For generating station transformers with low voltages
of 11 kv. or 13 kv., the core-type transformer has
much to commend it from the standpoint of the simple
form of major insulation. For auto-transformers or for
transformers having high low-tension voltages the shell
type of design permits of a better control of the charac-
teristics of the transformers.

HicH-VOLTAGE OIL CIRCUIT BREAKERS

To lessen the effects of short circuit or grounds on
high-voltage system and to reduce the amount of
energy which must be dissipated within a high-voltage
oil circuit breaker, such circuit breakers should operate
with very high speed. The total time of operation for
an opening stroke should be well under one-half second.
Any longer time than this may result in serious effects
in the transmission network.

Admittedly, this requirement is a difficult one to
meet. However, it is agreed that the problem of
attaining still higher operating speeds in large circuit
breakers is one of the most important confronting the
transmission industry. In times of peace, some of the
mechanical skill which has been applied to the design
of instruments of warfare could very profitably be
devoted to the refinement of the mechanical design of
oil circuit breakers.

An incidental requirement for the satisfactory opera-
tion of an oil circuit breaker is that it must be mechani-
cally trip free. This trip-free function must be so
arranged that a minimum time is consumed between the
instant that a short circuit is encountered and the
instant that the circuit breaker will be opened.

With the establishment of 220-kv. systems with
considerable lengths of line, leading currents of some
magnitude are made available and it has been found
that the rupture of such currents creates lengths of
arcs within oil circuit breakers very much greater per
ampere of leading current than per ampere of short-
circuit current of a lagging power factor. In fact, the
length of arc drawn within oil circuit breakers is of the
same order of magnitude for the charging current of
a 200-mi. section of 220-kv. line as for a short circuit
close to the oil circuit breaker.

TRANSMISSION LINE

The transmission line as a mechanical structure has
given excellent service. Reasonable factors of safety
were employed on the structures, the design of which is
subjected to test to destruction. Low stringing ten-
sions were employed for the conductors, primarily for
economy in cost of the towers. No trouble has been
encountered from conductor vibration. It is felt that
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the low stringing tensions contribute to this desirable
result. '

No difficulty or evidence of undue depreciation has
been encountered in the insulators used. The mechani-
cal loads imposed on the insulators are rather moderate.
With a material of the character of porcelain, it seems
wise to proceed with caution in regard to the loading
imposed. While high strengths have been developed
for test load conditions in comparatively small porce-
lain suspension insulators, it is felt that the best way to
employ this strength is to increase the factor of safety
rather than to increase the initial load on such units.

In the case of the system with which the writer is
familiar, accumulated evidence appears to point very
directly toward the benefits to be derived from the use
of an amount of line insulation which gives high flash-
over values. In the case of 110-kv. lines it is definitely
known that even a comparatively small increase in the
length of insulator strings secures a marked reduction
in the number of the cases of flashovers experienced.
There seems no reason to doubt that the same will be
true in higher-voltage systems. This statement is
made for a territory where lightning is a comparatively
minor factor. In territory where lightning is a fre-
quent source of trouble, caution should be used to see
that the flashover value of the line tnsulation is not:so
high as to cause failures in the insulation of switches
of transformers. However, if there is any question of
the ability of the apparatus to stand the flashover volt-
ages developed by the line insulation, it would be better
to increase the breakdown values of the apparatus
insulation rather than to decrease the flashover values
of the line insulation.

One of the most trying problems, and one concerning
which there is no certain solution in sight, isthe question
of maintaining sufficient insulation in sections where
conditions permit of excessive surface leakage of line
insulators. This problem is particularly acute in
California in districts close to the ocean where the
combination of the westernly trade winds and the ocean
fogs results in a rapid accumulation of dirt on the
insulator surfaces which are frequently wet by the
fogs. The only method thus far discovered for securing
high continuity of service in these sections is by artificial
cleaning of the insulators during the months in which
rain does not fall.

Some device for suppressing corona discharge of the
conductor and wire clamps at the insulators appears
highly desirable, since such a device tends to offset the
distortion of electrostatic field at the points of support.
It is not so certain that devices are required to improve
the grading of the voltage impressed on the several
units of long suspension strings. Apparently, as good
results have been obtained in operation with devices for
suppressing corona that have little or no grading effect
as have heen obtained with devices for suppressing
corona that are arranged for considerable grading efTect.

An insulator string is most likely to fail when wet by
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a fog. At this time the distribution of voltage is
undoubtedly determined by leakage cuwrrents rather
than by the condenser effect of the unit. Obviously,
grading devices are ineffective at the very time an
insulator string is most likely to fail,

[t is believed that the conductors of high-voltage
circuits should be transposed  so that the electrical
characteristics of each phase wire may be as nearly like
the characteristics of the other phase wires as possible.
Additional reasons for transposing each circuit occur
where two parallel circuits are used. In this case,
transpositions should be so arranged that one circuit is
transposed with respect to the other. In this way,
inductive effects of trouble on one circuit upon the
other circult are minimized.

The use of double-circuit towers appears to be per-
missible where no sleet is encountered. This construe-
tion is a very distinct economy compared with the use
of two separate single-circuit lines.

SUBSTATIONS

The requirements of equipment for substations are
similar to those of generating stations in practically all
respects. The main transformers may be auto-trans-
formers if the ratio of voltage transformation is not more
than 2:1. In suchrtransformers, delta-connected wind-
ings should be employed and may be used for synchro-
nous operation if desired.

Synchronous condensers must work over the com-
plete range from full boost to as much buck as they
are designed to supply. Some economy of cost can be
had if the bucking capacity of the synchronous con-
densers is not more than 60 per cent of their boosting
capacity.

Where very long sections of transmission line must be
handled, it will be found necessary to employ a syn-
chronous condenser in addition to a large generator in
order to supply the charging kv-a. for bringing the
circuit up to full voltage. For this operation, the con-
denser may be attached to the circuit with little or no
field excitation and the generator may be used to secure
the desired voltage.

In certain substations, control being a number of out-
going circuits which it would be desirable to test by
building up rather than by cutting into the bus, the use
of a driving motor on a synchronous condenser, per-
mitting the operation of the condenser as a generating
unit, will be found very convenient. At first thought
it seems best to make these driving motors of the in-
duction type. However, it is believed that a syn-
chronous drive motor will serve the purpose equally
well and will have the advantage of operating with a
greater air-gap. The synchronous driving motor should
have the same speed as the synchronous condenser.
The unit should be started in the usual way, using the
main condenser.

When the main condenser has reached synchronism,
the driving motor can be cut in to carry the unit while
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the main condenser is being used as a generator {or test
purposes.

A flexible switching scheme should be used for main
substations so that the various operations may bhe eon-
ducted with the utmost dispateh. The arrangement
should be such that access to any oil switch may be
had without material loss of switching flexibility
because oil switches require considerable maintenance.

In closing, it may be said that four years of operation
have proved that a 220-kv. system can he expected to
give as good service as can he had from a 110-kv.
system. With four times the kilowatt capacity at
approximately twice the cost per mile the 220-kv.
system affords a very distinct economy in the cost of
transmission where the amount of power is suflicient to
justify the use of the higher voltage.

The success that has attended the operation of the
pioneer 220-kv. systems proves that the economies of
these systems can be realized and can be applied to
increasing the transmission radius at a given cost or for
decreasing the cost for a shorter radius.

ELECTRICITY ON U. S. TRUNK LINES

Although less than 2000 miles of railroad have been
electrified in this country the present development of
the new way of running trains is affecting a consider-
able proportion of the nation’s train service because it is
used mainly on heavily traveled lines such as those of
the New York Central, the New York. New Haven and
Hartford and the Pennsylvania running in and out of
New York City. Ninety per cent of the total railroad
traffic of the United States is handled over a bare 10
per cent of the trackage and electricity is making itself
felt on this 10 per cent.

Economies have been effected and operating condi-
tions improved under a wide range of situations by
electrification. The Norfolk & Western, The Virginian,
the Great Northern and the Chicago, Milwaukee & St.
Paul have demonstrated that electric motive power is
both economical and provides greater capacity than
steam in their operations over sections wherein heavy
grades are encountered, according to Britton I. Budd,
chairman of the National Electric Light Association’s
committee on electrification of steam railroads.

The Long Island, Pennsylvania, Erie, New York
Central, Southern Pacific and the New Haven have
secured many benefits from electrification in congested
terminals. Most of these railroads, as well as the
Baltimore & Ohio, Michigan Central, Grand Trunk and
Boston and Maine have obtained more satisfactory
operation through tunnels since changing over from
steam to electric motive power therein. The electrified
portion of the Chicago, Milwaukee & St. Paul has the
longest section of its kind in the world—about 800 miles
—and approaches more nearly to the conditions that
would obtain were the large trunk line railroads electri-
fied throughout their entire length.
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Synopsis.—The advantages of electric drive for cement mills are
enumeraled in this paper and general pointers on installing electrical

equipment are given. The electrical installation recently made in a
modern cement plant is described.

O single factor has contributed more to the present

design and efficient operation of a modern cement

mill than the application of electricity as its
motive power.

The older cement plants were designed to operate on
steam power and since this necessitated the use of long
line shafts to accommodate the numerous pulleys
required to drive the many small manufacturing units
then in use, these plants were practically built around
an engine room. For this reason it was not possible to
arrange the machinery used for the manufacture of
cement in such a way as to insure maximum efficiency,
nor could the elevating and conveying systems be
installed so as to give the best flow of materials through
the mill.

The first application of electric motors in cement mills
was the use of d-c. motors to drive auxiliary machinery
requiring from 1 to 50 h. p. It was, for example, most
inconvenient to transmit power from the line shafts to
elevator heads and overhead conveyors, and tests
showed that from 50 to 90 per cent of the power was
lost in transmission, due to speed reductions usually
accomplished with long chain and sprocket drives.
Electric motors in such places proved an immediate
success. They not only cut the transmission losses
but it was soon found possible to install an astonishing
amount of connected load in motor horse power, on a
generator set of much less rated capacity. This was due
to the fact that such drives are usually over-motored
due to the high ratio of the maximum to the average
power required by the individual motors. In one case
known to the writer a total of 375 h. p. in rated motor
capacity was carried by generators rated at 150 kw.
with only occasional interruptions in service due to
opening of circuit breakers. This constituted such a
radical and valuable change from the old line trans-
mission practise that small generator units driven by
special high-speed engines of from 100 o 500 h. p.
became a feature of every cement plant.

The electrification of the cement plants in the Lehigh
Valley was started on a larger scale when the Lehigh
Navigation Electric Company built its plant at Hauto
and offered attractive power rates to the cement manu-
facturers, most of whom were operating with steam
power plants that were either in poor condition or badly
overloaded due to increased production demands. The

1. Coplay Cement Mfg. Co., Coplay, Pa.
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work of changing over these mills consisted primarily of
replacing the old line shaft drives by individual motors,
and in most cases the general layout of the cement
machinery was not changed to any great extent to get
greater advartages of the use of electric motors. One
of the plants installed 2200-volt and 220-volt induction
motors, two plants used 550-volt induetion motors, and
one plant installed d-c. motors.

The advantages of the electrification were realized
very soon. At the Coplay Cement Manufacturing
Company’s plant the production was increased from
2600 barrels per day to over 3000 barrels per day with-
out the addition of a single grinding unit and since the
meters on the various feeder circuits gave accurate
records of power consumption, causes of trouble and
faulty operation could be detected easily and the unit
cost of manufacture was decreased.

The use of electrical machinery in a modern cement
mill is necessary for the following reasons:

1. It makes it possible to design a plant to meet
manufacturing conditions without being restricted by
conditions imposed when using other forms of
power.

2. Increasing cost of labor necessitates the use of
labor saving devices that are not practical except when
driven by electric motors.

3. Saving in operating efficiency on account of not
running idle machinery.
4. Necessity of keeping accurate daily cost data

which is greatly aided by proper use of electric
meters.

5. Greater flexibility in making repairs and adjust-
ments to various parts of mill without interfering with
other operations.

6. General trend toward larger manufacturing units.

One of the most important points to consider in the
operation of a cement mill is the continuous operation
of the various departments according to a prearranged
schedule. The schedule of operation depends mostly
upon local conditions, for, although it is necessary to
run the kilns without shut-down, it is sometimes advis-
able to shut down certain departments over the week
ends. The quarrying and packing operations are in
many cases discontinued on Sundays except during
periods of maximum shipping requirements.

The manufacturing departments of a dry process
cement mill may be divided as follows:
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Quarrying,
Stone Crushing and Drying,
taw Material Grinding,

Kilns,
Coal Crushing and Grinding,
Clinker Grinding,

Stocking and Packing.

It is seen easily that if a mill is designed with sufficient
storage capacities between these departments, any
department except the kilns and possibly the coal
department may be shut down for repairs or other
reasons without interfering with the other operations.

In a cement plant as outlined above, the electrical
feeders should be so arranged as to supply one depart-
ment only. If this rule is followed, repairs and adjust-
ments to electrical apparatus and mill machinery can be
made without interfering seriously with the operation
of the mill. Such a feeder layout will not always meet
with approval from an electrical viewpoint since the
power requirements of the various departments vary
within wide limits, which means that the feeder panels
and the distribution feeders will not be the same size,
but the advantages gained from a manufacturing
standpoint offset its disadvantages when considered
simply as an electrical installation.

The advantage of flexibility of operation and the
readiness with which repairs and adjustments may be
made without interference have been explained.
Another advantage is derived from a cost accounting
standpoint. Compared with other industries, the ratio
of the cost of power to the total value of the product
manufactured is great, varying from 15 to 20 per cent
of the total cost, depending upon cost of power and
efficiency of operation. To keep accurate and reliable
account of the power costs is therefore of utmost im-
portance and if each manufacturing department is
provided with its own feeder panel and necessary
metering devices, accurate data as to power cost can be
obtained daily. Since the power consumption is an
indication of the efficiency of general operating con-
ditions, other troubles are easily located and corrected
before serious trouble is caused or costs increased. The
safety factor is also improved as any department not
in operation can be cut off entirely from the feeder
system.

The plans under way for the installation of new 60-
cycle motors and for remodeling the mills of the Coplay
Cement Manufacturing Company at Coplay, Pa. are
based on the above principles; that is, the electrical
equipment simply supplies a means to drive the
machinery and in no way influences the layout of the
mill.

When the improvements in the mill are completed,
sufficient storages will be supplied between all depart-
ments to allow for flexible and economical operation
and the electrical system has been installed so as to
meet all of the requirements of operation of the mill.

The power for the electrical machinery is purchased
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from the Pennsylvania Power and Light Company, 60
cycles at 66,000 volts. Due to dusty conditions, and to
insure as far as possible freedom from interruptions in
power service, all of the 66,000-volt equipment was
installed indoors, and the installation was designed to
combine the greatest possible protection affording safe
and continuous operation with the greatest simplicity
of arrangement of equipment.

The transformer house is built of concrete with a
cement tile roofl supported on steel trusses. The con-
crete work was erected by the use of sliding forms. The
pitched roof (six in. per ft.) with ventilators was used
to secure the maximum amount of ventilation for the
self-cooled transformers without the use of fans. A
tunnel extends through the building under the switch-
board and contains cable racks, steam, water, and com-
pressed air service pipes and a concrete tank of sufficient
capacity to hold the transformer oil in ease it is neces-
sary to empty the transformer tanks for any reason.

F16. 1—DISTRIBUTION SWITCHBOAKD

The building was erected and all of the equipment
installed by the construction forces of the company.

The transformer house and arrangement of the elec-
trical machinery is shown in Figs. 1, 2, and 3, and the
schematic wiring diagram of the whole system in Fig. 4.

The incoming feeders enter the building through
110,000-volt wall entrance bushings and the equipment
is protected by oxide film lightning arresters. The main
line oil circuit breakers have manually operated closing
mechanism and are equipped with bushing type current
transformers and have d-c. trip coils operated by induc-
tion type overload and reverse power relays.

The rupturing capacity of these switches is sufficient
to interrupt the current due to a short circuit on any
part of the system. The transformers are self-cooled,
three-phase, 66,000-2200 volts, 5000-kv-a. capacity
with four 2l4-per cent taps below 66,000 and are
equipped with conservator tanks, thermometers and
temperature indicators connected to coils in the wind-
ings. They are mounted on trucks and provision is
made for a hoist beam for repairs.

The disconnecting switches between the oil circuit
breakers and the bus are three-pole, gang-operated and
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are mechanically interlocked so that it is impossible to
operate them when the oil breaker is closed. The bus
tie switch and the transformer bank switches are three-
pole, gang-operated air break switches and are used for
breaking the parallel operation and the magnetizing
current of the transformers.

It will be noted, Figs. 2-4, that when operating on
one transformer bank, one side of the station can be en-
tirely disconnected, making safe repairs and adjust-
ments possible.

The operating switchboard is in a separate room, and

Fia. 2—5000-Kv-a., 66,000/2200-VoLt, THREE-PBASE TRANS-
rPORMER wiTH AIR BrRAKE SwitcH aNDp MaiN Line O1L SwiTCcH

consists of two transformer panels, two totalizing meter
panels, feeder panels and a bus tie panel.

The bus tie switch is operated by an instantaneous
overload relay and is used to sectionalize the busin case
of a dead short circuit on one of the feeders to reduce the
rupturing capacity required by the feeder circuit

Fia.

3—TransrorMErR HoOUSE

breakers which have d-c. trip coils operated by inverse
time limit relays. This combination operated success-
fully on two occasions when short circuits occurred on
feeder cables during the construction period.

The totalizing panel is equipped with watthour
meters, printometers, ammeter, voltmeter, curve draw-
ing wattmeter, power-factor indicator, and wattless
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component indicator to be used with watthour meter in
computing the average power factor.
The feeder panels are equlpped with oil circuit
breakers, disconnecting switches, ammeter, wattmeter,
and watthour meters and with a complete set of testing

66,000 V.
2,500 V.
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studs on the front of the board for testing meters and
relays. .

All of the feeder circuits to the various departments
are of armored lead covered varnish cambric insulated
cable. These cables are run underground to the various
departments and when located out of doors are buried
about three ft. underground and spaced several inches

Fra. 5—600-H. P., TarBE-PHASE, 2200-VOoLT SUPER-
gyNcHRONoUS MoTtor DriviNg Tuse MiLL

apart. Boards are placed about six in. above the cables
as a protection against injury by workmen making
excavations.

Where the cables are located in buildings having con-
crete floors, the ditches in which the cables are laid are
filled with earth and covered with a 2-in. concrete slab
marked to show location of cables and to allow the con-
crete to be broken out easily, if necessary.

The starting equipment for the various motors con-
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nected to a feeder cireuit is in most cases arranged in a
group at the termination of the feeder. Since 440-volt
motors are used for all sizes under 60 horse power, small
distribution transformers are gonnected to eiach feeder
to take care of these motors,

The 2300-volt induetion motors with few exceptions
are controlled by manually operated starting compensa-
tors and the 440-volt induction motors are controlled by
magnetic starters except in case of variable speed motors
that have drum controllers and resistors. These start-
ing switches are mounted on papels containing discon-
necting switches, fuse blocks and testing Jacks all
mounted in a single sheet steel box with safety catches.

The motors for the main grinding units are 600- and
200-h. p. super-synchronous motors controlled by auto-
matic panels; see Iig. 5.  Where necessary, all motors
driving ditlerent units of an elevating and conveying
system serving a main grinding machine are interlocked
to prevent choking of materials in case of stoppage of
one of the units. All automatic starters are equipped
with but one starting station but many have several
stop stations.

With the exception of gasoline locomotives operating
in the quarries and on the railroad and two gasoline-
engine-operated well drills used for prospecting at points
distant from our feeder circuits, all power applications
in the mill are motor driven.

The distribution of the motor load may be classified
as follows:

Pumps 260 h. p.
Air Compressors. 170 h. p.
Blowers 315 h. p.
Waell Drills 50 h. p.
Electric Shovels (M-G Set). 240 1. p.
Quarry Hoists 125 h. p.
Bridge Crane (M-G Sets) 200 h. p.
Elevators and Conveyors.. .. ... 1055 h. p.
Crushers. . .. 615 h. p.
Dryers....... .. 110 h. p.
Kilns. . r 240 h. p.
Grinding Machinery... .. 4950 h. p.
Packing Machinery... . .. .. 140 h. p.
Machine Tools and Miscellaneous
Applications. . ... . 288 h. p.
Total. ... .. . 8758 h. p.
The types of motors used are as follows:
D-c. Motors, 220-volt. .. ... ... 374 h. p.
(Electric Shovels, Cranes, Ete.)
Squirrel-Cage Induetion Motors, 440-
volt. . . . .. ... ... ... 1886 h. p.
Variable-Speed Induction Motors, 440-
volt. . ... .. ... 280 h. p.
Squirrel-Cage Induction Motors, 2300-
volt. . ey e i El . 3100 h. p.
Hoist Duty Induction Motors, 2300-
volt. . . 125 h. p.
Synchronous Motors, 2300-volt . . . . . 3340 h. p
U110 O g . W D | o e 9105 h. p.

With the exception of comparatively few motors wit‘h
characteristics suitable for the operation of electric
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shovels, eranes, and ather labor saving machinery, most
of the motors used in the cemenl mdustry gre of stund-
ard dgﬁjun and constryction and sinee the V,‘Gﬁm‘ul jprac
tise in the matallation of this equipment is to muke the
starting operalion as automalic as practicable, special-
1zed mechanies wre not required for the operation of the
motors and few skilled inen ure required for their
maintenance.

An installation such as deseribed above would be
expected to operaie 24 hr. a day for 360 days per year,
and would have a yearly load factor (ratio of average
demand to maximum demand) of 80 per cent and a
monthly load factor of 88 per cent with an average
power factor of 90 per cent, making it a desirable load
from a power generating standpoint.

The tendency in cement mill work is toward larger
grinding units and the most efficient electrical apparatus
obtainable, standardization in sizes and speeds of the
general purpose motors, and distribution of the motor
load into circuit so as to best meet the manufacturing
requirements of the mill so as to be an aid to more
efficient operation.

The recent development of synchronous motors of
high starting torque, with either mechanical or magnetic
clutches, has caused the installation of more direct-con-
nected units, eliminating many expensive belts and
pulleys and resulting in great saving in space and in
efficiency and safety of operation.

In many instances, ball and roller bearings have heen
used in extremely dusty places with good results, but a
modern cement mill can he made to be so free from dust
that when proper attention is paid to the condition of
the equipment, motors with standard habbited bearings
can be operated with as little trouble as when installed
on similar machinery in other industries.

The use of belts and chains on countershafts for speed
reduction necessary to drive elevators and conveyors
has been almost universally replaced by the use of gear
reduction units direct connected to motors through
flexible couplings mounted on common bases. Re-
ducers of these types can be built for speed reductions
ranging from 4 to 1 up to 8000 to 1 when power does not
exceed 500 h. p. and therefore cover the entire range of
cement making machinery except in case of the larger
grinding units. Rock crushers and heavy machinery
subject to severe shock are still usually belt driven to
provide flexibility and reduce the strains on the motor
bearings and coils.

In addition to the above deseribed motor applications,
electricity is used in cement mills for magnetic separa-
tors, rivet heaters, arc and spot welders, pyrometers and
various other application of electricity, all of which have
become most satisfactory features in operating cement
plants, and as is the case in other industries, electric
power has become one of the greatest factors in produc-
tion, and from raw material to the finished product the
responsibility of uninterrupted manufacture rests pri-
marily upon the electric motor.
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Synopsis.—Th application of eteclric power in the steel industry
introduced many radical changes and improvements in rolling-mall
layout and practise. The electric drives, of capacities larger than
encountered elsewhere, are usually designed to fil individual cases.
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INTRODUCTION

HE iron and steel industry is the largest single
T consumer of electric power. In 1924 this industry
used more than 6,000,000,000 kw-hr., which
is about 20 per cent of the total power consumed by all
industries in the United States. It is of interest to note
that the combined output of all central stations in the
country equalled 54,413,403,000 kw-hr. during the
same year.

A modern steel plant, starting with an iron ore
as a raw product, produces at its blast and open hearth
furnaces and at the coke ovens a large amount of waste
gas or heat. Electricity gives means of conveniently
converting and transmitting this potential power to the
centers of its consumption. This explains the rapid
growth of power generating plants in the steel mills;
one steel plant has an installed capacity of over 100,000
kw.; a number of plants have a demand in excess of
50,000 kw. In 1926 alone the steel industry purchased
for its use a 30,000-kw. turbo generator and three others
each rated at 20,000 kw., not counting many other units
of 15,000-kw. capacity and less.

So great is the demand for power in the steel industry
that even plants having their own blast furnaces often
purchase additional power from public utilities. Many
other plants, deprived of the use of blast furnace gas,
run almost exclusively on purchased power. The
latter amounted in 1924 to 39 per cent of the total power
consumed.

The bulk of this vast amount of energy goes for the
work of shaping the steel; the rolling mill drives are the
principal outlets of the generated power. Here the
electric drive predominates. Hardly any new mills
are being equipped with anything but electric motors;
older steam driven mills are being gradually electri-
fied, for purely economic reasons.

Many electrical engineers, not connected directly
with the steel industry, may not fully realize the pro-
found, almost revolutionary changes which the electric
drive brought about in the rolling mills. It is not
merely the question of performing the operations in a
better, more efficient, or more reliable manner than
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Special machines or special combinalions of them are frequently
used.

Several representative cases are outlined, and some methods of
solving the encountered problems are analized.

otherwise possible; but the point, which is sometime
lost sight of, is that many operations and processes,
now in wide use, are practically impossible without the
agency of electric power. Rolling mill designers have
taken advantage of the possibilities of electric drives
and have built mills on radically new principles, ex-
ceptionally advantageous for steel plants, but not
practical, were it not for the presence of electrical
motors. On the other hand, the electrical engineers
have developed new machines, or new combinations
of machines, primarily, if not exclusively, for rolling
miil application. Thus the new rolling mill has become
closely tied to its drive and is unthinkable withoutit;the
influence between the electrical and mechanical equip-
ments is now not only great—it is also mutual. Many
new problems were brought up and were solved more or
less successfully.

There will be outlined in this paper, in a necessarily
short space, those solutions offered by electrical engi-
neers for a few of these problems. A brief sketch of the
types of nmew rolling mills will give the necessary
background.

CONTINUOUS ROLLING AND CONTINUOUS MILLS

It has been generally recognized that for a large
tonnage output a continuous rolling mill possesses
decided advantages. Such a mill, see Fig. 1, consists of
a number of two-high stands. arranged in tandem and
conventionally driven through a line shaft and gears
by a single motor or engine. The hot bloom or bar
passes in succession through all stands, as indicated by
the arrow. Each pair of rolls reduces the cross-section
of the bar until the latter leaves the last stand as a
finished product of the desired shape. The layout is
compact; little heat is lost between stands; the metal is
rolled at a high temperature and with a relatively low
power consumption; the steel requires little, if any,
handling; the labor costs per ton are reduced to a
minimum.

The bulk of the country’s steel output passes through
a continuous mill of one kind or another.

To maintain the high tonnages and to keep the cost
of handling down, the rolled bars are usually of con-
siderable length; a finished length of several hundred
feet is quite common. In order to save floor space the
stands are located close to each other. This means that
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the metal is in several stunds at the sama time, It is
obvious that with sueh an arrangement the speed of
each consecutive pair of rolls is inereased in proportion
to the reduction of the cross-section area,  For a given
mill the speed relation between stunds is fixed and is
determined by ratio of the several gears; hence the
reductions per pass, or the so-called drafts, are also
more or less fixed. Thus, a continuous mill of the
outlined type, capable of producing large tonnages of a
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Fig, 1-—ELEMENTARY DisGran oF A ConTINUOUS MLL wiTH
A SinaLe Drive

certain class of sections, is not quite flexible when it
comes to rolling of a diversified line of products.

Individual drives for several stands of a continuous
mill give it the necessary flexibility, at the same time
maintaining its inherent advantages.

For instance, the mill, Fig. 2, has its first three
roughing stands driven by one motor, the next two
stands by another motor, and the last three, or finishing,
stands are each provided with a separate drive. If
all motors, or several of them, are of the adjustable
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speed type, then the speed ratio between the stands
may be readily changed. A wide variety of products
may be then successfully rolled, each at its proper speed,
each with the most suitable reductions at the several
stands.

Mills, designed and built on this principle, are
springing up all over the country. Hot strip, rods,
merchant and certain structural shapes are being rolled
on such mills. They are believed to be economical,
flexible and tonnage producing. In many cases one
mill of this type takes the place of two or three less
modern mills.

Such layouts would be hardly feasible were it not for
the application of the electric motor. We are usually
accepting it as a matter of fact, and are apt to forget
that there is no other device which can concentrate a
large bulk of power in a limited space, which is efficient
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even in small unj
adjustment, yet will closely maintuin jts
§t has been adjusted.

It is outside the scope of the present paper and
outside the competence of the writer to offer i thorough
analysis of mill layouts from the standpoint of rolling
mill operations. It was not intended to eonvey the
idea that, for instance, a continuous mill with individual
drives is the best combination or Jayout for all applica-
tions; such a mill was merely discussed in order to
illustrate the profound influence of electricity on rolling
mill engineering and practise.

Tyres or ELECTRIC DRIVES

It will be shown presently how the electrical engi-
neers are providing suitable drives for mills of the kind
just described. While no radically new machine was
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Fic. 3—Lavour or s LarcEk Continvous MiLL DrIVEN BY
D-c. Morors. Tur GeNeraL ViEw or THE MoTtor Roox 18
SHowN onN Fig. 4

invented nor introduced, some new combinations of
machines were conceived and were successfully applied.

D-c. Drives. When a mill requires a number of
adjustable speed drives it is the simplest and, in many

Fia. 4—GENEkAL VIEW OF THE Motor Rooym AT ThE 14-IN.
MEercHANT MiLL oF ThE Jox AND Lavenarix Steer Cor-
PORATION, WoobpLAWN, Py,

The elementary diagram of connection is shown on Pig. 3

cases. the best way to make each drive a d-c. motor and
to furnish power to them from motor-generator sets or
from synchronous converters.

Figs. 3 and 4 give the schematie layout and the
general view of the motor room of one of the most
modern mills of this type.

A 3000-h. p., 200 360-rev. per min. motor drives
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the roughing train of three stands; two 1700-h. p.,
90/204-rev. per min. motors and two 2100-h. p., 150/-
460-rev. per min motors are individually driving the
next four stands; the two finishing stands are each
driven by double-unit, 2000 h. p. motors, consisting of
two 1000-h. p. armatures which can be connected either
in series or in multiple, and operating up to 800 rev.
per min. Three smaller edging roll stands are also
electrically driven.

All motors are 600-volt, d-c. machines and the power
to them is furnished from three large synchronous
motor-generator sets, aggregating 12,200 kw. (40 deg.
cent. continuous capacity). Practically each motor has
a corresponding generator, as is shown on the diagram.
Ward-Leonard control is used for starting, and the
combination of generator voltage and motor field
control gives a very wide speed range (as wide as 4:1
and 5:1) to each drive.

Another interesting example of a modern mill with

A.C.Power

1500 Kw. 1500 Kw.
~ #

250 volt
—Exciter

t

Syn-Motor 600 Volt D.C.

500»4.9! 5001..|500H0}650h0] 6504 p[650H.0.

:

F1g. 5—TypPiCAL ARRANGEMENT OF A MODERATE SIZED
ConTtinvorus M1 Driven BY D-c. MoToRs

stands individually driven by d-c. motors is represented
by the layout in Fig. 5. The capacity of each drive is
indicated on the diagram. The power to the motors is
supplied from a 3000-kw., 600-volt, three-unit motor-
generator set. Ward-Leonard control is used for start-
ing, and motor field control for speed adjustment.

D-c. Versus A-c. Drives. When a mill requires a
number of adjustable speed drives, especially of the
average or of less than the average capacity, then it is
usually more economical to make them of the d-c. type,
as just described. When a speed range larger than
2:1 is necessary, the use of direct current becomes
almost imperative. The speed regulating control is
quite simple, usually consisting of one or several field
rheostats. The use of direct current may also reduce
the cost of the high voltage switching equipment.

On the other hand, the necessity of converting the full
amount of electrical power three times from the avail-
able a-c. line to the mill coupling, greatly reduces the
over-all efficiency of the drive and increases the running
light losses. Assuming an efficiency of a d-c. motor at
92 per cent and that of a motor-generator set at 88 per
cent, the over-all efficiency of the drive at full load is
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only 81 per cent. When the d-c. machines are operating
at reduced voltage (¢. e., when part of the speed range
is covered by Ward-Leonard control) their efficieney
goes down quite appreciably. The actual over-all
efficiency and the power consumption (in terms of
kilowatt-hours used per ton of rolled material) are
still further unfavorably affected by the fact that the
average mill load is usually much less than the rating
of the drives.

Thus, much as a straight d-c. system may seem
attractive, in many cases, from the operating stand-
point, it would be a fallacy to consider it as a standard
for any multi-drive mill.

With alternating current universally adopted in all
steel mills for power generation and distribution, the
engineers should always analyze whether the available
a-c. power could not be more directly used for driving
the mills. When large amounts of energy and large
tonnages are involved, the possible improvement of
5 or 6 per cent, or more, in over-all efficiency, presents
an attractive goal worth striving for. Say, a mill rolls
50.000 tons of steel per month, consuming approxi-
mately 40 kw-hr. per ton, or 2,000,000 kw-hr. per
month; a saving of 5 per cent at, say, 0.9 cent per
kw-hr. will net over $10,000 per year. Such economy
alone would justify an additional investment as high as
$50,000 if it were required. But, if it is obtainable
without any additional outlay, or even with a lower
first cost than with a d-c. drive, then the application of
a-c. drives becomes vital and their possibilities should
be most carefully studied.

A-c. Drives. The art of engineering thus far knows
of but one way to build adjustable speed, a-c. drives, of
such capacities as are involved in steel mill work.
This is to use a slip-ring induction motor and to regulate
its speed by acting on its secondary circuit in one or
another well known manner. These methods were
described in great detail, at various times, before this
Institute or before other engineering societies, and the
most representative of them are diagrammatically
shown on Fig. 6.

Broadly speaking, all these methods have one thing
in common. An induction motor, running at a sub-
synchronous speed, delivers at its shaft, as mechanical
energy. only that portion of the power transmitted to
the rotor which is proportional to the speed; the
balance of this power, proportional to the slip, is
available at the slip-rings and is usually called the
slip energy; it is of a frequency and voltage proportional
to the slip. This energy is either converted into
mechanical power and is returned to the main motor
shaft, see 6B, 6D, 6F, or is converted into electric power
of the line frequency and voltage and is returned to the
a-c. system; see Fligs. 6A, 6C, 6E. In the first case the
drive is of a “constant horse power” type, as approxi-
mately the same amount of power (neglecting con-
version losses) is available at the motor coupling at all
operating speeds; in other words, larger torque is
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permit the shutting down of one motor-generator set,
thereby reducing the running light losses. Although it
is hard to estimate with any degree of accuracy the
resultant saving in power, it is evident that any such
saving is a net gain. It may be truly said in this con-
nection that in steel mill drives, which are usually liber-
ally motored to take care of the maximum load condi-
tions, the low running light losses are just as big a
factor in conservation of power as the high efticiency.

Fic. 8 —GeNERrAL ViEw oF Tug MILL Moror Room Con-
TAINING THE ELECTRICAL EQUIPMENT ARRANGED AS SHOWN ON
Fig. 7

Two out of three synchronous motor generator sets and two synchronous
converters are seen in the foreground; three 2000-h. p.. d-c. motors are
located next to the wall, with the 7500-h. p. Kraemer drive seen to the
right of them. The 3600-h. p. Kraemer drive is located back of the gear
cases and is not shown on the photograph

The motor room of the mill just described is illus-
trated by Figs. 8 and 9.

Another continuous mill, now being built for a large
eastern steel manufacturer, will be equipped with elec-
tric drives embodying to a smaller extent the same
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Fic. 9—Crose-Up ViEw Snowine Trree 2000-H. P., D-c.
Morors, Eaca Driving A FINISHING STAND oF A CONTINUOUS
MiLL

See Figs. 7 and 8

principle; several new features of a different nature will
make a brief review of this equipment rather interesting.

In this case the mill will have a number of stands
arranged in tandem, as shown diagrammatically on
Fig. 10. The rolling requirements being different,
the first several stands will be driven by constant
speed motors. The power supply is 6600-volt, 25-
cycle.
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The roughing train will take a 4000-h. p., 83.3-rev.
per min. motor, A, the intermediate train will be driven
by a 6500-h. p., 187.5-rev. per min. motor, B. The
following group of stands will be jointly driven through
a train of gears by an adjustable speed equipment, (7,
developing 6700 h. p. at 500 rev. per min. and 33560
h. p. at 250 rev. per min.

The last finishing stand will take a separate direct-
connected drive, [), with an output of 2600 h. p. at a
speed of 275 rev. per min.; constant horse power output
will be maintained for speeds above 275 rev. per min.,
and reduced output on constant torque basis, for speeds
below this value.

These drives will never bhe required to start their
respective mills with metal in the rolls. Mill friction
on a cold winter day. after a prolonged shut-down,
would be the most severe starting condition. Several
tests have shown that a torque of about 25 or 30 per

8600 voit - 3 Phase - 25 Cycle

. -
t’ 0wt

v
b3 egtation b
B
14
A A
e Sl B S -l ]

v L4

Fi1c. 10—ARRANGEMENT OF ELECTRIC DRIVES FOR A LARGE
CoxTiNnvoUs MiLL

Two synchronous motors, one Scherbius equipment and one d-c. motor
aggregating approximatety 20,000 h. p. continuous capacity will be used
for driving this mill

cent normal will start a continuous mill under most
adverse conditions.

Actual experience with a 9000-h. p., 107- rev. per min.,
synchronous motor, driving since the summer of 1926 a
large continuous rolling mill at the McKinney Steel
Company, Cleveland, Ohio, has proved conclusively
that a synchronous drive is quite applicable for mills
of this nature. This synchronous motor, shown on
Fig. 11, is capable of developing a starting torque of
265 per cent normal if started on full voltage; it is
usually started on a low voltage tap of an auto-trans-
former, developing the starting torque actually re-
quired with considerably less than normal line kilo-
volt-ampere input.

Under circumstances it has been decided to build
the drives A and B as synchronous motors and to take
advantage of their leading kilovolt-amperes for power
factor correction of the steel plant.

The large adjustable speed drive, C, will consist of a
5000-h. p., 375-rev. per min. slip-ring induction motor,
the speed of which will be adjusted up to 33 per cent
above, and up to 33 per cent below, synchronism
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(i.e., from 500 rev. per min. to 250 rev. per min.)
by means of the two Scherbius regulating machines E 1
and R 2. With this constant torque layout, the ca-
pacity of the drive will be 6700 h. p. at 500 rev. per min.
and 3300 h. p. at 250 rev. per min. An a-c. drive of
such capacity and speed can bebuilt more economically
and with a much higher efficiency than any combination
of d-c. machines. The fact that the power supply was
25-cycle gave the Scherbius system an advantage over
the Kraemer drive.

The last finishing mill drive, D, will have a wider
speed range, is of smaller capacity and runs at a lower
speed than the drive C. While a Scherbius equipment
for the drive, D, would be fully competitive in first

B Wy

Fia. 11—9000-H. P.-107, Rev. Per Min. 6600-Vorr, 25-
CycLE, SyncHRONOUS MoTor DriviNg A LarRGE CONTINUOUS
RoLLiNg MILL

cost, the difference between it and that of ad-c.drive was
not as wide as in the case of the drive C.  For the sake
of greater flexibility of control it was decided to make
the drive D of the d-c. type.

A 500-rev. per min. synchronous motor, S, will drive
a 2300-kw., d-c. generator G (furnishing power to the
motor D) and the two 650-kv-a. Scherbius speed regu-
lating machines R 1 and R 2 used for adjusting the speed
of the induction motor C. When the motor C runs
below its synchronous speed, the slip energy flows to
the machines R 1 and R 2; the latter run as motors and
assist the synchronous motor S in driving the generator
G. In other words, the slip energy does not have to be
returned as electric power to the incoming line; instead
of this, it may be used for driving, wholly or in part,
the finishing mill D. The flow of power is indicated
by arrows. This is another application of the same
principle which was illustrated on Fig. 7.

When the drive C is running above synchronism,
the slip energy becomes negative and arrows shown by
the dotted lines, see Fig. 11, will be reversed. The
machines R 1 and R 2 act then as generators, and de-
rive their power from the synchronous motor S.

A direct-connected exciter provides the necessary
250-volt excitation to the synchronous motors A, B
and S, and to the d-¢. machines G and D.
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The use of two regulating machines E 1 and R 2 for
controlling the speed of the motor C presents some
interesting features. The maximum amount of the
slip energy to be handled by the speed regulating
equipment is 1700-h. p.; it is not practicable to build an
a-c. commutator machine of such capacity and to run
at 500 rev. per min.; a lower speed like 375 rev. per min.
or 300 rev. per min. would be required. With the
proposed layout such reduced speed would considerably
increase the cost of the d-c. generator G and of the
motor S. It would be still more expensive to provide
a separate low speed drive for the regulating machines
R1 and R 2, and to drive the generator G by another
500-rev. per min. motor. It was quite advantageous,
therefore, to split the capacity of the regulating equip-
ment in two units and to run them at 500 rev. per min.

The connections of the regulating machines to the
secondary winding of the induction motor are shown on
the Fig. 12. The 5000-h. p. motor is equipped with six
slip-rings, with both ends of each phase of the rotor
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Fic. 12— ELEMENTARY D1aGRAM OF ELECTRICAL CONNECTIONS
OF A SCHERBIUS ADJUSTABLE SPEED DRIVE witH Two REGU-
LATING M AcHINES CONNECTED IN SERIES

brought out. Each set of three slip-rings is connected
electrically to the commutator of the regulating ma-
chines R 1 and R 2, which thus forms the two Y-points
of the secondary circuit. In other words, the two
machines B 1 and R 2 act as if they were connected in
series with each other, their e. m. fs. added together.
The shunt fields F' 1 and F 2 are adjusted simultane-
ously by a common speed control apparatus.

By disconnecting one regulating machine and by
short-circuiting the corresponding set of slip-rings, it
is still possible to operate the drive with the other
regulating machine; full torque of the drive will be
obtainable, but the speed range will be cut in half;
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t.e, it will be in this case approximately 812/487
rev. per min,

CONCLUSION

None of the several electrical layouts described on
the preceding pages should be considered as anything
more than what they were originally intended for:
a good combination of electrical machines to fit a set
of given requirements. Certain principles may be used
again in some future drives; the whole combination
may never be repeated. Electric drives for modern
large rolling mills can hardly be standardized. They
rather are and may rightly be called “custom made.”

Many single mills require up to, or over, 20,000 h.p.in
electric drives; investment runs into several hundred
thousands of dollars; the cost of power consumed in a
year may approach the same figure. This alone justi-
fies a thorough engineering study and a preparation
of an individual layout for each case. Machines of
special design need not necessarily be built for any new

REDUCTION OF BXCITING CUTRRIENT TO SINE-WAVIE BAR[S

Jourunl A Y. B, B,

drive, but there is usually a broad field for working up
a good new combination of upparatus.

[t was the author’s intention to point out, by means of
the several illustrated schemes, that such an oppor-
tunity is present in most cases and that the electrical

engineers seldom let such opportunities slip by.
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Reduction of Transformer Exciting Current
to Sme-Wave Basis
BY G. CAMILLI

Associate, A, I. E. E.

Synopsis.—As a sequel lo an earlier investigation and develop-
men! of a method for the reduction of core-loss measuremen! to sine-
wave basis, this paper describes (wo melhods developed for the
reduction of exciting current to sine-wave basis.

The first method consists of making lwo measurements al wave
shapes as widely different as possible, setling the voltage in each case
by means of the flux voltmeter. The current corresponding lo sine-
wave vollage is obtained by extrapolation from the observed values of
currents and form factors. Although the method might be con-
stdered lo some exten! empirical, il is found lo yield an accuracy
wilhin one per cen! even under extremely unfavorable condilions.

The second method ulilizes as before the flux voltmeter for selling

INTRODUCTION

It is well known that the no-load losses, that is,
the iron loss and exciting current, of a transformer are
dependent upon the wave shape of the excitation
voltage. While the Institute rules provide that the
efficiency rating of transformers must be based on sine-
wave operation, it is known how difficult it is to obtain
sine-wave voltage on a commercial scale for the testing
of transformers. Some scheme that will reduce core loss

1. General Transformer Engineering Department, General
Electric Company Pittsfield Mass.

2. See G. Camilli, A Flur Voltmeter for Magnetic Tests,
JournaL A. [. E. E., October 1926.

3. See Discussion by Mr. R. L. Sanford, JournaL A. I.E. E.,
October 1926, p. 1014.

Presented at the Regional Meeling of District No. I of the
A.I.E. E. Piutsfield, Mass., May 25-28, 1927.

the vollage hul uses a “‘crest ammeter” (developed for this purpose,
Jor reading the instantancous mazimum values of the corresponding
currents.  Measurements are made at 100 per cent, 86.6 per cenlt
and 50 per cent voliages. These dala determine the SJundamental,
third and fifth harmonics of the exciling current corresponding lo
sine-wave vollage anid hence the exciting current itself, because these
harmonics are the only important components in delermining the
effective value of the exciting current.

Theory of the crest ammeler is gwen, and s applicability (in
conjunction with the flux valtmeler) to the determination of d-c.
saturation curves by means of a-c. lests in magnelic investigalions s
indicated.

and exciting current tests to. a sine-wave basis is
therefore a necessity, much more Important now than it
was some years ago, due primarily to the increased
kv-a. capacity of transformers. This may be seen
better by considering the fact that while the kv-a.
capacity of transformer units has steadily increased, the
kv-a. capacity of generating units used for testing them
has not increased proportionately, and therefore the
core-loss load on generators in testing departments is a
much larger percentage of the generator capacity than
was formerly the case, with the consequence that wave
distortion is much larger.,

In a paper presented to the Institute a year ago,’
the writer described a new and accurate method for the
reduction of transformer core-loss measurements to
sine-wave basis, utilizing a flux voltmeter developed for
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that purpose by the writer. The accuracy of the
meter and method was checked and endorsed by the
Bureau of Standards,® and it is understood that a
number of research laboratdries besides the Bureau of
Standards have already adopted the scheme.

Since the successful solution of the problem of the
reduction of the core-loss component of the no-load loss
measurements to sine-wave basis, the writer studied the
problem of the reduction of the exciting current com-
ponent of the no-load measurement to sine-wave basis.

Two different methods were developed for the reduc-
tion of exciting current measurements to sine-wave
basis, as follows:

Method I. In core-loss measurements, setting the
voltage by the flux voltmeter,? the maximum flux
density and therefore the maximum value of the
exciting current are those corresponding to sine-wave
voltage regardless of the wave shape of the test voltage.
The effective value of the exciting current, however,
will be variakle with the wave shape of the test voltage.

To apply a wave-shape correction to the observed
effective value of the exciting current, it would be
necessary to have some applicable measure of wave
distortion. Now, form factor is one kind of a measure
of wave-shape distortion and is given in a simple way
by the flux voltmeter, and therefore it occurred to the
writer that some simple relation might exist between
form factor and effective value of the exciting current.
Thus, indicating the values of form factors by F,
and the values of the exciting current by Y, we may
write as a general equation between these two variables:

Y=a+bF+cF*+dF+ .. +fF"

Equations of this type are frequently used in engi-
neering problems and are very convenient whenever it
is found that the terms above the first or second power
are negligible. Tests were therefore made to deter-
mine what approximation could be used, and it was
found that all terms above the first power could safely
be ignored; that is, the exciting current corresponding
toesine-wave form factor may be extrapolated as a
straight line function of the form factor.

A"?; Voltmeter reading
Fluix Voltmeter reading

form factor = 1.11 X

In a dozen test cases, the error was not more than 1 per
cent. With no correction applied, the error would have
been up to 20 per cent, making the exciting current
that much too high.

Method II. In the foregoing, it was mentioned that
in using the flux voltmeter the maximum flux density
and therefore the maximum value of the exciting
current are determined. Consequently, if a trars-
former is tested at various voltages, observing the
voltage on a flux voltmeter and the current on a
crest ammeter (to be described below), points of the
B-H curve of the transformer are obtained. Having
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the B-H curve, the effective current corresponding to
sine-wave voltage can be calculated.

It may appear at first as though this would be a very
laborious method, but it is extremely simple. Three
readings, viz.: one taken at full voltage, one at 86.6 per
cent voltage and one at 50 per cent voltage, (by the
flux voltmeter), enable us to determine the fundamental,
third-harmonic and fifth-harmonic components of the
exciting current corresponding to sine-wave voltage,
and, since these are the only important harmonics,
their resultant gives the total effective current for
sine-wave voltage. In this method, the higher har-
monics are not entirely neglected, because they appear
partially in the first, third and fifth harmonics by
modifying their values. For greater accuracy, a larger
number of readings and correspondingly larger number
of harmonics may be included<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>