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American Institute of Mining and Metallurgical Engineers
New York, N. Y., February 20-23, 1928
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Change in Institute
Publications Ratified

The opening article in the JOURNAL for November,
1927, gave an outline of the changes proposed for the
publications of the A. I. E. E. and these changes were
adopted by the Board of Directors at its meeting on
December 16th, after a careful canvas of the situation
by the Publication Committee. They are being put
into effect as rapidly as possible and it is expected the
new plans will be in full operation within the next two
months.

In order that the changes should be acceptable to
the membership, the Board of Directors, invited sug-
gestions and criticisms, and in addition, two hundred
letters were sent out by the Publication Committee
to some of the most active members, also inviting
comments on the proposed changes. The net result
of these appeals was 75 letters from a membership of
18,000, which can probably be construed as a vote of
confidence in the Institute’s committees to carry out
its publication policies to the best advantage of all.

Of the 75 replies received, 78 per cent endorsed the
suggested changes unqualifiedly and but four or five
had objections. These letters also contained numerous
suggestions which the Publication Committee ac-
knowledges with thanks to the writers. Most of the
suggestions received, however, had been previously
considered and rejected for reasons which are more
readily apparent to those experienced in the publishing
business than to the laity. For example, several
of the proposed plans would make the publications
ineligible for second class post office entry, while others
would require an additional force of employes to handle.

The plan finally adopted, which it is believed will
cover the Institute’s publication requirements for
several years, is predicated on the production of the
maximum amount of technical literature for the avail-
able money. There is probably a general feeling that
the Institute should be the repository for all of the most
important contributions to electrical engineering litera-
ture, and with this thought in view, the present plans
contemplate a gradual increase in volume of material
published, limited only by our financial resources.

PAMPHLET COPIES

As soon as practicable, after the receipt of manu-
script, pamphlet copies of each paper will be printed,
and an important point to be noted is that in every
case the pamphlet copy will contain the paper n full.

Each pamphlet copy will bear a serial number for
convenience in ordering and this serial number will
appear on the JOURNAL abridgments of the papers
and also on an order form to be printed in each number
of the JOURNAL. It will then only be necessary to
check on the order form the number of the paper desired
tear off the form and mail to headquarters in order to
obtain any pamphlet copy free of charge. By means of
this arrangement every paper is at once available to
every member who wants it, and without any expense.

THE JOURNAL

As soon hereafter as the plans can be put into effect
the JOURNAL will consist of articles none of which
will be over four pages in length. These will consist
chiefly of abridgments of the papers presented at
conventions and regional meetings, but owing to the
condensed form in which they will appear, sufficient
space will be conserved for the publication of many
section and branch papers of merit, as well as con-
tributions, all of which have been largely crowded out
in the past for laék of space. The JOURNAL will
therefore contain a resumé, in brief and interesting
form, of each of the papers published by the Institute,
which it is thought will enable every member to keep
abreast of electrical progress in all fields without being
bothered by details in which only the specialist is
interested. At the same time, any paper the reader
may desire in full is immediately available, as explained
above. Discussions in the JOURNAL will be in abstract
only.

THE TRANSACTIONS

Volume 45 of the TRANSACTIONS for 1927, which is
now in course of preparation, will be the last annual
volume to be published by the Institute. Thereafter
the TRANSACTIONS will be issued quarterly, in pamphlet
binding, for which a subscription price of two dollars
per year will be charged. In all respects the contents
of the Quarterly TRANSACTIONS will be the same as in
the Annual TRANSACTIONS, that is, all papers and
discussions will be printed in full. Objections have
been made in some cases to the pamphlet binding of
the quarterly, and to meet such objections arrange-
ments have been made to bind the quarterly in cloth,
identical in style with the previous annual volumes,
for an additional price of two dollars.

The annual volume for 1927 will include the papers
presented during that year from January 1st through
the 1927 Summer Convention. This will make a
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book of about 1200 pages. The first quarterly will
include the papers presented at the Pacific Coast
Convention and the Chicago Regional Meeting in the
Fall. It is estimated the quarterlies for 1928 will
average about 375 pages in size, and will be published
in the months of January, April, July and October.
One effect of issuing the TRANSACTIONS quarterly is to
advance the time of publication about a year, and there-
fore during the transition period of 1928 the membership
will be receiving both the 1927 Annual, and the 1928
quarterlies, so that subscriptions to both will fall due
during the same year.

In order that the above program may be put into
effect the Board of Directors at its last meeting adopted
the following ruling:

Manuseripts of over 4000 words intended for publication in
the JournaL in abridged form, must be accompanied by an
abridgment of not more than 4000 words, and of a proportion-
ately smaller number of words if illustrations are included.

Hereafter an essential part of all papers submitted
will be an abridgment, in accordance with the above
ruling, for JOURNAL publication. It is not believed
that this will impose any additional burden upon the
authors as they now have to prepare abridgments in
order to present the papers at meetings in the allotted
ten minutes time. The same abridgment, covering
the most important features of a paper, would be
suitable for JOURNAL publication and for presentation
at meetings.

The results of the new publication policy may be
briefly summarized as follows:

1. Each member will receive the monthly JOURNAL
as at present and such complete pamphlet copies as
he may select, without extra charge.

2. Each member subscribing two dollars will
receive four QUARTERLY TRANSACTIONS containing all
papers and discussions in full that are deemed suitable
for this permanent reference work.

3. Each member subscribing four dollars will
receive the QUARTERLY TRANSACTIONS bound in eloth
identical in style with the annual TRANSACTIONS of
previous years.

4. During 1928, both an annual for 1927 and
quarterlies for 1928 will be published and subscriptions
for both will fall due.

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

Edward Leamington Nichols, Professor Emeritus
of Physics, Cornell University, a Member of the
Institute since 1887 and its vice-president 1889-1891,
was born September 14, 1854, at Leamington, England;
his parents, however, were Americans, their home being
in New York City, and the boy was prepared for college
at the Peekskill Military Academy. In 1871 he entered
Cornell, studying under Professor William A. Anthony,

Journul A. 1. B, 1.

then in charge of the Department of Physics. lLater
in 1887 when Professor Anthony left the chair, his
former pupil was chosen to fill the vacancy, continuing
as head Professor of Physies until his own retirement.
Following his graduation from Cornell, Doctor Nichols
went to Germany to continue his studies with such
teachers as Wiedermann, Kirchhoff, Helmholtz and
Listing. It was under Listing that he received his
degree of Doctor of Philosophy from the University of
Gottingen. As a Fellow of Johns Hopkins, Doctor
Nichols returned to America to continue his scientific
work in the laboratory with Professor Henry A. Rowland.
Thus, he had the great advantage derived from
early association with the leading physicists of both
Germany and America, and in the early days when
establishing technical courses work in electrical engi-
neering was often combined with the study of physics.

In 1880 Doctor Nichols joined the staff of Thomas A.
Edison at Menlo Park, there working with problems
appertaining to the incandescent lamp. The follow-
ing year, however, he was called to the Central
University of Kentucky as professor of Physics and
Chemistry, in 1883 he was made professor of Physics and
Astronomy at the Universitv of Kansas. At Cornell,
Doctor Nichols has made exhaustive researches in the
fields of electricity and optics. He was the first to
investigate alloys with low temperature coefficients of
resistance and to show that certain proportions of the
ingredient alloys could be obtained even with a zero
ornegativecoefficient. Hiswork dealt with photometry,
physiological optics, fluorescence, phosphorescence,
luminescence and co-related phenomena. Many of his
papers on experimental physics have been published in
thescientific journals of Germany, England and Ameriea;
his books too are well known to the professional world.
In 1893 he founded the journal, Physical Review, himself
editorin-chief. In the same year he became secretary to
the Chamber of Delegates of the Electrical Congress at
Chicago, and a member of the visiting committee
officially appointed by the Bureau of Standards. He
obtained his B. A. from Cornell, the degree of LL.D.
was conferred upon him from the University of Pennsyl-
vania and his D.Se. was earned at Dartmouth. He is
a Fellow of the American Academy of Arts and Sciences,
a member of the National Academy of Sciences, the
American Philosophical Society, past-president of the
American Association for the Advancement of Science
and the American Physical Society; and honorary
member of Illuminating Engineering Society and the
Optical Society of America. While Doctor Nichols’
work has been of great practical value his ideals are
research for its own sake. It is his contention, however,
that many practical applications of fundamental
scientific truths cannot be foreseen and that therefore
this same application is but the outgrowth of research
which at its inception, might appear to have little or
no practical application. He has been rightfully
placed among the leading scientists of the age.



Operation and Performance of Mercury Arc
Rectifier on the Chicago, North Shore and

Milwaukee Railroad Company
BY CAESAR ANTONIONO!

Associate, A. I. E. E.

Synopsis.—Aclual operaling results and experiences with a
mercury arc reclifier feeding a railroad are given in this paper.

The rectifier is compared with synchronous converters in regard lo
efficiency, troubles, maintenance and other points.

HE application of the mercury arc rectifier is one
of the newest developments in the railway power
field and very little is yet known about its possi-

bilities and applications in this country.

Other papers presented before the Institute have
covered the technical points and details on the subject,
so that I shall attempt to confine myself to the rectifier’s
performance on railway work in conjunction with auto-
matic operation.

The development of the rectifier in this country is
very much in its infancy as regards its commercial
application. It appears to be used more extensively
in Europe, and the extent to which it will be applied
here is limited only by the economical and operating
results which can be obtained.

In considering its application to any property we
naturally compare it with the synchronous converter
and motor-generator set designed to serve the same class
of service, with which we are familiar.

The advantages of the mercury are rectifier over the
synchronous converter and motor-generator according
to previous papers presented before the Institute are:

High efficiency over the whole working range,
Very high capacity to absorb momentary loads,
Insensibility to short circuits,

No synchronizing,

Simple operation and minimum attention,

Noiseless operation and no vibration,
Low maintenance cost,

8. Reliability of service.

This paper discusses each of these points in connection
with the experience we have had with the operation of a
rectifier on the Chicago, North Shore and Milwaukee
Railroad. The rectifier is rated at 1000 kw., 600 volts
direct current and it is located on the section of the road
as shown in Fig. 1. This section is fed also by syn-
chronous converters of 1000-kw. and 1500-kw. rating as
shown. This rectifier, made by the General Electrie
Company, is the first 600-volt machine made in this
country which has been installed in actual service.

1. Chicago, North
Highwood, 11

Presented al the Regional Meeting of District No. 6 of lhe
A.l. E. E., Chicago, Ill., November 28-30, 1927.
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8hore and Milwaukee Railroad Co.,

EFFICIENCY

The efficiency of the rectifier was compared with that
of five converter stations by taking measurements on
each substation for five months. The results of the
records are shown in the accompanying Table I. The
efficiency is taken as the d-c. output divided by the
a-c.input. The figures include the efficiency of power
transformer and converter or rectifier. They do not

Libertyville Line 4.42 Mi. J.

Liberty Lake ™ %,
1000 Kw. Rotary %

Lake Bluff
1000 Kw. Rotary

1000 Kw. Recufier
Substation, No.§

Nifes Center
2000 Kw. Rotary

4.40 MI.
Niles Center Branch

F1g. 1—SectioN oF RaiLroap FEp BY RECTIFIER SUBSTATION

Location of synchronous converter substations also shown. Part of

Chjcago, North Shore & Milwaukee Rallroad

include the power used for the operation of automatic
devices and auxiliaries such as vacuum pump, motor-
generator set, heaters in the rectifier station, nor the
power used by auxiliaries and a-c. contactors in the
converter stations.

I believe this comparison is fair. It was the best
method I had of making a comparison in the short time
available preparing this paper. Although not exactly
correct, it shows a pronounced difference in the effi-




ANTONIONO: OPERATION OF MERCURY ARC RECTIfILR Journal A. T. . K.

TABLE 1
PERFORMANOE OF REOTIFIER AND SYNCHRONOUS OONVERTER SUBSTATIONS
The kw. and etficiency vaiues do not include the power used for the oparation of automatic devices and nuxiiiaries such as vacuum pump, water pump,
motor-generator set and heaters in the rectifler station nor the powar used for auxiljarios and a-c. contactors in the converter stations
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1500-kw. syn. converter. . .|D-C.output | 62130 341 | 11 182 | 71.2 | 50024 300 | 10 130 | 68 57140| 341 11 167 | 69.5
No. 2. substation. . .|A-C. 43500 34200 34200
1500-kw. syn. converter. . .|D-C 30550, 201 6.5 151 | 70.2 | 23214 180 6 128 | 67.8 | 25204| 201 6.5 | 125 | 73.7
No. 3. substation . [A-C, 69600 74400 78300
1500-kw. syn. converter. . .|D-C. 53200, 310 | 10 171 | 76.5 | 58200| 330 | 11 176 | 78.3 | 60800 341 11 178 | 77.6
No. 4. substation .. |A-C. 125700 84300 95700
1500-kw. syn. converter . . .|D-C 97900| 434 | 14 226 | 78 62400/ 315 | 10.5 | 197 | 74 73000| 372 12 196 | 76.3
Liberty Lake........... A-C. {115950 139950 146100
1000-kw. syn. converter. . . |D-C. 83154| 496 | 16 167 | 71.8 |105844| 660 | 22 160 | 75.6 |104263| 715 23 131 | 71.3
No. 5. substation A-C. 89700 76900 79950
1000-kw. mercury arc¢ rec-
tifier. . .. D-C. 71952 403 | 13 178 | 80 62857/ 270 | 9 232 | 82.8 | 657471387 .5] 12.5 | 170 | 82.2

TABLE I-—CONT.
PERFORMANCE OF RECTIFIER AND SYNCHRONOUS CONVERTER SUBSTATIONS

The kw. and efficiency values do not include the power used for the operation of automatic devices and auxiliaries such as vacuum pump, water pump-
motor-generator set and heaters in the rectifier station nor the power used for auxiliaries and a-¢. contactors in the converter stations
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ciencies of the two types of equipment under nearly
similar load conditions and very low load factor.

an occasional opening of the high-speed circuit breaker
which would reclose immediately, was the only trouble
experienced in carrying this load.

Fig. 3 shows the typical load on the station. There
are many very high load demands of short duration
some of them well above the rated capacity of the
rectifier,

VERY HigH CAPACITY TO ABSORB MOMENTARY
OVERLOAD

The ability of the rectifier to carry high momenta}ry
overloads is seen from the accompanying Fig. 2 which

shows a graphic ammeter chart.

This chart which was taken 12 hr. after the unit was
put in operation on a day of extremely heavy traffic.
It"shows load peaks much above the rating of the
rectifier. There were no signs of being overloaded,

On sustained overload we are not in position to give
much information. Usually the load demand above
the rectifier rating is of short duration, but there are
unusual conditions on the railroad when a load of 175
or 185 per cent of the substation capacity may be
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carried by any of these stations. The duration of
this lToad is controlled by thermostats on the load-
limiting resistors set to release this load in about six
or seven min.

It is, however, possible to have aload abovethe rating
of the equipment and below the 175 per cent overload
relay setting for a much longer time than 7 min. A
load of this kind would be without thermostatic control
and might last indefinitely. It could be caused by
traffic schedule disarrangement on account of trouble,
extra passenger or freight service or a trolley wire on the

ANTONIONO: OPERATION OF MERCURY ARC RECTIFIER 5

imposed on the rectifier an overload of much longer dura-
tion than we know. There are norecordinginstruments
to show when this occurs. The rectifier does not show
any signsof having been abused; momentary opening of
the high-speed circuit breakers is the onlyindication that
there must have been excessive load.

INSENSITIVITY TO SHORT CIRCUITS .

Our experience shows that the rectifier is not sensitive
to short circuit. Repeated reclosing on a short cir-
cuit does not affect the rectifier. Under the same
treatment a synchronous converter of the same capacity

r
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Fic. 2—CURRENT DELIVERED BY MERCURY ARC RECTIFIER ON Day orF ExtremMeELy HEAvVY Loap

Part of record of June 24, 1926 on Substation No. 5 of Chicago, North Shore and Milwaukee Railroad
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Fi1d. 3—TyricaL Loap oN THE RECTIFIER SUBSTATION
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Fru. 4—1000-Kw. MErRcUrRY ARc RECTIFIER AND AUTOMATIC
SWITCIIBOARD

Substation of Chicago, North Shore¢e & Milwaukee Rallroad

ground at such a distance that the resistance of the
feeders would limit the current.

Happenings of this nature are not unusual on a rail-
road and | believe that we have more than one time

would be likely to flashover regardless of the protective
devices, and in an automatic substation it would lock
itself out and the station would be shut down until an
inspector could put it back in service.

NO SYNCHRONIZING

The fact that synchronizing is not necessary with the
rectifier is quite important. In the automatic stations
on our system only 4 to 6 sec. are required to connect a
rectifier to the line. From 20 to 35 sec. are required to
put a converter on the line. Therefore we can deliver
a higher voltage to the train and trolley 16 to 29 sec.
sooner with a rectifier.

SIMPLE OPERATION AND MINIMUM ATTENTION

We must agree that the mercury arc rectifier requires
less attention than the synchronous converter, and its
operation is much simplier. There are no brushes,
commutator nor slip-rings to take care of. There is no
dust spreading over the equipment. These advantages
arevery much appreciated inautomaticstations without
attendance. The ventilation of the equipment and
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building is also simplified as compared with converters,
especially in unattended stations.

I do not want to create the impression that there are
less devices involved in the mercury arc rectifier than
there are in the converter station. On the contr ary,
with the rectifier more auxiliaries are used, such as
arc-starting exciters, vacuum pump, water supply,
temperature regulators, tank heaters, etc. While in
our case some of these devices have caused a large
number of shut-downs, the troubles were in the in-
dividual pieces of apparatus and they have been cor-
rected. Those devices should not need much attention.

NOISELESS OPERATION AND NO VIBRATION

The absence of vibration and noise in the mercury
arc equipment makes it possible to install it in locations
where the synchronous converter would not be allowed.
In one converter installation it cost about $8000 for
sound-proofing and ventilating the substation building,
eliminating the noise to comply with the wishes of the
surrounding residents. Such expense would not have
been necessary with mercury arc equipment. In-
cidentally in addition to the first cost we have added
ventilating equipment and extra building maintenance.
Obviously, with the absence of vibration it is not neces-
sary to install special foundations for the rectifier.
It may be set on an ordinary floor. Ventilation becomes
of minor or no importance, and in general a less expen-
sive building is required.

LOWER MAINTENANCE COST

We do not know at this time just what maintenance
will be necessary on the rectifier.

From May 1926 to May 1927 this station was
attended by an operator and the manufacturers of the
rectifier kept a close watch on its performance. Being
in a development or trial stage they took care of neces-
sary maintenance. In addition, new developments
which they made in other installations were applicable
to this equipment and minor changes were made
accordingly. Since May of this year this equipment
has been in automatic operation without an operator.
The maintenance required is very little, outside of the
regular weekly inspections it has amounted only to
applying a little oil. Like others we are watching this
item with a great deal of interest. Our impression is
that the maintenance will be very much less than that
required for a converter although some manufacturers
may have stretched this point a little too much. Time
will tell.

RELIABILITY OF SERVICE

The automatic rectifier station is as reliable, or more
reliable, than the average 60-cycle synchronous con-
verter station of the same capacity.

The record for this rectifier substation, commencing
May 1926, when it was first started and put in service,
all through a trial and adjusting stage until May 1927,
when it was made automatic is as follows:
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REOCORD OF SHUT-DOWNS OF RECTIFIKR

| Total time,
Cause of shut-down I No min
High temperature of tanks | 2 18
KExeiter trouble. .. . ............ 39 536
Driving chain and motor on water pump . | 13 315
Loose connection and bad control eircuit. 3 o0
Vacuum-pump trouble, motor and oll pump | 3 260
Flashoverofanodes. .. ........ (1] 819
Starting anodes sticking. .. ... 5 602
Misc. unknown. . . . 12 { 1109
Total shut~-downs -e | 83 3730
Tot«xl time ucuﬂer operul,ed 337 140 min. o
Per cent of
No. of Ave. time time of
Shut-down by failure of times min | operation
= — - |
Rectifler................... | 25 | 58 | 0435
Auxiliaries. . .... o O 58 39 0.674
BIL i AlE " . Hememd FLE Laly | 83 ! 45 1.109

Commenting on the foregoing data, it is of interest to
note that the time the rectifier was out of service on
account of troubles with the rectifier itself was 0.435
per cent of the total time. The time lost on account of
the auxiliaries failures was 0.674 per cent of the total
time.

The nature of the trouble with the auxiliaries is rather
interesting. A larger amount of trouble might be
expected with the rectifier on account of its newness
in the field, but to have a small motor-generator set
or a chain on a water pump and motor cause this
bad record is out of place in our days. Engineers have
been building and operating motor-generator sets and
water pumps for years, but in this case we were after
the big things but let the little things cause the most
trouble. Fundamentally the record is good, the nature
of the troubles is not serious. Since May 1927 the
record as an automatic substation is as follows:

No. of
Failure in aux111ary shut-downs

Motor on one vacuum-pump burned out. . . . . .. 1
Locked out after third reclosing of the oil cnrcult

breaker within a definite time during storms. . 3
Locked out on account of broken spring on oil-

switch mechanical lateh . . -t 3
Locked out after third reclosmg of the 011 cnrcult

breaker within a definite time, cause unknown... 5

Fuse blown on operating transformer supplying
power for the operation of devices. . . ..

Totalshutdowns... . ................ . 13

Of all these shut-downs, the five lock-outs after the
third closure of the oil switch could be questioned and
possibly may have been caused by are-back in the
rectifier, or other troubles in the control which we
have not detected. All the remaining troubles were not
inherent with the rectifier, but were caused by other
devices. .

Our confidence in its reliability is such that we have
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established a weekly inspection for this rectifier station,
but we do not consider it advisable at present to leave
a converter so long without inspection.

The record of the rectifier was compared with that of
a synchronous converter of modern design and of the
same capacity. This converter is located on another
section of the railroad where the load conditions are
about the same. It is protected from excessive loads
by load-limiting resistors without high-speed circuit
breakers. In this comparison I used none of the con-
verters shown in Fig. 1 because these converters are
of larger capacity than the rectifier and naturally they
are more stable and would take a larger shock and carry
more load without flashing over; nor have I used the
converter at Liberty Lake, Fig. 1, as the momentary
load demands on this station are less than they are on
the rectifier.

The converter which I compared had 45,434 hr. of
run on its record on May 1927 and had 34 flashovers
causing as many shut-downs, representing 276 hr. out
of service on account of flashovers. There was an
average of 8.1 hr. out of service per shut-down as the
majority of these flashovers, damaged commutator
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flash barriers, brushes, brush rigging and the insulation
in other parts of the machine.

Since May 1927 to date this same converter flashed
over 8 times and due to the many flashovers which this
machine has had, extensive repairs had to be made on
the commutator, rings and other insulation involving
150 hr. in one shut-down.

This record seems to indicate that the troubles with
the rectifier itself probably will not be as serious as with
the converter of the same capacity under similar load
condition.

The writer has great confidence that the mercury arc
rectifier is here to stay and predicts that 10 or 15 yrs.
from now a large application supplementing the con-
verter. The converter had its day, the rectifier’s
day is coming. It is true that the rectifier at present
costs more than the converter of the same capacity and
there is some misunderstanding as to its rating. But
with an increasing number of installations and our co-
operation, as operators, with the manufacturers, the
development process will be speeded up and the pro-
duction cost will naturally be reduced to a figure
comparable with that of the converter.

The Hall High-Speed Recorder

BY E. M. TINGLEY!

Associate, A. I. E. E.

Synopsis.—A new form of oscillograph for recording faull
currents and their voltage disturbing effects in electric power systems

is described. Representative records are analyzed and further appli-
cations of the instrument are suggested.

INTRODUCTION

LIFF. histories of electrical disturbances in the exten-
sive 60-cycle, 12,000-volt systems of the Com-
monwealth Edison Company have been written
during the last few months by the high-speed recorder
developed by Chester I. Hall. The object of this paper
is to describe the application of the device and the
records obtained with only a limited reference to the
details of its construection.

DESCRIPTION OF RECORDER

This instrument is a form of oscillograph for tracing
continuously the maximum values of current and volt-
age during system fault conditions. Sturdy construc-
tion makes it suitable for application in generating
stations and substations. It seems to be the only
instrument yet developed for this class of service.
Its performance lies between that of the standard
oscillographs and the switchboard curve-drawing meters
with speed-up attachments.

The measuring element or meter is of the saturated

1. Commonwealth Edison Company.
Presented at the Regional Meeting of District

No. 6,
of the A. I. E. E., Chicago, Ill., Nov. 28-30, 1927.

magnetic-vane type, having a natural period of vibra-
tion sufficiently high to attain full deflection always in
the same direction in each half cycle of current
measured, and the motion is practically dead beat.
The envelop of the maximum deflections is therefore
a measure of current or voltage.

Four meters, three for voltage and one for current,
are inclosed in a light-tight case, and the records are
made on a flat stationary, 11-in. by 14-in., superspeed
photographic film.

The optical system consists of an automobile lamp
with reflectors and lenses for concentrating light beams
on the mirrors of the oscillating systems from which
they are reflected to a movable plane mirror, which in
turn reflects them to the photographic film. The plane
mirror traverses the light beams across the film, giving
a time scale to the records of 1 in. per sec. The travers-
ing mirror is operated by a phonograph spring motor
through suitable gearing.

A starting relay, dry batteries for the lamp, trans-
formers for the current and voltage meters, and alarm
and signal circuits complete the installation.

Under fault conditions, the relay connects the mea-
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suring elements to their transformers, lights the lamp,
and starts the light-traversing mirror. The starting
operations require 1,10 sec. or less. At the end of the
record, which continues for 10 sec., the measuring
elements are disconnected from their operating circuits,
the lamp is extinguished, and the alarm is sounded.

APPLICATION

The Hall recorders as applied to the Commonwealth
Edison system are installed in generating stations.
They are started by fault currents to ground, and they
measure this current and the three-phase voltages to
ground. As faults invariably go to ground, the maxi-
mum information is obtained from a minimum number
of recording elements.

The Commonwealth Edison 60-cycle, 12,000-volt
system consists of four large separate systems, Craw-
ford, Calumet, Fisk, and Northwest. Each unit
system consists of a generating station with radial
distribution cables to the substations. The neutral
of one generator in each station is grounded through a
3-ohm resistor which limits ground-fault currents to
about 2000 amperes. There are several hundred miles
of 3-conductor cables in each 12,000-volt distribution
system with only a few short overhead or open lines.

The generating stations are usually coupled only
through their transformer lines so that a ground fault
in one system does not cause ground current in another
system. However, Fisk and Crawford are occasion-
ally conductively coupled at 12,000 volts, and with this
condition a fault causes neutral current at both generat-
ing stations.

The relays were first adjusted to trip with 125-
amperes neutral current, but so many transient currents
of undiscoverable origin operated the recorders without
leaving a record that all the relays were readjusted to
trip with 400 amperes. Transient currents were prob-
ably caused by synchronizing operations or the starting
of transformers or motors.

The rather high condensive coupling to earth by the
cables of the distribution systems may possibly be
responsible for some of the neutral transients.

More than 100 records have been obtained, but only a
few representative forms can be shown and described.
They are necessarily a “behind-the-scenes’ view of some
of the accidents and failures incident to the operation
of a great power system. However, very few of the
failures recorded interrupted service.

The following paragraphs describe the faults recorded
on the records shown in the corresponding illustrations.

RECORD No. 20, CRAWFORD STATION
Lightning on an overhead line started this fault.
The B-phase was first affected after which the are
extended to the other phases in an irregular manner.
The short period of zero neutral current may have been
due either to the effect of a three-phase arc or to the
momentary complete extinguishment of the arc. The
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opening of two circuit breakers, indications of which are
lost in the are irregularities, relieved the system of this
fault.

The excessive voltage disturbances shown are with
respect to ground only. The delta or phase-to-phase

CRAWFORD AJE.STATION
8142 P."n
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voltage at the generating station is affected only
slightly.

The disturbance pattern is characteristic of a long
flaming arc in air.

RECORD No. 27, CRAWFORD STATION
This is an unusual case of two simultaneous single-

RECORD NO.27. CRAWFORD AVE STATION
GEN.AUX« £ BUS = 6-6-27, 2:4 AM.
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phase failures to ground on separate cable lines. One
failure by distortion of the system voltage with respect
to ground precipitated the second failure and four
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circuit-breaker openings were required to clear the two
faults. Note that there are seven different steps in the
neutral ground current. One of these is probably due
to arc variations.

The first failure is on the A-phase and the second on
C-phase. The abrupt increase of current at the begin-
ning of the second fault is characteristic, as practically
all records show that cable faults attain high current
values very quickly.

The horizontal lines and patterns within the records
are due to multiple reflections in the optical system.
The vertical bands are caused by slight irregularities in
the gears which drive the mirror that traverses the light
beams.

A small allowance in the time scale is made for the
starting time of the recorder.

RECORD No. 32, CRAWFORD STATION

A three-phase cable fault produced this diagram
and inspection of the burned cable indicated that the
fault probably started between two phase conductors

RECORD No32  CRAWFORD AVE.STATION
GEN. AUX. + BUS ~ 6-20-21,  [Z:A07AM.
570 AHPS £ CURRENT
k—1.54 SECA
A0V,

= 6910 V.
T T R R

A4 VOLTS TO GROUND
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6790V.
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«——9200Y. b680V.
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and burned some time before going to ground, as the
small time and small ground current indicated by the
record do not account for the extent of cable burning.
Zero value of neutral current during the first second of
the record may be due either to a three-phase arc, or
to the entire extinguishment of the arc. The fault was
cleared by the operation of two oil circuit breakers, the
effects of which are lost in the irregularities of the
currents.

RECORD NoO. 34, CRAWFORD STATION

This record started with a C-phase cable fault to
ground which extended to A-phase after 6.71 sec. The
circuit-breaker relays were slow to respond to the
ground-fault current, but the fault was quickly cleared
by three circuit breakers after it developed to include
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another phase. As there are indicated only two steps
in the neutral current reduction and three circuit

RECORD ND.34  6-23-27. 2i53A.M.
GEN. AUX.~+ BUS CRAWFORD AVE. STATION.
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breakers operated, it seems that two breaker openings
were simultaneous.

ReEcorD No. 35, CRAWFORD STATION

This is a usual fault to ground in one phase of a cable
that was relieved by two circuit-breaker openings. The
rounded corners in the current cut-off may indicate
arcing within the circuit breaker. That the A-phase
only is involved in the fault is shown by the reduction
of the voltage of that phase to ground, and the increase
of voltage on the other two-phases. This may be other-

RECORD No.35 CRAWFORD AVE.STATION
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wise expressed as the displacement of the neutral
point within the delta or as the tendency of the system
voltage diagram to stand on one corner.
RECORD No. 38, CRAWFORD STATION

This record was made when system voltage was.
applied to a faulty cable. It is usual to make a ground
test on a faulty cable by applying full system voltage
on each phase singly by closing the disconnect and then
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closing the oil circuit breaker.

RECORD No 38. CRAWFORD AVE.STATION
GEN.AUX. +BUS 6 -30 ¢7. 5:44 PM.
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breaker are indicated in both cases. This is an ex-
ample of the way in which the Hall recorders furnish
checks on the condition of apparatus and on its correct
operation.

RECORD No. 43, CRAWFCRD STATION

This trouble was caused by the leakage of brine on
transformer bushings in an ice plant. Four bushings
broke down. Two -circuit-breaker operations were
required to relieve this fault which may have extended
beyond the 10-sec. limit of the recorder. The fault

RECORD No.43.
GEN. AUY. +BUS

CRAWFORD AvE STATION
8-1-27. [:25RM.

6204 < 3
475 AMPS. + QRRENT”

g
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seems to have started with small arcs on all three-phases
and then ceased entirely, after which it concentrated
on the B-phase and then on the C-phase. The irregu-
larities in current and voltage are those of long ares in
air.

In this case, the circuit.
breaker was closed twice on the faulty phase, B, possibly
through the defective action of the circuit breaker
Uniform closing and opening speeds in the ecircuit
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LECORD No. 13, CALUMET STATION

I'he steady current effect of the single-phase fault
in the cable is again shown. The first and greatest
reduction of fault current is caused by the opening of
the circuit breaker at the generating station and the

RECORD No 13, CALUMET STATON
UNITS N_o 182, 6-26-27. 3:52 A.M.

N30 AMPS. % CURRENT
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1930 V.
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final interruption is at the substation end of the cable.
The fault current burned one cable conductor entirely
in two. Small oscillations on B-phase voltage indicate
that some synchronous apparatus may have been dis-
turbed at the time the first breaker opened.

RECORD No. 19, FISK STATION

This most remarkable record of the series shows two
cable failures and a generator winding failure, all to
ground. In addition, there are three oil circuit breaker

" RECORD No.lg. FISK ST. STATON
LUNIT No.J3. 7-15-27.  2:00A.M.
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operations and the opening of the generator-field circuit
breaker, and the resultant dying down of the generator
voltage. In this particular installation, the voltage is
measured to the generator neutral and not to ground;



Jan. 1928

consequently, the voltage distortion registered is small.

It is possible to determine the time sequence of only
a few of the events. The record started with a high
neutral current due to B-phase cable fault, as the volt-
age on this phaseislow. After about three seconds the
C-phase was involved. The resulting voltage dis-
turbance caused the generator winding to break down,
which was quickly cleared through the action of the
balanced differential relays. The relays also opened
the generator-field circuit breaker and the generator
voltage died down. The fault persisted on the B- and
C-phases of the generator as indicated by thelow voltage
on these phases, and the higher voltage on the A-phase.

STARTING CHARACTERISTICS

In the generating stations as the recorders are started
by neutral ground currents, a fault between phases
does not start the recorder until shortly after it develops
into a ground fault. Important parts of some faults
are therefore lost. It has seemed impracticable to
arrange a relay for starting on excess phase currents,
as ground-fault currents are usually small and become
lost in the load currents. Also, it is impracticable to
start a recorder in generating stations by phase voltage
reduction, as this is usually small. Starting on neutral
ground current is the best compromise that can be
effected.

It has been proposed to install recorders in some sub-
stations where the effects of voltage disturbances are
important. A quick start may be made here on voltage
reduction between phases, where it is important, but
there will be no response to phase-to-ground distortions
such as are measured at thegenerators. More complete
information will beobtained through two sets of records,
one at the generating station and one at the substation.

Records are frequently lost through the improper
handling of the film holders and two separate sources
of records furnish a good insurance against complete
loss in important cases.

UseE IN TESTING

Recently during oil circuit breaker testing, the
recorders were found very valuable in measuring effects
of the test currents on the system. The long time scale
allowed the starting of the instruments through tele-
phone orders just before the test currents were applied.
There were, therefore, no lost intervals such as occur in
automatic starting. Both generator and substation
voltage disturbances were accurately measured. Such
information is very valuable where synchronous
apparatus or induction motors having no-voltage
releases are liable to be shaken off the system due to

momentary voltage reductions because of testing or
fault currents.

GENERAL COMMENTS REGARDING RECORDS
Records are not used to locate or identify system
faults. This is better done by methnds that were
used before the recorders were available. Faults are
located, inspected, and repaired long before the films
are collected and developed. Usually there is a good
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agreement between the Hall records and inspection
reports regarding the phases affected and other details
so far as they may be interpreted. Normal faults to
ground in cables and resulting breaker operations are
rather uniform in performance. Departure from a
normal characteristic calls for explanation regarding
circuit-breaker relay operation, and in this way the
records are of great value in checking the operating
condition of such apparatus.

The effectiveness of the isolated-phase principle in
generator station design has been fully demonstrated
and recorded. On one occasion a single-phase arc to
ground on the Crawford bus burned for 214 min.
without affecting service. Thefirstfourseconds of fault
produced a record at Fisk Street through a temporary
12,000-volt tie. The remainder was obtained from
the speed-up charts.

THE NEW HEINRICH HERTZ INSTITUTE
FOR OSCILLATION RESEARCH AT THE TECHNICAL
HIGH SCHOOL IN BERLIN

The extraordinary rapid development in all branches
of technical electricity, especially in communication,
together with the unfavorable conditions of the post-
war period, has left the scientific research work in this
field far in the rear. The danger in this condition
requires no discussion; in the final analysis, every ad-
vance depends on the results of scientific research;
without it, a sound development of technology is not
possible in the long run. In order to promote research
on the subject of electric and acoustic oscillations, in
support of a suggestion made by State Secretary Dr.
Bredow, the German Post Office, the Prussian Minister
of Science, Art and Public Education, the Reichsrund-
funk-Gesellschaft, the Technical High School of Berlin,
the large firms in the electrical industry, and the Ver-
band Deutscher Elektrotechniker organized for oscilla-
tion research. The group has the task of inaugurating
and maintaining a research institute at the Technical
High School of Berlin, to be known as the “Heinrich
Hertz Institut fiir Schwingungsforschung” in honor of
the discoverer of the electric waves. It will have as its
head, the former president of the Telegraphentechnis-
chen Reichsamt, Prof. Dr. Engr. E. H. K. W. Wagner.
At the same time President Wagner will assume the
professorship for oscillations, just formed at the Techni-
cal High School of Berlin.

Commercial Messages over the oceans interfere very
little with land broadcasting now because of the passage
of the old-style spark transmitters which once were
scattered up and down the coasts, especially from Bar
Harbor, Me. down to Washington, D. C. These
usually operated on a wave length of about 450 meters.
Today continuous-wave, vacuum-tube transmitters
are used almost exclusively for transoceanic and ship-
to-shore communication and the wavelengths are
usually between 1800 and 2000 meters, which lifts
commercial radio out of the zone of popular broad-
casting.—FElect. Zeit., Sept. 15.




The Chicago Regional Power System

BY E. C. WILLIAMS

Member, A. 1. E. E,

Synopsis.—This paper is a general description of the inter-
-connecled power systems in the region surrounding and including
Chicago as a center. The electrical energy generaled in this region
in 1926 was over 4,000,000,000 kw-hr. and the combined generating

capacily of the three largest companies was 1,340,000 kw. The
T be coordinated with the geographical, industrial

and social character of the community which it
serves. The electricity supply systems of the Chicago
territory are in a rather unusual position in this respect
because of the potential resources, both industrial and
commercial, of the territory served. Chicago, due
to its location, has been since the beginning in an
excellent position to command an enormous growth.
Being near the center of a great agricultural district
with coal, ore, lime-stone and other deposits close at
hand, with excellent transportation facilities both by
rail and water, it is not surprising that it has grown
from a village of 4500 people in 1840 to a city with a

population of 2,700,000 at the time of the last official
census and now estimated at 3,700,000. The Chicago

HE design of any electricity supply system should
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Fic. 1—GENERATING CaraciTY AND MaAXiMUM LoaD IN THE
Cuicago RecioN

Regional Planning Association estimates that by 1930
there will be a population of 4,891,600 within a radius
of approximately 50 mi. of Chicago.

This industrial and commercial activity has created
a demand for electric power which has been met by
what has been called ‘‘the greatest pool of power in the
world.” According to the U. S. Geological Survey
73,791,064,000 kw-hr. of electrical energy were
generated in 1926 by utility companies in the United
States and 4,128,455,000 kw-hr. or 5.6 per cent were
produced in the Chicago region.

The principal companies serving this area are as

1. Electrical Engineer, Public Service Company of Northern
Illinois. o

Presented at the Regional Meeting of District No. 5, of the
A.I.E. E., Chicago, Ill., Nov. 28-30, 1927.
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paper oullines important features of major slations and trans-
mission and distribution systems and gives plans for the fulure
developments. It also explains the contract for inlerchange of

energy among the three largest companies.
* » » » L]

follows: Commonwealth Edison Company, Public Ser-
vice Company of Northern Illinois, Northern Indiana
Public Service Company, and Illinois Power & Light
Corporation. The combined load of the three larger
Companies, namely, the Commonwealth Edison Com-
pany, the Public Service Company of Northern Illinois
and the Northern Indiana Public Service Company
all of which are operated by the same interests has
shown a growth in the last decade as shown in
Fig. 1, the maximum load being below 400,000 kw. at
the beginning of 1916 and being slightly above 1,000,000
kw. at the peak load period in 1926.

The stations of these three companies with their
present capacities are shown in the following tabulation :

PRESENT GENERATING STATION CAPACITIES IN THE
CHICAGO REGION

Commonwealth Edison Company

Crawford Avenue Station............. 324,000 kw.
Calumet Station..................... 187,500
Fisk Street Station................... 230,000
Northwest Station. .................. 165,000
Quarry Street Station................ 84,000
Miscellaneous. . ..................... 65,060
——— 1,055,560 kw.
Public Service Company of Northern 1llinois
Waukeganai e ac 2oz esads 240 2E vk o s 110,000 kw
Joliet................ ..., 50,000
Bluelsland......................... 43,000
Miscellaneous. . ..................... 34,790
237,790 kw.
Northern Indiana Public Service Company
East Chicago........................ 26,400 kw
Miscellaneous. . ..................... 20,425
46,825 kw.

GRAND TOTAL 1,340,175 kw.

GENERATING CAPACITIES TO BE ADDED IN THE NEXT TWO

YEARS
1928 Crawford Avenue.................. 100,000 kw.
1928 Powerton (Partly for use of Chicago
Region)......................... 52,000 kw.
1929 State Line........................ 200,000 kw.

The Crawford Avenue Station with a capacity of
324,000 kw. is at present the largest station in the
region and is capable of being developed to perhaps
three quarters of a million kilowatts provided there is a
certainty as to the amount of condensing water that
can be depended upon from the Drainage Canal. A
view of the turbine room of this station is shown in
Fig. 2.

Another large generating station is the Calumet
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Station located on the Calumet River having a capacity
of 187,500 kw. which is already utilizing about all
available water in the Calumet River and has conse-
quently reached its ultimate capacity. Other large
stations in Chicago are the Northwest Station, the
Fisk Street Station and the Quarry Street Station which
are older stations and on account of water conditions
and property limitations can only be increased in size
by the replacement of present units with more efficient
units of larger size.

The main outlying stations are at Waukegan and
Joliet with present capacities of 110,000 kw. and 50,000
kw. respectively. The site at Waukegan is capable of
development to approximately 1,000,000 kw. The
site at Joliet is capable of similar development providing
the condensing water available from the Drainage
Canal is not limited as mentioned in connection with
the Crawford Avenue Station.

As to future generating stations which will furnish
energy to the Chicago region two large ones are already

Fig. 2—TurBINE RooM, CRAWFORD AVENUE STATION

under construction, namely the Powerton Station
located southwest of Peoria near Pekin on the Illinois
River and the State Line Station on Lake Michigan at
the Illinois-Indiana State Line. Property has been
acquired in Michigan City and also at a location south-
west of Chicago on the Drainage Canal for the con-
struction of future generating stations but it has not
been definitely announced when construction will
begin at either of these points. The Powerton Station is
rather unique in that it is jointly owned by four com-
panies which are the Central Illinois Public Service
Company, the Illinois Power and Light Corporation,
the Public Service Company of Northern Illinoisand the
Commonwealth Edison Company. These companies
have pooled their comparatively small requirements in
the immediate vicinity and are erecting this modern
efficient station. The first unit with a capacity of
52,000 kw. is scheduled for completion during the sum-
mer of 1928. In connection with this project a 132,000-
volt transmission line is now being built from Joliet
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through Oglesby and Kewanee to the Powerton Station
for interconnection with the Chicago pool.

With regard to the State Line Station, the tract of
land procured is adequate and plans are being made for
a station with an ultimate capacity of a million kilo-
watts or more. This station is to be owned jointly
by the Commonwealth Edison Company, the Public
Service Company of Northern Illinois, the Northern
Indiana Public Service Company and the Middle West
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Fig. 3—Unit No. 1, Stare LINE POWER STATION

Utilities Company. The first unit, scheduled for
completion in 1929, is to have a capacity of 200,000 kw.
and will consist of three turbo generator sets each having
a capacity of approximately one-third of the total
arranged as shown in Fig. 3. Steam at 650 lb. pressure
is admitted to a single high pressure turbine which
exhausts into two identical low-pressure turbines each
taking half of this exhaust steam.

In the design of this unit, means are provided where-
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by any one of the three turbines may be taken out of
service and the other two continued in operation thus
overcoming the common objection from an operating
standpoint of such a large capacity being contained in
one unit. At present five such units of 200,000 kw.
each are planned for this station with suitable trans-
mission facilities for carrying away the energy. Con-
trast with these units, the 30,000-kw. units which were
installed at the Calumet Station as late as 1921, which
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were then the largest ever built for this territory.

The electrical installation also is rather unusual in
that the generator bus will be completely out of doors
and entirely enclosed by metal so that no physical
contact can be made with any live parts. Fig. 4 shows
the schematic arrangement of the bus which is a double
ring bus divided into three sections, one generator
supplying each section with suitable reactors and oil
circuit breakers between sections. It is so laid out that
as future generators are added one additional bus sec-
tion will be placed in the ring for each additional
generator. The generator voltage and consequently
the bus voltage for this station is to be 22,000-volts
which is somewhat higher than ordinary practise.
The station is designed purely as a generating station
and the energy will all be transmitted away in large
quantities either at 33,000, 66,000 or 132,000 volts. No
line busses are provided, transformers being installed
integral with each individual line.

Another unusual electrical installation is to be found
at Waukegan in the 12,000-volt ‘“‘iron-clad” switchgear
used in connection with the recently installed 50,000-
kw. (58,825 kv-a.) unit. Although equipment of this
type has previously been used in connection with lower
voltage bus work at several substations in the Public
Service Company territory, the Waukegan installation
isthefirst used in a generating station in this country in
connection with such a large capacity. The largest
switches are rated at 1,500,000 kv-a. interrupting
capacity and 3000 ampere carrying capacity. This

Fic. 5—IroN-CLaD SWITCHGEAR ON GENERATING Bus,
WAUKEGAN STATION

installation which is indoors completely encloses in
metal all of the bus work and switching equipment and
thus reduces the hazard to operators in coming in con-
tact with live parts as well as providing several other
important advantages. This apparatus is very com-
pact thus simplifying the building requirements both
at the time of installation and at times when it is neces-
sary ‘to make additions or increase capacity. It is
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shipped in units or groups of units with practically all
wiring, taping and adjustments completed in the
factory where workmanship and labor costs are natu-
rally more favorable than in the field. Fig. 5 showsa
view of this equipment. _
In general this matter of switching equipment’,is
becoming quite serious especially as to interrupting
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high interrupting capacity switch gear has not kept
pace with the growth of the business and consequently
the requirements of the supply companies. The result
has been that the supply companies have quite often
been forced to make costly changes in structures as well
as retire comparatively new equipment due to radical
changes in design on the part of the manufacturers or
unsatisfactory performance of equipment.

The transmission system in the Chicago region has
had a very interesting development. Practically all
of the stations have been interconnected. Within
Chicago the system has developed from one 2250-volt
transmission line in 1897 to the network of 12-kv. and
66-kv. underground cable of today. The outlying
stations are either connected with each other or with
the Chicago stations by means of a 132-kv. net-work
with an auxiliary 33-kv. system. Fig. 6 shows the
system as it will appear in 1928. It is to be noted that
superpower interconnections have already been made
with neighboring companies on practically all sides.

The transmission of large blocks of power through
densely populated areas will soon require the extensive
use of high-voltage underground cables. A move in
this direction is to be noted in the six mi. of 132-kv.
underground line connecting the Northwest Station
in Chicago with the overhead transmission line from
Waukegan at the city limits. This line consists of three
single-conductor, hollow-core, oil-filled cables with a
capacity of 90,000 kv-a. and has been in satisfactory
operation since June of this year.

In this same connection there is still room for im-
provement in the design of overhead transmission lines,
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especially in regard to mitigating the effects of lightning.
Considerable progress in this respect however has been
made during the last few years by the use of ground
wires, arc-controlling devices and the lowering of the
plane of the conductors. The following tabulation
summarizes the experience with ground wires in this
territory:

EFFECT OF GROUND WIRE ON 132-KV. OVERHEAD LINE
INTERRUPTIONS CAUSED BY LIGHTNING

Line | Interruptions
| Length
No. Locatioh 1 miles 1924 1925 1926 1927
1. Waukegan—Niles Center.| 27.5| 28+ | 20% 14+ ot
2. Waukegan—Northwest
Station......... ~ Wl - 1*9
3. Waukegan—Kenosha. . . . 20.7 (154
4. Joliet—Chicago Heights. 29.8 9 29 1%
5. Chicago Heights—108th St| 14.4 79 79 69
6. 108th Street—Aetna..... 26.7 | oft (1354 113
TOTAL......... | 150.2 | 28 36 0 | 9

*Equipped with arcing-rings.

$13.8 mi. equipped with arcing rings.

$Ground wire installed over circuit.

YGround wire installed over circuit on opposite side of tower.

The improvement brought about by the use of ground
wires is conspicuously evidenced in the case of lines No.
1 and No. 4 where the ground wires were installed after
some experience without them.

I wish now to refer to the “interchange energy con-
tract” between the Commonwealth Edison Company,
the Public Service Company of Northern Illinois, and
the Northern Indiana Public Service Company by
means of which an equitable interchange of energy and
capacity is obtained. The capacity of all three com-
panies is placed in a so-called ‘““power pool” from which
each company may draw in order to supply its load.
The principal purpose of the arrangement is to enable
the entire load of the three companies to be carried by
the most efficient generators regardless of their owner-
ship, leaving the less efficient to carry the peaks and to
act as reserve. The energy is paid for by each con-
suming company at various rates depending upon the
stations from which the energy is supplied. The
investment charges are taken care of on a basis of
demand and capacity illustrated by the following
typical example. The figures given in the following
tabulation show the generating capacity and previous
maximum load for each ecompany as of December 31st,
1926, one of the monthly billing dates. The total
generating capacity of 1,199,500 kw. is allotted to the
three companies in the ratio of their previous individual
maximum demands shown in the second column.

{ Previous | “Demand at
Genorating maxlmum | time of
I capacity l demand system max.
12-31-26 12-31-26 12-156-20
Commonweaalth Edison Co. 066,000 kw. 804,300 kw. i 804,300 kw.
Public Servico Co. of Nor.
1, b hadiaie 8 187,800 139,800 136,600
Nor. Ind. Public Servico Co. 46,700 43,600 40,200

TOTAL

[ ,M},MK) kw. _l.;(MZ,_WM) kw, l 1,040,100 kw,
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The company actually owning generating capacity,
shown in the first eolumn, in excess of its allotment
receives the carrying charge on this excess from the
other two companies which own less than their allot-
ments. A limit of 20 per cent reserve on the total sys-
tem is set up beyond which no credit is given.

I now wish to refer briefly to studies of the trans-
mission network which are being made in the Chicago
region. A plan has been adopted wherein the entire
region including the City of Chicago has been divided
into areas for distribution purposes. All the energy
for each of these areas is to be supplied from one
source. This source may be a generating station or a
large or major distribution center receiving its supply
over either 66,000 or 132,000-volt transmission lines.
The energy is to be distributed at 33,000 or 12,000 volts
from this main source to the various substations in the
area for re-distribution. The substations in one area
will not, in general, be connected to those of another
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area although some emergency ties may be needed
which will normally be operated open. With this
system, the relay problem will be materially simplified
and trouble may be more easily segregated than with
the system in use at present wherein the various sub-
stations are connected to several sources. The duty on
oil circuit breakers will also be considerably reduced.
Fig. 7 shows the proposed scheme applied to a part of
the territory of the Public Service Company of Northern
Illinois. The high-voltage transmission lines supplying
the major distribution centers are not shown. The
groups of radiating loops from the major distribution
centers conspicuously define the respective areas.

Fig. 6 shows two such major distribution centers
planned for Chicago located at Washington Park and
Humboldt Park to be supplied at 66,000 volts and
scheduled for completion in 1928 and 1929 respectively.
They are in addition to those already established at the
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various Chicago generating stations. By 1928 the area
surrounding Chicago will have several similar major
distribution centers other than the generating stations,
the most important of which will be located at Niles
Center, Bellwood, Chicago Heights, Aetna, Michigan
City, Oglesby and Kewanee.

Transportation in the Chicago Region accounts for
a considerable part of the demand for electrical energy.
Of the 1,040,100 kw. total system demand which
occurred December 15th of last year nearly 350,000 kw.
was supplied to the electric railways in and around
Chicago. The first and only steam road in this region
to electrify is the Illinois Central Railroad which com-
pleted the electrification of its suburban service in
June of last year. This customer’s maximum demand
to date has been 22,864 kw. The railroad operates its
cars at 1500-volts direct current supplied by seven
substations, five of which are owned by the Common-
wealth Edison Company and two by the Public Service
Company of Northern Illinois. The conversion to
direct current is accomplished in some cases by mercury
arc rectifiers and in others by units of two 750-volt
rotary converters in series. Fig. 8 shows the Vollmer
Road Substation at Flossmoor, installed by the Public
Service Company of Northern Illinois for supplying
this railroad and the light and power business in that
vicinity. This particular substation was thought of
interest inasmuch as it is located in a residential terri-
tory and in order to harmonize with the developments
in that region a building of Spanish design which
should not detract from the general surroundings was
erected. The first impression might be that such a
design is expensive but if the architect is ingenious in

Fig. 8—VoLLMER RoAD SUBSTATION

the use of materials this need not be so. In fact the
cost per cubic foot of content of this particular sub-
station, was practically the same as that of another
substation erected at the same time following the
ordinary type of construction.

Fig. 9 shows the Glen Ellyn Substation supplying
direct current to the Chicago, Aurora & Elgin Railroad
where harmonizing architecture was used again.

In this presentation I have tried to point out the
problems existing in this region with the idea of bring-
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ing them to the attention of engineers generally as these
problems are not peculiar to this locality but are being
encountered in similar metropolitan areas. KEngineers
connected with power developments in such regions
should be on the alert to so carry on system design that
future demands may be met at reasonable cost and with
a minimum of obsolescence.

It may be regarded by some as highly optimistic but

F16. 9—GLEN ELLYN SUBSTATION

it is not ineonceivable that sometime in the future the
dictates of our customers may make intolerable the
voltage dips and momentary interruptions due to
lightning discharges and emergencies, the elimination
of which we are prone to regard as insurmountable.
It is to such problems that I commend the energy of
the engineer for scientific study in order that the quality
of service we render may eontinue to improve and that
our system may be competent to meet the require-
ments of the public which are rightfully becoming
more exacting year by year.

WEIGHING BY RADIO

One of the latest applications of the radio principle
appears in a weighing machine developed by the labora-
tory staff of a large New England producer of pulp and
paper. This unique device automatically weighs any
material, such as paper, rubber, chewing gum and
coated fabrics, passing through the mechanism in
continuous web form. This is accomplished at full
machine speed without touching the web of material
at any point.

The principles underlying this unusual development
are those of the tuned radio circuit. The web of
material passes between two parallel metal plates which
act as a condenser in the receiving circuit. Variations in
the weight of the web change the capacity of the con-
denser and affect the response of the circuit to a wave
of controlled frequency. These variations are shown
on a meter connected in the circuit and may be used to
operate machine controls by suitable relays. The
machine is of great service in maintaining uniformity
in the weighing of paper and an adaptation of the device
may be used to register the moisture content of the
paper.
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Yeing the design of a rectifier for use as the B power supply for radio
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INHE object of this investigation was to determine
a good method of design for a vacuum-tube
rectifier for converting alternating current into

rect current equivalent to that obtained from a

itterv. The d-c. output should be such that it can

a used to properly operate a radio receiving set and

udspeaker without introducing any interference or

odulation from the a-c. source. The study of the
=¢ eliminator was prompted by the lack of engineering
erature’ on the subject and by the desire of the

riters to more fully understand the proper design, the
1aracteristics, and the limitation of the device.

The study is divided into several sections.

1. The rectifier vacuum tubes.

2. Oscillographic study of the action of inductance
id capacity, (alone and in combinations), upon the
wctified wave form.

3. Vacuum tube peak voltmeter study of the small
pple in the load current and its elimination by use of
vo section filters.

4. Calculation of per cent voltage fluctuation.

5. Conclusions.

The eliminator to be investigated consists of three
istinct units,

1. The rectifier proper

2. The filter

3. The load resistance for dividing the load voltage.
‘he units which make up the general circuits under
udy are shown in Fig. 1. In Fig. 2 is shown the
»mpleted eliminator and its parts as used in this study.

SECTION 1. THE RECTIFIER VACUUM TUBES
The vacuum tubes used for the rectifier were the
1. Assistant Professor of Electrical Design, University of
‘[innesota..

2. Minneapolis, Minnesota.

3. See “Theoretical and Praetical Aspects of Low Voltage
#ctifier Design When Employing the Three-Elecirode Vacuum
‘ube™ by R. D. Dunean, Jr., Radio Reriew, Vol. I11, 1922, pp.
;371 and pp. 114-124. "“The Production of Constant High
‘otential With Moderate Power Capacity” by A. W. Hull,
. E. Review, Vol. 19, 1916, pp. 173. **The Thermionie Vacuum
‘ube” by Van Der Bijl, Chapter VI, MeGraw Hill, New York.
Alternating Current Rectification” by L. B. W. Jolley, Chapter
, John Wiley & Sons, New York.
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hawing no Auctuations of sufficient magnitude lo inlerfere with the
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obsolete power tubes, UV-202, being the only tubes
available at the time. Three tubes were tested; their
plate current—voltage and plate current-—resistance
curves are given in Figs. 3 and 4, respectively.

From the plate voltage—current curves in Fig. 3 it
is seen that the tubes T*, and T'; saturate at a much lower
current density than T, which was an unused tube.
T: and T; had both been used as oscillators; T, used
longer than T’,. These curves show that if the rectifier
is required to give a peak current of over 100 milli-
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Rertiliee
= 300 volis effectve from crntee-apped transfornery
= 3.78 vuolts effeciive from cmter-tapped transformer
Ti &« Ty » U V 202 5~w3il power tubes with grid connected 10 plate
Piltor
Ci. Ca. C; are 500-volt condensers. Several values of capacity were
ased in the exporiment
L and L+ are similar iron-c0v2d inductances ench having an inductance
of about 30 henrys for the normal d-¢. excitation. The cores are in
two lamnated secifons. cach L-shaped: butt joints are used giving
small variable airgaps. Each coll containg aboui 6200 turns with
an a verage roststance of 645 ohms
lad:
Low-inductance. wire-wound variable resistance units of ample current
capacity. Resistors for final set are wound on flat strips of bakelite
and are of Qxed, value. Several valum of resistance were used in the

ke

amperes, the rectified current wave will be flat topped.

The plate current—resistance curves, (Fig. 4), were
obtained to show the variation of plate resistance with
the rectified current. These curves are desirable in
order to match tubes and thus obtain equal amplitudes
in both halves of the rectified wave.

In the oscillograms, Fig. 2B, V, and V, show the
current wave forms as per T, and T,, and V; gives the
resulting current I, in the resistance load of 8000 ohms.
The values of V', V,and V, were taken simultaneously.
The circuit diagram is shown in Fig. 2a.
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various Chicago generating stations. By 1928 the area
surrounding Chicago will have several similar major
distribution centers other than the generating stations,
the most important of which will be located at Niles
Center, Bellwood, Chicago Heights, Aetna, Michigan
City, Oglesby and Kewanee.

Transportation in the Chicago Region accounts for
a considerable part of the demand for electrical energy.
Of the 1,040,100 kw. total system demand which
occurred December 15th of last year nearly 350,000 kw.
was supplied to the electric railways in and around
Chicago. The first and only steam road in this region
to electrify is the Illinois Central Railroad which com-
pleted the electrification of its suburban service in
June of last year. This customer’s maximum demand
to date has been 22,864 kw. The railroad operates its
cars at 1500-volts direct current supplied by seven
substations, five of which are owned by the Common-
wealth Edison Company and two by the Public Service
Company of Northern Illinois. The conversion to
direct current is accomplished in sonte cases by mercury
arc rectifiers and in others by units of two 750-volt
rotary converters in series. Fig. 8 shows the Vollmer
Road Substation at Flossmoor, installed by the Public
Service Company of Northern Illinois for supplying
this railroad and the light and power business in that
vieinity. This particular substation was thought of
interest inasmuch as it is located in a residential terri-
tory and in order to harmonize with the developments
in that region a building of Spanish design which
should not detract from the general surroundings was
erected. The first impression might be that such a
design is expensive but if the architect is ingenious in
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the use of materials this need not be so. In fact the
cost per cubic foot of content of this particular sub-
station, was practically the same as that of another
substation erected at the same time following the
ordinary type of construction.

Fig. 9 shows the Glen Ellyn Substation supplying
direct current to the Chicago, Aurora & Elgin Railroad
where harmonizing architecture was used again.

In this presentation I have tried to point out the
problems existing in this region with the idea of bring-
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problems are not peculiar to this locality but are heing
encountered in similar metropolitan areas. Engineerg
connected with power developments in such regiong
should be on the alert to so carry on system design that
future demands may be met at reasonable cost and with
a minimum of obsolescence.

It may be regarded by some as highly optimistic but
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1t is not ineonceivable that sometime in the future the
dictates of our customers may make intolerable the
voltage dips and momentary interruptions due to
lightning discharges and emergencies, the elimination
of which we are prone to regard as insurmountable.
It is to such problems that I commend the energy of
the engineer for scientifie study in order that the quality
of service we render may eontinue to improve and that
our system may be competent to meet the require-
ments of the public which are rightfully becoming
more exacting year by year.

WEIGHING BY RADIO

One of the latest applications of the radio principle
appears in a weighing machine developed by the labora-
tory staff of a large New England producer of pulp and
paper.  This unique device automatically weighs any
material, such as paper, rubber, chewing gum and
coated fabrics, passing through the mechanism in
continuous web form. This is accomplished at full
machine speed without touching the web of material
at any point.

The principles underlying this unusual development
are those of the tuned radio circuit. The web of
material passes between two parallel metal plates which
act as a condenser in the receiving circuit. Variations in
the weight of the web change the capacity of the con-
denser and affect the response of the circuit to a wave
of controlled frequency. These variations are shown
oh a meter connected in the ecireuit and may be used to
Operate machine controls by suitable relays. The
machine is of great service in maintaining uniformity
In the weighing of paper and an adaptation of the device

may be used to register the moisture content of the
paper.
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a d-c. output delivered with the least practicable voltage drop and
having no fluctuations of sufficient magnitude to interfere with the
proper operation of the set. A vacuum-tube peak voltmeter used to
detect very small fluctuations is described.

a good method of design for a vacuum-tube

rectifier for converting alternating current into
dect current equivalent to that obtained from a
Lttery. The d-c. output should be such that it can
¢ used to properly operate a radio receiving set and
lidspeaker without introducing any interference or
p)dulation from the a-c. source. The study of the
te eliminator was prompted by the lack of engineering
lerature’ on the subject and by the desire of the

viters to more fully understand the proper design, the
caracteristics, and the limitation of the device.

The study is divided into several sections.

1. The rectifier vacuum tubes. _

2. Oscillographic study of the action of inductance
:d capacity, (alone and in combinations), upon the
fetified wave form.

3. Vacuum tube peak voltmeter study of the small
pple in the load current and its elimination by use of
iro section filters.

4. Calculation of per cent voltage fluctuation.

5. Conclusions.

The eliminator to be investigated consists of three
istinet units,

1. The rectifier proper

2. The filter

3. The load resistance for dividing the load voltage.
‘he units which make up the general circuits under
udy are shown in Fig. 1. In Fig. 2 is shown the
umpleted eliminator and its parts as used in this study.

F[WHE object of this investigation was to determine

SECTION 1. THE RECTIFIER VACUUM TUBES
The vacuum tubes used for the rectifier were the

1. Assistant Professor of Electrical Design, University of
innesota.

2. Minneapolis, Minnesota.

3. See ‘‘Theoretical and Practical Aspects of Low Voltage
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‘1be”’ by R. D. Duncan, Jr., Radio Review, Vol. III, 1922, pp.
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obsolete power tubes, UV-202, being the only tubes
available at the time. Three tubes were tested; their
plate current—voltage and plate current—resistance
curves are given in Figs. 3 and 4, respectively.

From the plate voltage—current curves in Fig. 3 it
is seen that the tubes T'; and T'; saturate at a much lower
current density than T, which was an unused tube.
T, and T; had both been used as oscillators; T'; used
longer than T',. These curves show that if the rectifier
is required to give a peak current of over 100 milli-

Load

C

all
i |
al I

L,
L.—-—Rectiﬁer--— —l———— Filter ———I— Load —-{

Fic. 1—Circuir DiagraM oF ExXPERIMENTAL Vacuum TUBE
RECTIFIER

L,

Rectifler:

E, = 300 volts effective from center-tapped transformers

E; = 3.75 volts effective from center-tapped transformer

Ty =T, = U V 202 5-watt power tubes with grid connected to plate

Filter:

Ci, Ca, C;3 are 500-volt condensers.

used in the experiment

L, and L; are similar iron-cored inductances each having an inductance
of about 30 henrys for the normal d-c. excitation. The cores are in
two laminated sections, each L-shaped; butt joints are used giving
small variable air-gaps. Each coil contains about 6200 turns with
an average resistance of 645 ohms

Load:

Low-inductance, wire-wound variable resistance units of ample current
capacity. Resistors for final set are wound on flat strips of bakelite
and are of fixed value. Several values of resistance were used in the
experiments

Several values of capacity were

amperes, the rectified current wave will be flat topped.

The plate current—resistance curves, (Fig. 4), were
obtained to show the variation of plate resistance with
the rectified current. These curves are desirable in
order to match tubes and thus obtain equal amplitudes
in both halves of the rectified wave.

In the oscillograms, Fig. 2B, V, and V, show the
current wave forms as per T; and T, and V; gives the
resulting current I, in the resistance load of 8000 ohms.
The values of V,, V;and V; were taken simultaneously.
The circuit diagram is shown in Fig. 2A.
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various Chicago generating stations. By 1928 the area
surrounding Chicago will have several similar major
distribution centers other than the generating stations,
the most important of which will be located at Niles
Center, Bellwood, Chicago Heights, Aetna, Michigan
City, Oglesby and Kewanee.

Transportation in the Chicago Region accounts for
a considerable part of the demand for electrical energy.
Of the 1,040,100 kw. total system demand which
occurred December 15th of last year nearly 350,000 kw.
was supplied to the electric railways in and around
Chicago. The first and only steam road in this region
to electrify is the Illinois Central Railroad which com-
pleted the electrification of its suburban service in
June of last year. This customer’s maximum demand
to date has been 22,864 kw. The railroad operates its
cars at 1500-volts direct current supplied by seven
substations, five of which are owned by the Common-
wealth Edison Company and two by the Public Service
Company of Northern Illinois. The conversion to
direct current is accomplished in sonte cases by mercury
arc rectifiers and in others by units of two 750-volt
rotary converters in series. Fig. 8 shows the Vollmer
Road Substation at Flossmoor, installed by the Public
Service Company of Northern Illinois for supplying
this railroad and the light and power business in that
vieinity. This particular substation was thought of
interest inasmuch as it is located in a residential terri-
tory and in order to harmonize with the developments
in that region a building of Spanish design which
should not detract from the general surroundings was
erected. The first impression might be that such a
design is expensive but if the architect is ingenious in

=
|
]

Fig. 8—VoLLMER Roap SUBSTATION

the use of materials this need not be so. In fact the
cost per cubic foot of content of this particular sub-
station, was practically the same as that of another
substation erected at the same time following the
ordinary type of construction.

Fig. 9 shows the Glen Ellyn Substation supplying
direct current to the Chicago, Aurora & Elgin Railroad
where harmonizing architecture was used again.

In this presentation I have tried to point out the
problems existing in this region with the idea of bring-
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ing them to the attention of engineers generally as these
problems are not peculiar to this locality but are being
encountered in similar metropolitan areas. Engineerg
connected with power developments in such regiong
should be on the alert to so carry on system design that
future demands may be met at reasonable cost and with
a minimum of obsolescence.

It may be regarded by some as highly optimistic but

Fia. 9—GLEN ELLYN SUBSTATION

it is not ineonceivable that sometime in the future the
dictates of our customers may make intolerable the
voltage dips and momentary interruptions due to
lightning discharges and emergencies, the elimination
of which we are prone to regard as insurmountable.
It is to such problems that I commend the energy of
the engineer for scientific study in order that the quality
of service we render may eontinue to improve and that
our system may be competent to meet the require-
ments of the public which are rightfully becoming
more exacting year by year.

WEIGHING BY RADIO

One of the latest applications of the radio principle
appears in a weighing machine developed by the labora-
tory staff of a large New England producer of pulp and
paper. This unique device automatically weighs any
material, such as paper, rubber, chewing gum and
coated fabrics, passing through the mechanism in
continuous web form. This is accomplished at full
machine speed without touching the web of material
at any point.

The principles underlying this unusual development
are those of the tuned radio circuit. The web of
material passes between two parallel metal plates which
act as a condenser in the receiving cireuit. Variations in
the weight of the web change the capacity of the con-
denser and affect the response of the circuit to a wave
of controlled frequency. These variations are shown
0n a meter connected in the circuit and may be used to
oOperate machine controls by suitable relays. The
machlne is of great service in maintaining uniformity
In the weighing of paper and an adaptation of the device

may be used to r egister the moisture content of the
paper.




The Vacuum Tube Rectifier

Oscillographic and Vacuum Tube Voltmeter Study of its
Application to B-Voltage Supply for Radio Receivers

BY JOHN H. KUHLMANN:

Member, A. I. E. E.

Synopsis.—This paper covers investigations made in under-
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a d-c. output delivered with the least practicable voltage drop and
having no fluctuations of sufficient magnitude to inierfere with the
proper operation of the set. A vacuum-tube peak voltmeter used to
detect very small fluctuations is described.

a good method of design for a vacuum-tube

rectifier for converting alternating current into
direct current equivalent to that obtained from a
battery. The d-c. output should be such that it can
be used to properly operate a radio receiving set and
loudspeaker without introducing any interference or
modulation from the a-c. source. The study of the
the eliminator was prompted by the lack of engineering
literature? on the subject and by the desire of the

writers to more fully understand the proper design, the
characteristics, and the limitation of the device.

The study is divided into several sections.

1. The rectifier vacuum tubes.

2. Oscillographic study of the action of inductance
and capacity, (alone and in combinations), upon the
rectified wave form.

3. Vacuum tube peak voltmeter study of the small
ripple in the load current and its elimination by use of
two section filters.

4. Calculation of per cent voltage fluctuation.

5. Conclusions.

The eliminator to be investigated consists of three
distinct units,

1. The rectifier proper

2. The filter

3. The load resistance for dividing the load voltage.
The units which make up the general circuits under
study are shown in Fig. 1. In Fig. 2 is shown the
completed eliminator and its parts as used in this study.

f I \HE object of this investigation was to determine

SECTION 1. THE RECTIFIER VACUUM TUBES
The vacuum tubes used for the rectifier were the

1. Assistant Professor of Electrical Design, University of
Minnesota.

2. Minneapolis, Minnesota.

3. See ‘‘Theoretical and Practical Aspects of Low Voltage
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Tube” by R. D. Duncan, Jr., Radio Review, Vol. III, 1922, pp.
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G. E. Revicw, Vol. 19, 1916, pp. 173. *The Thermionic Vacuum
Tube" by Van Der Bijl, Chapter VI, McGraw Hill, New York.
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X, John Wiley & Sons, New York.
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obsolete power tubes, UV-202, being the only tubes
available at the time. Three tubes were tested; their
plate current—voltage and plate current—resistance
curves are given in Figs. 3 and 4, respectively.

From the plate voltage—current curves in Fig. 3 it
is seen that the tubes 7', and T'; saturate at a much lower
current density than T, which was an unused tube.
T, and T; had both been used as oscillators; T'; used
longer than T,. These curves show that if the rectifier
is required to give a peak current of over 100 milli-

Tre
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L———Rectiﬁer‘ ,‘!.__ Filter _—r— Load 4
Fic. 1—Circuir DiagraM oF ExPErRIMENTAL Vacuum TUBE
RECTIFIER

Rectifier:

Ep = 300 volts effective from center-tapped transformers

E; = 3.75 volts effective from center-tapped transformer

Ty =T, = U V 202 5-watt power tubes with grid connected to plate

Filter:

Cy, C2, C3 are 500-volt condensers.

used in the experiment

L; and L, are similar iron-cored inductances each baving an inductance
of about 30 henrys for the normal d-c. excitation. The cores are in
two laminated sections, each L-shaped; butt joints are used giving
small variable air-gaps. Each coil contains about 6200 turns with
an average resistance of 645 ohms

Load:

Low-inductance, wire-wound variable resistance units of ample current
capacity. Resistors for final set are wound on flat strips of bakelite
and are of fixed value. Several values of resistance were used in the
experiments

Several values of capacity were

amperes, the rectified current wave will be flat topped.

The plate current—resistance curves, (Fig. 4), were
obtained to show the variation of plate resistance with
the rectified current. These curves are desirable in
order to match tubes and thus obtain equal amplitudes
in both halves of the rectified wave.

In the oscillograms, Fig. 2B, V, and V., show the
current wave forms as per T, and T';, and V; gives the
resulting current I, in the resistance load of 8000 ohms.
The values of V,, V,and V; were taken simultaneously.
The circuit diagram is shown in Fig. 2A.
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various Chicago generating stations. By 1928 the area
surrounding Chicago will have several similar major
distribution centers other than the generating stations,
the most important of which will be located at Niles
Center, Bellwood, Chicago Heights, Aetna, Michigan
City, Oglesby and Kewanee.

Transportation in the Chicago Region accounts for
a considerable part of the demand for electrical energy.
Of the 1,040,100 kw. total system demand which
occurred December 15th of last year nearly 350,000 kw.
was supplied to the electric railways in and around
Chicago. The first and only steam road in this region
to electrify is the Illinois Central Railroad which com-
pleted the electrification of its suburban service in
June of last year. This customer’s maximum demand
to date has been 22,864 kw. The railroad operates its
cars at 1500-volts direct current supplied by seven
substations, five of which are owned by the Common-
wealth Edison Company and two by the Public Service
Company of Northern Illinois. The conversion to
direct current is accomplished in sonre cases by mercury
arc rectifiers and in others by units of two 750-volt
rotary converters in series. Fig. 8 shows the Vollmer
Road Substation at Flossmoor, installed by the Public
Service Company of Northern Illinois for supplying
this railroad and the light and power business in that
vicinity. This particular substation was thought of
interest inasmuch as it is located in a residential terri-
tory and in order to harmonize with the developments
in that region a building of Spanish design which
should not detract from the general surroundings was
erected. The first impression might be that such a
design is expensive but if the architect is ingenious in

Fig. 8—VoLLMER RoaDp SUBSTATION

the use of materials this need not be so. In fact the
cost per cubic foot of content of this particular sub-
station, was practically the same as that of another
substation erected at the same time following the
ordinary type of construction. _

Fig. 9 shows the Glen Ellyn Substation supplying
direct current to the Chicago, Aurora & Elgin Railroad
where harmonizing architecture was used again.

In this presentation I have tried to point out .the
problems existing in this region with the idea of bring-
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ing them to the attention of engineers generally as these
problems are not peculiar to this locality but are being
encountered in similar metropolitan areas. Ingineers
connected with power developments in such regions
should be on the alert to so carry on system design that
future demands may be met at reasonable cost and with
a minimum of obsolescence.

It may be regarded by some as highly optimistic but

Fig. 9—GLEN ELLYN SUBSTATION

it is not ineonceivable that sometime in the future the
dictates of our customers may make intolerable the
voltage dips and momentary interruptions due to
lightning discharges and emergencies, the elimination
of which we are prone to regard as insurmountable.
It is to such problems that I commend the energy of
the engineer for scientific study in order that the quality
of service we render may eontinue to improve and that
our system may be competent to meet the require-
ments of the public which are rightfully becoming
more exacting year by year.

W-'EI(}H ING BY RADIO

One of the latest applications of the radio principle
appears in a weighing machine developed by the labora-
tory staff of a large New England producer of pulp and
paper. This unique device automatically weighs any
material, such as paper, rubber, chewing gum and
coated fabrics, passing through the mechanism in
continuous web form. This is accomplished at full
machine speed without touching the web of material
at any point.

The principles underlying this unusual development
are those of the tuned radio circuit. The web of
material passes between two parallel metal plates which
act as a condenser in the receiving eircuit. Variations in
the weight of the web change the capacity of the con-
denser and affect the response of the circuit to a wave
of controlled frequency. These variations are shown
on a meter connected in the circuit and may be used to
operate machine controls by suitable relays. The
machine is of great service in maintaining uniformity
in the weighing of paper and an adaptation of the device
may be used to register the moisture content of the
paper.
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a d-c. output delivered with the least practicable voltage drop and
having no fluctuations of sufficient magnitude to interfere with the
proper operation of the sel. A vacuum-tube peak voltmeter used to
detect very small fluctuations is described.

HE object of this investigation was to determine

a good method of design for a vacuum-tube

rectifier for converting alternating current into
direct current equivalent to that obtained from a
battery. The d-c. output should be such that it can
be used to properly operate a radio receiving set and
loudspeaker without introducing any interference or
modulation from the a-c. source. The study of the
the eliminator was prompted by the lack of engineering
literature? on the subject and by the desire of the

writers to more fully understand the proper design, the
characteristics, and the limitation of the device.

The study is divided into several sections.

1. The rectifier vacuum tubes.

2. Oscillographic study of the action of inductance
and capacity, (alone and in combinations), upon the
rectified wave form.

3. Vacuum tube peak voltmeter study of the small
ripple in the load current and its elimination by use of
two section filters.

4. Calculation of per cent voltage fluctuation.

5. Conclusions.

The eliminator to be investigated consists of three
distinet units,

1. The rectifier proper

2. The filter

3. The load resistance for dividing the load voltage.
The units which make up the general circuits under
study are shown in Fig. 1. In Fig. 2 is shown the
completed eliminator and its parts as used in this study.

SECTION 1. THE RECTIFIER VACUUM TUBES
The vacuum tubes used for the rectifier were the

1. Assistant Professor of Electrical Design, University of
Minnesota.

2. Minneapolis, Minnesota.
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X, John Wiley & Sons, New York.
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obsolete power tubes, UV-202, being the only tubes
available at the time. Three tubes were tested; their
plate current—voltage and plate current—resistance
curves are given in Figs. 3 and 4, respectively.

From the plate voltage—current curves in Fig. 3 it
is seen that the tubes T, and T'; saturate at a much lower
current density than T, which was an unused tube.
T, and T; had both been used as oscillators; T'; used
longer than T,. These curves show that if the rectifier
is required to give a peak current of over 100 milli-

—110 V. —

,:"
‘————Rectiﬁer--
Fig. 1—CircuiT DiagraM oF ExpPERIMENTAL Vacuum TUBE
RECTIFIER

Rectifler:

Ep = 300 volts effective from center-tapped transformers

E; = 3.75 volts effective from center-tapped transformer

Ty =T, = U V 202 5-watt power tubes with grid connected to plate

Filter:

Cy, C2, Cy are 500-volt condensers.

used in the experiment

L; and Lj are similar fron-cored inductances each baving an inductance
of about 30 henrys for the normal d-c. excitation. The cores are in
two laminated sections, each IL-shaped; butt joints are used giving
small variable air-gaps. Each coil contains about 6200 turns with
an average rcsistance of 645 ohms

Load:

Low-inductance, wire-wound variable resistance units of ample current
capacity. Resistors for final set are wound on flat strips of bakelite
and are of flxed value. Several! values of resistance were used in the
experiments

Several values of capacity were

amperes, the rectified current wave will be flat topped.

The plate current—resistance curves, (Fig. 4), were
obtained to show the variation of plate resistance with
the rectified current. These curves are desirable in
order to match tubes and thus obtain equal amplitudes
in both halves of the rectified wave.

In the oscillograms, Fig. 2B, V, and V, show the
current wave forms as per T, and T, and V; gives the
resulting current Iy, in the resistance load of 8000 ohms.
The values of V,, V,and V; were taken simultaneously.
The circuit diagram is shown in Fig. 2A.



18 KUBLMANN AND BARTON: THE VACUUM TUBYX RECTIFIER Journal A. 1. &. ¥

The wave forms V, and V;, Fig. 2B, show the result- current. The operation of the condenser may be
ing current in the load and the 60-cycle e. m. f. applied explained as follows: When the voltage is applied to the
to the rectifier, respectively. The oscillograms show rectifier, the condenser takes a charge and continues
that the rectified current is in phase with the applied
voltage. This is to be expected, as there is practically
no reactance in the load circuit.

The half wave rectifier gives a load current wave form
as shown in Fig. 2B by V, or V..

The current wave forms, instead of the voltage,

Fi6. 3-—PLATE CURRENT—VOLTAGE CHARACTERISTIC OF THREE
U V-202 Vacuom TuBEs
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Fig. 3B—O0sciLLograms For REectiFiEr CircuiTr Fig. 3a

V1 is rectifier current. V. is condenser current. V; is load current
with 2.13 u f. shunt capacity

Fie. 2B—OsciLLogGRaMs FOR RECTIFIER Circuir Fic. 2a

Vi1 and V3 are individual tube output currents. Vj3;and V;are load cur-
rent for full-wave rectifier. Vs is 60-cycle applied voltage

were observed throughout this study because the k) ‘/"‘/" Lol S P B "" -
current consumed by the voltage element of the oscillo- [ / i !.A A A
graph is a large portion of the total rectified current and
therefore would disturb the circuit and current con-
ditions to be studied.

SECTION 2. OSCILLOGRAPHIC STUDY OF THE
ACTION OF INDUCTANCE AND CAPACITY ALONE AND
IN COMBINATION UPON THE RECTIFIED WAVE FORM

The Effect of Capacity on the Load Current Wave Form.

The addition of capacity across the load resistance of Vi e iita o a
. < 1 X A 1 r rent. is condenser ¢ t. V 1 g
a rectifier, as in Fig. 3A, reduces the ripple in the load  with 12.13 4 f. shunt capacity o cuen i

[

Fic. 3c—OsciLLograMs FOrR RectiFier Circuit Fig. 3a
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charging until the rectifier voltage reaches its maximum
value. As soon as the rectifier voltage begins to de-
crease, the condenser begins to discharge and in so
doing, builds up a voltage across the tubes which
opposes the applied voltage. The rectifier current
wave, therefore, takes the shape shown by V,, Fig. 3B,
instead of that shown by V3, Fig. 2B. The condenser
continues to discharge until the decreasing condenser
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Fig. 4—PLATE CURRENT—RESISTANCE CHARACTERISTIC OF
U V-202 Vacuum TuUBES

Fia. 4B—OsciLLocrRAME FOR REcTIFIER Circulr Fia. 3a

V, is condenser current. V; is load current with 2.13 u« f. shunt capacity.
V; is 60-cycle applied voltage

voltage becomes equal to the increasing rectifier
voltage. The load current pulsations are of much
smaller amplitude for the circuit shown in Fig. 3A than
for the circuit shown in Fig. 2A, because the condenser
discharges through the load resistance and supplies
the load current during the time the rectifier voltage is
passing through zero. The condenser discharges
through the load resistance in accordance with the law

for the discharge of a condenser through a resistance;
that is,

From the above discussion, it appears that it should
be possible to reduce the load current ripple by increas-
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ing the time of discharge of the condenser. For a
circuit such as shown in Fig. 3A, the time constant,
T=RC
Since the load resistance is fixed, the time constant can
only be increased by increasing the capacity. Fig. 3B
shows the load current when the shunt capacity is
213 microfarads and Fig. 3c shows the load current
for a shunt capacity of 12.13 microfarads. The oscillo-
grams show that the ripples in the load current are
very much less for a shunt capacity of 12.13 microfarads

than for a capacity of 2.13 microfarads.
In Fig. 4B, the relation between the condenser current
V., the load current V., and the impressed 60-cycle

Fic. 5B—0sciLLoGRAMS FOR RECTIFIER Circulr oF Fic. 3a

V. is rectifier current. V. is condenser current.

V3 is_load current
with 2.13 u f. shunt capacity

A

Fia. 5¢—O0sciLLograMs ForR REcTIFIER Cincvulit Fig. 3a wiTH
OnNE TuBE

V) is rectifier current. V3 is condenser curront.

V3 I8 load current
with 12.13 u f. shunt capacity

e.m.f. V;, is shown. The value of C, is 2.13 micro-
farads. The upper waves of V, show very well the
dissimilar characteristics of the rectifier tubes. It is
well to point out that in V, the wave forms above the
axis represent the charging current, and below the axis,
the discharge current into the load.

Removing either T or T'; from the circuit Fig. 3a
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gives a half wave rectifier. The oscillograms in Figs.
5B and 6¢ show the effect of shunt capacity across the
load resistance on the output current of the half wave
rectifier. In Fig. 6B, C, is 2.18 microfarads; in Fig.
6c, C, is 12.13 microfarads. In both of these oscillo-
grams, V,, V,, and V; are taken simultaneously, with
V1 the rectifier output current, V, the condenser
current, and V; the resulting load current. In V, the
wave forms above the axis give the charging current,
and below the axis, the discharge current to the load.
Effect of Inductance on the Load Current Wave Form.

- = = ﬂv, "
- :ET
§8000w

vV,

Fi1a. 6a—Circuir DiAGRAM OF RECTIFIER WITH INDUCTANCE
IN SERIES WITH LoaD RESISTANCE
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Fi6. 6B—OsciLLogGRAMS FOR REcTIFIER CircuiT Fig. 6a

V3 is load current
Vs is load current

V) and V3 are individual tube output current.
with Ly 7.5 henrys. Vg is output current of one tube.
with L; = 30 henrys. Vg is 60-cycle applied voltage

Introducing inductance into the load circuit, as illus-
trated in Fig. 6A, causes a reduction in the amplitude
of the current ripple and also a large drop in the effec-
tive load voltage, because of the high I Z drop of the
inductance. On the other hand, the shunt capacity as
shown in Fig. 8A gives a higher effective load voltage
than is obtained when both L and C are out of the cir-
cuit. This effect of the condenser is obvious from the
discussion given above.

In the oscillogram of Fig. 6B, V,, V. and V; were
taken simultaneously with L;, having an inductance of
approximately 7.5 henrys, while V, and V, show the
individual tube output and V; the load current. The
small hooks on the wave forms of V; and V. show that
the rectified current lags the impressed e. m. f. because
of the series inductance.

The effect of increasing the series inductance to
approximately 80 henrys is shown (Fig. 6aA) by V4, V,,

Journaul A, 1. E. E.

and V,in Fig. 6B, V, being the output of one tube (the
output of the other tube being the same), V; the load
current, and V, the impressed e. m. f. The ripple of
Vs is considerably smaller than that of V;, and the hooks
on the wave forms of V, are larger, indicating a greater
angle of lag between current and impressed e. m. f.
Furthermore, the load current ripple is now practically
a sine wave of a frequency twice the input frequency
of 60 cycles.

Increasing the inductance still further has only a
very small effect on the load current ripple. Half wave
rectification, with inductances in the load only, gives a
slightly disturbed upper half of a sine wave. The
oscillograms for the half wave rectifier are not shown
here.

It has been demonstrated above that the amplitude
of the load current ripple is reduced by increasing the
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Fig. 8A—CircuiTr DiagraM oOF RECTIFIER WITH SERIES

INDUCTANCE AND CaPaCITY SHUNTED ACROSS RECTIFIER

8000 W

ST

— =

Cy =12.13uf. L) 4 L; = 60 henrys

s ]

Fic. 88—O0sciLLoGrAMS FOR REcTiFiEr CircuiTr Fig. 8a

V1 is rectifier current. V3 is condenser current.
with 2.13 u f. shunt capacity.
capacity

V3 is load current
V¢ is load current with 12.13 uf. shunt

time constant of the load circuit. For the circuit shown
in Fig. 6a, with an inductance of L, = 50 henrys and a
series resistance of 9000 ohms, the time constant is
0.00555 sec. The circuit in Fig. 3a with C, = 12.13
microfarads and a load resistance of 8000 ohms has a
time constant of 0.097 sec. Therefore, the amplitude
of the load current ripple should be much less for the
circuit with shunt capacity than for the circuit with
series inductance. This is clearly shown by the oscillo-
grams, V; Fig. 3c, for the circuit with shunt capacity
and, V, Fig. 6B, for the circuit with series inductance.

Effect of Inductance and Capacity on the Load Current
Wave Form. The effect of capacity shunted across the
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load resistance and the effect of inductance in series with
the load resistance on the amplitude of the load current
ripple have been shown above. By properly propor-
tioning inductance and capacity, therefore, it should be
possible to reduce the amplitude of the load current
ripple to a negligible value.

In oscillogram Fig. 8B, for the circuit of Fig. 8a,
V,, Vs, and V; were taken simultaneously, V, showing
the current from the rectifier, V, the condenser current
with 2.13 microfarad capacity, and V; the load current.
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Fig. 9a—CircuiT DiaGraM OF RECTIFIER

Series inductance L is 30 henrys. Ciis4.26 uf. Ceis4.76 uf.

Fic. 98—OsciLLograMs For RecTiFier Circuir Fia. 9a

V. is condenser current C;. V. is condenser current Cs.
current. V¢ is current in series inductance

V3 is load

Increasing C, to 12.13 microfarads gives the load current
shown by V, which is practically a straight line. The
per cent ripple in this load current is 1.2 per cent and
was determined by the method explained in Section 3
of this paper. With the oscillograph, the current shown
by V. appears as a straight line. It is seen, therefore,
that the oscillograph will not show a ripple which is
less than about 2 per cent. Since a load current with
a ripple of 2 per cent is not satisfactory for “B” battery
supply for radio receiving sets, further filtering and
other means for detecting the ripple are necessary.

Two more interesting oscillograms are shown to give
the action of the second condenser in the filter shown in
Fig. 9A. In the oscillogram of Fig. 9B for the circuit
shown in Fig. 9a, V,, V, and V; were taken simul-
taneously, with V; the condenser current of C,, V, the
condenser current of C,, and V; the load current;
V. is the inductance current and was taken separately,
although timed nearly the same.

A starting transient is observed here, and is due to
the charging of C,, which had no charge at the start.
The transient is observed to be slightly oscillatory but
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so damped that only two cycles are apparent. The
effect is more pronounced in V.. In the steady state,
C, draws a small current, being charged by the 120-
cycle current ripple and discharging into the load, thus
reducing the load ripple still further. The load current,
V; Fig. 9B, shows a smooth line.

The circuit, Fig. 10a gives an inverted L filter.
Oscillograms, Fig. 10B, show V, the inductance current,
V., the condenser current, and V; the load current,
taken simultaneously, with C: equal to 2.13 microfarads.
The wave forms Vs, Vs and V show these same currents
but with C. increased to 12.13 microfarads.

Several interesting things are to be observed: First,
the highly damped oscillatory transient due to the
charging of C,; second, on account of large shunt
capacity and a proper series inductance, the ripples in
the load current are less pronounced. Increasing the
capacity, C,, increases the transient and gives a smooth
load current.

SECTION 3. MEASUREMENT OF THE LOAD CURRENT
RIPPLE BY THE VACUUM TUBE PEAK VOLTMETER

The output current of a vacuum tube rectifier was
found to be a pulsating current as illustrated in Fig. 2B.

g__: y ?‘ V,r;V. L, V.‘IV, _jL
. G— —0000 lr—-ﬂf-Vs‘é »
8000 w

T

Fig. 10A—CircuiTr DiagraM OF RECTIFIER WITH INVERTED L
FiLTER
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L, = 30 henrys, C2 = 2.130r12.13 ¢ f.
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Fig. 108B—O0sciLLograMs For RectiFier CirouirT Fig. 10a

V, is inductance current. V; is condenser current and Vj; is load cur-
rent when €; =2.13uf. V, Is inductance current, V: Is condenser
current and Vg isload current when C; = 12.13 u f.

It has been shown that the amplitude of the pulsations
can be reduced by means of a filter with properly pro-
protioned series inductances and shunt capacities. It
was also shown that the oscillograph would not detect
a ripple in the load current less than 2 per cent. But a
ripple of 2 per cent in the load current of a vacuum tube
rectifier is too large for “B” battery supply for radio
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receiving sets; therefore, the following method for
measuring the current ripple was developed

A current ripple may be looked upon as a periodic
alternating current of some wave form superimposed
upon a constant direet current. In this case of the
output of a vacuum tube rectifier through a filter, the
superimposed alternating current is practically a sine
wave of 120-cycle frequency. By measuring the two
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Fia. 11-—CircuiT Diagram or Vacuum Tuse VOLTMETER

G = galvanometer. FEj, = d-c. voltmeter.
R1, = rectifier load resistance

I, = milllameter

components of the load current, the ripple may be
expressed in per cent by

Imac

Idc

Here I,,,, is the maximum value of the a-c. component
and I, is the d-c. component of the rectifier current.
After analyzing several methods for measuring these
two components of the load current, it was found that
the vacuum tube voltmeter would probably be the most
satisfactory. The results obtained show that this
method is well suited for such measurements.

Fig. 11 shows the circuit diagram of the voltmeter
as used for these tests. Here R, is the load resistance
of the rectifier, E;, the load voltage, and I, the load
current, which contains the ripple. A d-c. potentiom-
eter circuit, capable of a voltage variation from 0 to
300 volts, is in series with the grid-filament circuit.
The purpose of this potentiometer is: (1) to balance out
the effect of the d-c. component and keep it from biasing
the grid, (2) to measure the value of the d-c. component
of the load voltage indicated by the meter E,. When
the switch S is closed, the galvanometer G is used to
determine if the potentiometer voltage is equal to the
d-c. component of the load voltage. The meter I,
indicates the plate current.

Since the plate current of a vacuum tube is a function
of the applied grid voltage, this device can be calibrated
and used as a peak voltmeter. The meter was cali-
brated by passing a known 60-cycle current through a
known non-inductive resistance and applying the I R
drop to the terminals 1-2 of the meter with the switch S
open. Normal grid bias, plate voltage and filament
current were used. Since the voltmeter was calibrated
on 60 cycles and used on 120 cycles, there is a possibility
of a slight error in the readings, due to the fact that the
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plate current meter I, will not read the 60-cycle and
120-cycle pulses the same. The error is so slight, how-
ever, that it can be neglected.

The calibration curve for this meter is shown in Fig.
12. Two calibration curves are shown, one from zero
to 11 volts, and the other from 10.5 to 57 volts. In
order that no grid current shall flow, the peak voltage to
be measured should not exceed the value of the grid
biasing battery voltage, in this case, 9.1 volts. With
the grid at a positive potential of 15 volts, the grid
current is negligible in comparison with the load current,
0.05 amperes, and therefore voltages up to 25 volts can
be measured with a high degree of accuracy and higher
voltages can be measured with nearly the same degree
of accuracy. The plate current shown by the calibra-
tion curves in Fig. 12 is not biased to zero. This is
done so that a known zero can be maintained and any
deviation noted and corrected. The low-range cali-
bration curve is a close approximation to the plate
current-grid voltage static characteristic curve of the
UX-201A vacuum tube.

To use the vacuum tube voltmeter, the grid, filament,
and plate battery voltages are adjusted to their proper
calibrated values. With the complex current in the
load resistance, the approximate value of E\, is deter-
mined and the potentiometer set to that value. The
switch S is closed and R, varied until the meter G
reads zero. Then S is opened and the reading of I,
noted. The corresponding value of the a-c. component
of the load voltage is obtained from the calibration
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curve, Fig. 12. The reading of E. gives the d-c.
component. From these two values, the per cent ripple
can be calculated as explained above. In order to
obtain satisfactory results, the voltage applied to the
rectifier must be constant because very slight changes
in the primary voltage will produce large variations in
the voltmeter readings across the load. For these tests
a constant a-c. voltage was obtained from a synchronous
motor-generator set with battery excitation on the
generator.
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The various filter circuits shown in Fig. 13 were
studied with the vacuum tube voltmeter, for which
purpose, the full wave rectifier was used with a load
resistance of 5100 ohms. With this resistance across
the rectifier and no filter, an r. m.s. load current of
0.050 amperes was obtained. The load voltage EL
obtained with the different filter circuits with constant
input voltage is shown in the figure. The effect of
varying the shunt capacity for each of the filter circuits
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Fic. 13—EFrrFECT OF VARYING CAPACITY IN VARIOUS TYPES oF
FivTter Circuits

is also shown in Fig. 13. The results of these tests
show that the filters with a small per cent ripple in the
load voltage have a high-voltage drop. By combining
several of the types of filters shown, one with a small
per cent ripple and a low-voltage drop can be obtained.

One section of a Pi-type filter with the test results
is shown in Fig. 14, and a single section of a T-type
filter with test results is shown in Fig. 15. The Pi-type
filler gives a current with a smaller ripple and also has
a lower voltage drop than the T-type filter. The T
filter can be improved by adding a capacity C, across the
load as shown in Fig. 16. The results of the test show
that the per cent ripple has been reduced to a negligible
value, but that the voltage drop in the filter remains
unchanged. By adding a third capacity C,, as shown
in Fig. 17, the desired results are obtained; that is, the
ripple is reduced to a value that cannot be detected by
the voltmeter and the voltage drop is the same as for
the Pi-filter shown in Fig. 14.

By inserting a pair of high-resistance receivers in the
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plate circuit of the vacuum tube voltmeter, the ripple
can be detected audibly. A ripple that was just audible
was found to be equal to 0.08 per cent. To check these
results, a small portion of the load voltage was impressed
upon the terminals of a 1 to 6 audio-frequency trans-
former and the secondary connected to the terminals
1-2 of the vacuum tube voltmeter. With a plate
current of one milliampere, the hum was just audible.
This method of test was used for the circuit shown in
Fig. 17. When using the audible method of detecting
the ripple, it was found that the removal of the shunt
capacity across the load (Cs, Fig. 17) introduced a
bad circuit noise caused by high frequencies in the load
current. It was also noted that a capacity of at least
two microfarads should be used, at C; Fig. 17, to by-
pass the high frequencies that tend to enter the load.
The circuit devised for measuring thetwocomponents
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Per cent
Ci1 C: ripple C C, Cs \ Remarks
5.0 2.38 0+ 2.13 5 2 Slight hum
5.0 4.76 04 4.26 b 2 Very slight hum
10.0 4.76 0+ 4.26 5 4 | Not audible
4.26 10 4 Not audible

Figs. 14, 15, 16 anp 17—FiLTER CIRCUITS WHICH WERE TESTED

The amount of ripple and the load voitage for different condenser values
are shown herewith. In allcases L, and L: equal 30 henrys cach and
Ry, equals 5100 ohms

of the load current by means of the vacuum tube volt-
meter is believed to be a new application for this type
of instrument.

CALCULATIONS OF PER CENT VOLTAGE
FLUCTUATION

The percentage voltage fluctuation in the load resis-
tance may be calculated by the formulas given by
H. T. Van Der Bijl in his book above mentioned. For

SECTION 4.
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the type of filter shown in Fig. 8, the formula is as
follows:

0 Ey,

E,

3T

wC v Byt + I o

C, = 1218 X 10-¢farads, L = L, + L, = 60 henrys,
R, = 8000 ohms and w =27 X 120 = 754. The
calculations give a percentage voltage fluctuation of
1.49 per cent. The value obtained from the measur-
ments by means of the vacuum tube voltmeter is 1.2
per cent.

For the type of filter shown in Fig. 94, the following
formula applies:

2
wC, [t (1= L,Csy w?)? + L2 )%

6 EyL
E.

C, = 4.26 x 10-¢ farads, L, = 30 henrys, C; = 5.0
10-¢farads, R = 8000 ohms,and w = 2 7 X 120 = 754.
The calculations show a percentage voltage fluctuation
of 0.289 per cent. The vacuum tube voltmeter method
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of measuring the percentage fluctuation gave 0.20 per
cent.
SECTION 5. CONCLUSIONS

In order that the voltage drop in the filter circuit
should not be too high, the series inductance should not
be larger than required to produce a current without
ripples. For the filier circuits discussed above, each
inductance for the working load current should not be
less than 25 henrys. The resistance of each inductance
should preferably be kept low, —not greater than 250
ohms. To further reduce the voltage drop, a shunt
capacity of not less than four microfarads should pre-
cede the inductances to provide a low impedance shunt
for the ripple current.

To obtain a rectified current with negligible ripple,
two Pi-type filter sections will generally be the maxi-
mum number required if shunt capacities equal to, or
larger than, four microfarads are used. A single
Pi-type filter section can be used to give a ripple of
approximately 0.10 per cent if both condensers have a
capacity of six microfarads, or larger, and if the series
inductance is large, 25 henrys or larger.

Alternator Characteristics Under Conditions
Approaching Instability

BY JOHN F. H-. DOUGLAS:

Associate, A. I. E. E.

Synopsis.—In this paper the comparatively recent discovery of
generator instability is discussed. A method of testing synchronous
machinery in the unstable as well as in the stable range ts described.
The results of tests performed on two machines is shown and dis-

EDWARD W. KANE:
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and

cussed. The concluston is drawn that the design of customary
machines will have to be improved, synchronous condensers installed
on many long lines, or inefficient underloading of units will have to
be tolerated.

INTRODUCTION

NTIL recent years the loads on power systems were
with a predominately lagging current. While
the regulation of the generators was sometimes

quite poor, nevertheless the operation showed high
stability and the field rheostats were adequate to control
the voltage without loss of synchronism. Perhaps
because of this fact, and perhaps for other reasons,
textbooks have shown practically no diagrams or full-
load saturation curves for leading power factors. The
student might well obtain the impression that the solu-
tion of the problem of regulation for such power factors
would be carried out without difficulty, but when one
attempts to carry out the solution, one meets with
several obstructions of a theoretical nature.

Of late years the voltage and length of transmission
lines have been increasing and the number of inter-

1. Both of Marquette University, Milwaukee, Wisconsin.
Presented at the Regional Meeting of District No. &6 of the
A. I. E. E., Chicago Ill., Nov. 28-30, 1927.

connections growing. Consequently the leading
current load is becoming quite an item. At the same
time due to attempts to improve customer power factor
the lagging current load has shown a tendency to
decrease. As a consequence, some curious phenomena
have been noticed and reported: 1. A very unstable
voltage on light loads when the line charging current
Is carried by too few units. 2. Inadequate field
rheostat resistance to keep the voltage down. 3. The
combination of lines and generator becoming self-
exciting, that is, a resonance between the inductance of
the machine and the capacity of the line, giving high
voltage with the field circuit open. 4. Generators
remaining in step with small reverse field excitations.
5. Generators slipping a pole when the reversed field
excitation is increased, and before the voltage is brought
down to normal. When this pole slipping takes place,
there is a surge which causes the voltage to rise to
considerably above normal.

The difficulties met in attempting to apply the
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A. 1. E. E. rule for leading current loads is well illus-
trated in Fig. 1. The curve O X is the no-load satura-
tion curve; F Y is the full-load zero power factor
lagging saturation curve, and F Z, the full-load unity
power factor saturation curve. The zero leading
power factor full-load saturation curve is shown by
the line A BC D, or the line A BC E. The segment
A B is as much above the no-load saturation curve as
the line F Y is below it, as required by the A. L. E. E.
rule. For saturations below this point, one is in doubt
as to just how to proceed,but if it be assumed that the

Fie. 1—ILLusTraTING DirFicuLTiEs IN EsTiMaTING ZERO
Powgr Facror LEADING SATURATION CURVES

synchronous impedance is a constant, the segment
B C would be drawn parallel to the line O X. For
voltages below O C we meet another difficulty. If we
continue the line toward the point D, we have a charac-
teristic which, unlike the lagging characteristics, does
not pass through the point F. If we reverse the seg-
ment C D, we are unable to account for the operation
with reversed field currents and we must imagine a
sudden 180-deg. shift of phase at the point C.

With the peculiar behavior of synchronous machinery
reported and the obvious defects in the more usual
theory before us, we determined to make some tests
with leading current conditions and if possible, try to
extend them into the region of unstable operation.

PRELIMINARY TESTS

Our first tests were of a qualitative character. We
sought to verify for ourselves just what took place when
a generator lost control of its load. We connected an
a-c. generator to a synchronous motor load, but did
not take power from the motor. We overexcited the
motor, loading the generator with leading current of
low power factor. We included a field ammeter,
armature ammeter and voltmeter in the generator
circuits. We attached a G. E. slip meter to the syn-
chronous motor shaft, which we excited from the same
60-cycle supply that furnished power to the synchronous
motor which drove the generator being tested. The
amount of leading current was held roughly constant
and varied the generator field current and generator
voltage. The characteristic A BCE in Fig. 1 was
obtained. At the point E there was a surge of voltage
and current, the generator forged ahead one pole or
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the motor slipped a pole as indicated by the slip-meter
differential turning 90 electrical deg. The voltage
after the surge corresponded to the point G.

This experiment was considered to prove, in a
general way, the results previously reported, and to
indicate that further tests were worth while.

TESTS OF GENERATOR CHARACTERISTICS BY A Pump
Back METHOD

First of all it was determined to employ an opposition
method of testing, in order to obtain, if possible,
characteristics of the unstable condition of operation.
This procedure was successfully used by one of the
authors in testing synchronous motors in their unstable
range, and reported on in the A. 1. E. E. JOURNAL,
Jan. 1925; p. 11. It was found that the connections
in Fig. 2 were suitable. The generator (1) was directly
connected to an identical machine (2) with a movable
stator controlled by the hand wheel (3). These
machines were 15-kv-a. 1200 rev. per min. machines
rated at 220 volts with a Y-connection. Machine (2)
absorbed the power generated by (1). The losses were
sometimes supplied by a d-c. motor belted to the set,
and sometimes, from the connection shown to the
60-cycle line. The amount and phase of the current
output of the generator could be controlled by the
hand wheel (3) and rheostats (4) and (5).

The output of the generator was measured by a
polyphase wattmeter; sometimes by the three-watt-
meter method, using the neutral point on one machine.
The line current and voltage were measured with the
aid of a polyphase board. The phase angle of the
terminal voltage with respect to the pole axis was
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Fig. 2—CONNECTIONS FOR DETERMINING COMPLETE
ExciTaTiON CHARACTERISTICS OF ALTERNATOR

measured with the contactor (6). This contactor was
the usual point-by-point wave form apparatus, and was
connected in series with one phase of the generator and
a d-c. voltmeter, which was shunted by a condenser.
The movable arm carrying the contacts could be turned
about and their position noted on a degree scale. - They
were turned at all times so that the voltmeter gave a
zero reading. The shift of the contacts from no load
to the point under observation indicated the amount
that the pole axis shifted with respect to the terminal
voltage. This use of the contactor was developed by
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Messrs. Edwin Baldwin and Earle Lashway when
seniors at Marquette University.

In the first series of tests, the wattmeter was at all
times kept at zero by the hand wheel. Currents were
circulated by maintaining a difference in the excitation
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between the two machines. Runs were taken for
armature currents of 60, 50, 40, 30, 20, and 10 amperes.
Voltage, field current and phase shift were recorded for
each run. Owing to the fact that when the generator
field was large, the motor field was small, and vice versa,
the voltage seldom exceeded 270 volts. For the higher
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voltages, therefore, the set was synchronized with the
a-c. line. The data were in such form that it could be
directly plotted in Figs. 3 and 4. Fig. 3 shows- the
voltage characteristics for zero power factor, Fig. 4
shows also the phase displacements in the unstable
range.

It is to be observed that stable operating condition is
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shown with reversed current in the field, also that the
lagging and the leading characteristics join at a
commgn point F', and that the shift of 180 deg. is only
gradually accomplished in the unstable range. A
phase shift from 30 deg. to about 160 deg. occurs at a
practically constant voltage. These ‘“nose” shaped
generator characteristics are believed to be novel.

Since a transmission line connected to a generator at
no-load represents a zero leading power factor load of
constant ratio of amperes to volts, it was thought to
be of interest to take a series of cross curves from Fig. 3
representing constant equivalent single-phase “‘Sus-
ceptances’ of values from 0.00 to 0.2 in steps of 0.02
amperes per volt. These ecross curves are plotted in
Fig. 5. It will be seen that with a charging susceptance
of large value, the characteristics are quite steep and
in some cases practically vertical. Under these con-
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Fic. 5—ExcrTaTioN CHARACTERISTICS OF ALTERNATOR AT No-
Loap AND Various LINE CAPACITIES

ditions, voltage control is difficult. If it is not feasible
to use synchronous condensers on such a line and under-
excite them at light load, then it will be impossible to
shut down too many units at light load. Of course if a
considerable improvement in generator design is made,
this conclusion may be modified.

The second series of tests was made at a current of
40 amperes; practically full-load rated current. For
convenience, at voltages of less than 270 volts, each
run was made with a constant phase displacement
between the two machines. Above 270 volts, each run
was made for a constant terminal voltage. In each
run, the power factor was varied from zero lagging to
zero leading by a proper variation of the two field
rheostats. For each run the terminal voltage, power-
factor, and phase displacement of the rotor was plotted
against the field current. Cross curves were taken
from these for constant power factors and constant
phase displacements of rotor. Curves for 0, 70, and
90 per cent lagging, and for 100, 90, 70, 50, 20, and
0 per cent leading power factors were taken. Curves
for 10, 20, 30, 40, 50, 60, and 90 deg. phase displace-
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ment were taken. All these curves are plotted in Fig. 6.

It is to be observed that all the full-load saturation
curves pass through one common point F; also that for
power factors of less than 20 per cent leading current,
it is possible to obtain stable operation with reversed
field current. The line E S F passes through all the
points where the curves are vertical and may be taken
as the limit of stable operation. Below and to the left
of this line, generator operation is unstable; that is, it
will forge ahead a pole if it is free to do so. The phase
displacements of the pole axis from the terminal
voltage are small in the stable operating range and are
considerably less at high saturations.

The hope for improved design and increased stability
consists of being able to extend the nose of these curves
toward the region of reversed field currents, and to
lower the lower edge of this nose at the place where it
intersects the Y-axis. Attention will be called in a
later paragraph to the constant of the machine, which
requires improvement.
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TESTS OF GENERATOR STABILITY WITH
DIRECT LOADING

In the endeavor to determine the locus of stable
operation, such as E' S F in Fig. 6, by direct loading and
actual observation of pole slipping, we took a 5-kv-a.,
1800-rev. per min. 220-volts, three-phase Northwestern
machine and connected it according to the diagram in
Fig. 7. In this figure (1) is the alternator to be tested,
driven through a belt by the d-c. shunt motor (2).
The alternator delivered its power to synchronous
motor (3), and this, in turn, to the alternator (4) and
the a-c. line. By controlling the rheostat (5) in the
field of the d-c. shunt motor the amount of power
circulated could be controlled. The amount of leading
current taken from the alternator could be controlled
by the field rheostat (6) of the synchronous motor.
The field of the alternator (1) was controlled by revers-
ing switch (7) and rheostat (8). For convenience each
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run was taken at a constant field current of the
alternator tested.

For each point of data, the field rheostat of the d-c.
motor was weakened until the generator slipped poles.
This pole slipping was easily identified by the current
and voltage surge which took place. Some practise
was required, however, to secure readings at the point
just before the pole slipping took place. It was ob-
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Fig. 7—CONNECTIONS FOR DETERMINING POINT OF PoLE

SLIPPING IN AN ALTERNATOR

served that with reversed field current on the generator,
only a small load could be carried without pole slipping
taking place. Under these conditions, the generator
slipped only one pole and regained synchronism. When
the fields were excited in the normal manner, a consider-
ably greater load could be carried without pole slipping;
but when the critical load was exceeded, the generator
fell out of step completely and continued to slip
poles.

Readings of generator voltage and watts were taken
for the slipping point and plotted against the armature
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Fig. 8 —SrapiLity LimitsTor VOLTAGE AND POWER IN AN

ALTERNATORTFORYV ARIOUS CURRENT LOADB

currents,!for six runs,Jduring which the alternator field
currents were respectively 2, 1.5, 1.0, 0.5, 0, and—0.5
amperes. |Cross ‘curves were taken from these for
armature currents of 2, 1.5, 1, 0.75, and 0.50 times
rated current. The cross curves thus obtained are
shown in Fig. 8. ,

The curves shown agree in form fairly well with the



28 DOUGLAS AND XANE: ALTERNATOR CHARACTERISTICS

curve £ S F in Fig. 6. The voltage of the generator is
too high at conditions of large leading current. The
chief conclusions to be drawn from these curves are
as follows: (1) The criterion of stability assumed,
namely, a vertical volt field-current characteristic,
is borne out. (2) Generator operation is unstable
below a voltage which varies in proportion to the current
load on the machine. (3) To operate at normal volt-
age in a stable manner, the leading current load must
be kept down to a certain fraction of the rating con-
nected to the line. It is to be hoped that improved
generator design will increase that fraction.

FIELD CURRENT I

Fic. 9—FuLL Loap SaturaTioN Curves COMPUTED BY
BroNpEL. Two REeactioN DiacraM, Loct oF CONSTANT
Power Factor aND PoLE SLIP ANGLE.

PREDETERMINATION OF GENERATOR CHARACTERISTICS
WITH LEADING CURRENT

In the A. I. E. E. JOURNAL for February 1927,
(p- 109), one of the authors proposed a method for
computing the performance of synchronous machines.
It was thought that it would be interesting to compute a
series of curves such as shown in Fig. 6 by the method
there outlined. It was felt that in view of the unusual
and novel shape of the curves in Fig. 6, an agreement
would give a satisfactory confirmation of the theory.
The constants of the machine tested in this paper for
two-phase connection are reported in the article cited.
For the three-phase connection the following were
assumed:

Direet armature reaction 7 amperes field current
equivalent to 40 amperes in the armature. Transverse
armature reaction, 3.5 amperes in the field equivalent
to 40 amperes in the armature. Direct reactance 1/3
ohm per phase of Y, transverse reactance zero, and
resistance 1/6 ohm per phase of Y. Saturation curve
is as shown in Fig. 3.

With the constants in the above paragraph, the
characteristics shown in Fig. 9 were computed. These
should be compared with Fig. 6. We consider the
agreement is very good, and believe that further
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theoretical studies of synchronous machines should
be based on some form of the Blondel two-reaction
theory.

The extent of the ‘‘nose” of the curves and the lower
intercept of the nose on the Y-axis seems to depend
chiefly upon the constant of transverse reaction.

CONCLUSIONS

In this report various remarks have been made to
point out results of significance. The most general
conclusion to be drawn is this: By a reduction of the
value of the transverse reaction with improved design,
there is a hope for machines of greater stability and
consequent improved behavior under conditions of
low leading power factor.

The problem of stability is likely to become more
acute as the voltages, lengths of transmission line,
and the number of system interconnections increase,
so that it is hoped that the manufacturers will be able
to improve the stability of their machines.

HYDROELECTRIC DEVELOPMENT IN
PALESTINE

The necessity of importing all its fuel has been the
most serious handicap to the industrial development of
Palestine, and the principal factor in the future eco-
nomic progress of the country is the Rutenberg project
for hydroelectric development.

The Rutenberg plan, which has the official sanction
of the Palestine Government in the form of a conces-
sion for 70 years to the Palestine Electric Corporation
(Ltd.), Tel-Aviv, Palestine, calls for the harnessing of
the Jordan River at intervals from its source to the
point where it empties into the Dead Sea, in addition
to the utilization of the waters of the Yarmuk River
in the same manner. The first dam will be constructed
at the point where the Jordan River leaves Lake Ti-
berias (the Sea of Galilee) with a power house at the
town of Abadieh. Between these two points there is a
fall of 40 meters in 8 miles.

The promoters assert that by using the Lake of Ti-
berias as a natural reservoir the neighboring country
will be insured of a steady supply of water throughout
the year, whereas at present this section usually suffers
from drought every year during the dry season.

High-tension lines of 66,000 volts will run from the
first power house to transforming stations located at
the main centers of consumption, where the power will
be redistributed over lines carrying 15,000 volts for the
country districts and 6000 volts for the towns.

It has been estimated by the promoters that when the
first stage of the development is completed a supply of
70,000,000 kilowatt-hours of energy per year will be pro-
vided and that consumption, according to the present
requirements, will be 20,000,000 kilowatt-hours a year,
which will leave a considerably surplus for new indus-
trial enterprises.—Commerce Reports.



Influence of Internal Vacua and Tonization
on the Life of Paper lnsulated High-Tension Cables

BY ALEXANDER SMOUROFF!
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Synopsis.—At the end of the year 1926 the High-Voltage
Laboratory of the Electrotechnical Institute in Leningrad undertook
an experimental research in order to study the influence of internal
vacua and ionization on the life duration of paper insulated high-
voltage cables, as well as to clear up the conditions under which such
yacua may occur.

W. A. Del Mar® drew allention to the importance of internal
vacua in high-voltage cables and pointed out the three probable
causes of their appearance, namely:

1. Temperature changes after installation of the cable, which pro-
duce a change of volume of air and otl in the cable inview of thedif-
ferent thermal expansion coefficient of lead and insulation of thecable.

and LEO MASHKILEISON?
Assoclate, A. I. E. E.
2. Residual deformations, occurring when the cable i3 pul on a

reel and taken off it afterwards.

3. Changes in chemical structure in the impregnating compound
under the influence of ionized air, which produce a decrease of
volume of the compound.

The aim of the research was lo clear up the part of the above
mentioned causes in the formation of internal vacua, then to deter-
mine the values of those vacua and the decrease of life duration
of the cable under the influence of the latter.

The research is not yet finished and only ils preliminary results

are reported on these pages.

* * * * *

OBJECT OF INVESTIGATION

S an object of investigation a high-voltage cable
was taken, the design of which is reproduced in
Fig. 1.

The cable consists of three cores, each having a’
thickness of insulation of 10 mm. (25/64 in.) and each
covered with a lead sheath. The three cores are wound
together into a three-phase cable and are protected by a

Fig. 1—Cross-Section oF 35-Kv. CasLe UseEp 1N TEsTs

Outer copper conductor

Inner conductor for Lypro cable protection
Lead sheath

Paper insulation

Double steel ribbon armor

sacoe

double steel ribbon armor. The working pressure of
the cable is 35 kv. with grounded neutral and the work-
ing pressure for each phase is 20.2 kv. The conductor
of each phase is split into two concentric stranded
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conductors. The inner conductor serves for cable
protection by the Lypro system.-—

The tests were made with single conductors of the
cable having a length of 10 m. and with grounded lead
sheath.

CONDITIONS OF TESTS

During the performance of tests chief attention was
drawn: (1) to the control of internal vacua, (2) to the
electric field design on the end of cables under tests,
and (3) to the elimination of the cable end influence
during loss measurements.

The ways of propagation of air in the cable were
studied in order to work out the best method of control
of the internal vacuum in the cable. For this purpose
different methods of pumping the air out of the cable
and of the manometer connections were tried. These
tests showed that the propagation of air in the cable
takes place chiefly along the stranded core in the inner
part of it and immediately on its surface.

The insulation of the cable presents in most cases a
medium quite impenetrable for air. Air can be con-
centrated in single bubbles between the insulation and
the lead sheath, but it cannot propagate along the
cable. In view of these facts the pumping out of the
cable of air was made from one of its ends and the inter-
nal vacuum was controlled by two manometers con-
nected with both ends of the cable.

In most cases the same pressure on both manometers
connected with both ends of the cable was established
during a few seconds. But in certain special cases
obstacles were found in cables which prevented the
longitudinal propagation of air.

As previously mentioned, the insulation of cables
presents a medium quite impermeable for air. But in
certain cases air may be propagated from the conduecting
core to the lead sheath by bifurcated paths between the
sheets of paper strands of the insulation. This explains
the leakage of air through the insulation of the cables’
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ends, for the performance of tests necessitated the
taking off of the lead sheath on the ends of the cable on
a length of 1 m. In some cases the leakage was so
considerable as to make difficult the maintenance of a
constant vacuum in the cable. The control of the
electric field on the ends of the cable was accomplished

Fic. 2—Cross-SEctioNn oF CABLE TERMINAL

Hemp packing
Transformer oil
Porcelain bushing
Stufling box

aoow

3—CaBLE TERMINAL

FiG.

by means of end insulation, schematically shown in
Fig. 2 and on the photograph Fig. 3.

The upper electrode was made of wood and its surface
was covered with tin-plate. The lower electrode is
metallic.

On Fig. 2, a is a hemp packing, b, transformer oil,
¢, a procelain bushing, and d, a stuffing-box. The test
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of such a cable end insulator showed that its spark-over
voltage is about 130 kv. This design of the cable end
insulator provides quite a satisfactory form of the
electric field on the ends of the cable, so that the
breakdown of the cable during the tests occurred always
somewhere in the middle of the cable, but not on its
ends. If the curvature of the stuffing-box were made
not along the arc of a circle, but along another more
suitable curve, the spark-over voltage of such a cable
end insulator could be noticeably increased without
increase of its dimensions.

The elimination of the influence of cable ends on the
measurement of losses in the cable was performed in
the following way. At a certain distance from the
ends of the cable two circular grooves 2 mm. wide were
cut whereby the lead sheath was divided into three
parts. The middle part was connected to Shering’s
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4—CaBLE READY FOr TEsT

bridge for measuring the:loss and the two outer parts
were grounded and formed guard rings.

After the sample of the cable was prepared for the
tests, the cable was hung on two strings of insulators,
as shown in Fig. 4.

The test voltage was derived from three Koch &
Sterzel transformers, 0.5/125 kv., which could be con-
nected in series. The voltage control was effected
by means of a potential regulator made by the same
firm. The study of the voltage curve of the potential
regulator showed that when the latter was fed from
500 volts, a sinusoidal curve was obtained with one
transformer only for voltages above 47 kv. If the
potential regulator was fed at 110 volts, its voltage
curve proved to be sinusoidal also. Therefore, for
voltages under 50 kv., the potential regulator was fed
at 110 volts and three high-voltage transformers were
put in series. For voltages above 50 kv. the potential
regulator was fed at 500 volts and only one high-volt-
age transformer was used.
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In all these cases, the voltage curve was of a good
sinusoidal form, as indicated by oscillograms.

Dielectric loss measurement was made by means of a
Schering bridge. The air standard condenser was of a
flat type with three plates, the middle of which was
connected to the high-voltage winding of the trans-
former. The working surface of the plates (without
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5—VARIATION OF CABLE LIFE wITH PRESSURE
VacuuMm at 60 Kv.

guard rings) was equal to 17,840 em.” The distance
between the plates could be changed in such a way
that even for very low voltages, about 3 kv. the power

200
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Fi6. 6—VariaTion oF CABLE LiFE with Vacuum AT 50 Kv.

factor could be accurately measured to three significant
figures.

To clear up probable errors in the measurement of
losses, phasedisplacementsin theresistors were measured
by meansof acompensation method. Thiswasalsodone
with the parasitical capacities (capacity of the connecting
conductor of the bridge and the capacity of the non-
inductive resistances). These measurements showed
that the largest probable error does not exceed a few
seconds of phase displacement.

During the loss measurements the bridge was con-
trolled in the following manner. After a measurement
of the loss angle in the cable, a known non-inductive
resistance R, was put in series with the latter and the
loss angle was again determined. For a voltage E
and a capacity C of the cable the loss in the non-indue-
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tive resistance can be calculated as follows:
JZR() = E2 wZCZRo

This loss must equal the difference of losses measured
in the two cases mentioned above. Agreement be-
tween the results of measurement and calculation
indicates normal operation of the bridge. Such a proof
of the bridge was made several times and always
presented quite satisfactory results.

LIFE DURATION OF CABLE IN FUNCTION OF INTERNAL
Vacua

For the determination of the life duration of the
cable in function of internal vacua, different vacua
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Fig. 7—VaRriaTioN OF CABLE LIFE WITH VACUUM AT 42.6 Kv.
were created in the interior of the cable and the latter
was put under different voltages. During each test the
vacuum and the voltage were held constant and the
lapse of time was noticed, until breakdown of the cable
occurred. As it was impossible to close the ends of the
cable hermetically, as already pointed out, it proved
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Fic. 8—VanriatioN oF CABLE LiFE WITH VOLTAGES AT

DirreRENT VACUA

a. 100 mm. vacuum
b. 200 mm. vacuum
c. 300 mm. vacuum

necessary to renew the vacuum periodically. This
was done without taking off the voltage. The per-
mitted variations of the vacuum were £ 5 mm. baro-
metric pressure. But in several cases, when the leak-
age of air through the cable insulation was small, after
the voltage was put on the cable, an increase and not a
decrease of the vacuum was observed. This can
probably be explained by chemical changes occurring
in the impregnating compound under the inflyence of
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ionized air and accompanied by a volume decrease of
the compound, as suggested by item 3 of the synopsis.

The chief results of tests of life duration of the cable
under different vacua and voltages are given in Table
I. On Figs. 5, 6, and 7 are drawn curves giving the
life duration of the cable under different voltages in
function of vacua, and the curves in Fig. 8 give the
life duration under different vacua in function of the
impressed voltage.

TABLE 1
Vacua in mm, Pressure in mm.
Voltage, kv. of mercury of mercury

across column (under column (over Life

1 cm. of the atmospheric | the atmospheric duration

dielectric pressure) pressure) in hours
60 alk 250 10.5
60 0 0 5
60 100 ol 5.2
60 200 ? 14
GO 300 . 2
50 100 .. 13
50 200 o 21
50 300 s 11
42.6 100 - 36
42.6 200 » 57.7
42.6 300 . 41

The character of the places of breakdown of the
cable is shown on Figs. 9, 10 and 11.
The study of curves on Figs. 5-8 shows the surprising

9, 10, 11-—BRrEakDOWN PoinTs oF CAaBLE

Figs.

fact that to each voltage corresponds a certain most
advantageous vacuum, at which the life duration of a
cable becomes a maximum, which is very sharply
pronounced at voltages of 50 and 42.6 kv. and less
sharply at a voltage of 60 kv. To check this fact,
duplicate cables were tested and the results obtained
showed a satisfactory agreement with the statement
mentioned above. This would suggest the idea that
this cannot be explained by lack of uniformity of the
cable samples.

In addition to this it may be seen from the curves on
Figs. 5-8 that the vacuum for which the life duration
of the cable has its greatest value depends upon the
voltage. With increase of voltage the maximum
becomes smoother and is displaced in the direction of
lower vacua.
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DIELECTRIC 1LOSSES IN THE INSULATION OF THECABLE
IN FUNCTION OF THE INTERNAL VACUA
IN THE LATTER

In order to make a more complete analysis of the
influence of vacua on life duration of the cable and to
clear up the phenomenon of an optimum vacuum,
measurements of loss angles were made at different
voltages and for different vacua and pressures in the
interior of the cable. The results of these measurements
are given in curves of Figs. 12 and 13 which show the
losses as functions of internal vacua and pressures.
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Fig. 12—REeLATION BETWEEN PowER FACTOR AND INTERNAL

PRESSURE

The vacua are drawn in the positive direction of the
axis of abscissas and the pressures in the negative
direction.

In Figs. 14 and 15 are drawn curves showing losses
for different voltages as functions of different vacua
and pressures. These losses are expressed as tangents
of the imperfection angle § of the dielectric. These are
approximately equal to the cosines of the angle of
lead for ordinary cable dielectrics such as those under
consideration.

As we may see, with increase of voltage, g in-
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Fic. 13—RELaTioN BETWEEN PowER FACTOR AND INTERNAL

PREsSSURE

creases, reaches a maximum value, and then decreases.
The maximum of ¢ g 6 is reached at a lower voltage as
the internal vacuum becomes greater. The variation
of the value of t ¢ 6 is least in proximity to the maximum.

An explanation of the decrease of power factor with
increase of voltage was given by C. L. Dawes and
P. L. Hoover.* With an increase of voltage after all
the air in the cable has been ionized, the potential
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gradient in this air does not depend upon the voltage
but equals the breakdown gradient of air. Hence it
follows that the loss in air at any further increase of
voltage will remain constant and the total loss in the
cable will increase more slowly than in proportion to
the square of voltage, 1. e., t g 0 will decrease.

Assuming the loss angle of the dielectric proper
(i.e.,without air) to have a constant value and neglect-
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Fig. 14 —RerLatioN BETWEEN POWER FacTor AND INTERNAL

PRESSURE

I. Pressure 400 mm. over atmosphere
II. Atmosphereic pressure
I1I. Vacuum 300 mm.

ing the small variations of capacity of the cable at
increase of voltage, it is possible to determine the loss
angle of the entire insulation (i. e., including air) for
voltages higher than the voltage E,, which corresponds
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Fi16. 15—RELATION BETWEEN POWER FACTOR AND VOLTAGE

I. Pressure 250 mm. over atmosphere
II. Atmospheric pressure
I11. Vacuum, 400 mm.

to the maximum value of t ¢ 6 = t g 8o, if we know the
loss angle of the insulation proper, ¢ ¢ é.

In effect the loss in air for a voltage E > E,; may be
expressed as follows:

P,=FE2wC(gd,— tgd,) = const.
The loss in the insulation at a voltage £ will be:
P,=E*wCtgd,
Therefore the total loss will be equal to:
P = P1 + Pz

4. C. L. Dawes and P. L. Hoover, lonizalion Studies in
Paper Insulated Cables, A. 1. E. E. Trane., Vol. 45, 1926, p. 141.
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E 2
= E2wC[<—ETO') (tho—t961)+tg61]=E2 wCtgd
Thus
Eo\
tgd = <—E—) (tgdo— tgdy) + tg o,

The curve drawn on Fig. 16 gives the loss in the cable
as a function of the applied voltage at atmospheric
pressure. The dotted curve gives the values of tg 9,
as calculated from the above formula. As it may be
seen, there it is fairly good agreement between the cal-
culated and experimental curves.

The curves on Figs. 12 and 13 show that a certain
vacuum at which the loss is a maximum corresponds
to each voltage. After the maximum is attained the
loss begins to decrease and the velocity of decrease
of the loss at first is greater then at a further increase
of the internal vacuum.

With increase of voltage, the maximum loss is
displaced in the direction of small vacua and conse-
quently we find displaced in the same direction the
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parts of curves with diminished loss variations. Thus
we have a relation of the same character as that al-
ready mentioned, between the life of the cable and the
internal vacua. This similarity shows that there is
something in common between the two phenomena
and suggests the ways for explanation of the nature of
the phenomenon of the optimum life vacuum.

A complete explanation of this phenomenon was
not yet found, but it is possible that its cause may be
as follows.

With an increase of the internal vacuum in the cable
at a constant voltage, (beginning from large pressures
of the internal air at which the air is not yet wholly
ionized), the loss will increase at first. Then with a
vacuum, at which the internal air is wholly ionized, the
loss will attain its maximum value. With a further
increase of the internal vacuum the loss will decrease,
as the dielectric strength of air will decrease and there-
fore the voltage drop across the air will also decrease.
As the dielectric loss will heat the cable, the temperature
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of the latter will vary approximately in the same manner
as its dielectric loss.

As the life duration of a cable must naturally decrease
with an increase of hot-spot temperature, it should at
first decrease with an increase of the vacuum, and then
increase. With increase of the vacuum, however,
because of the decrease of voltage drop through the
air, the gradient of the electric field in the insulation
of the cable must increase. In the same way, the
tangential components of the gradient along the joints
of paper strips of insulation must also increase. All
these causes provoke a continual decrease of the life
duration of a cable with increase of the vacuum. For
instance the fact that the life duration becomes five
times less, at a voltage of 60 kv. with a change of
conditions of the internal air in the cable from a pressure
of 250 mm. (over atmospheric pressure) to a vacuum of
300 mm., suggests that in general the dielectric strength
of a solid insulation may depend upon the pressure of
the surrounding air. In a cable it is quite possible that
the barrier or baffle properties of the insulating paper
become inferior and a freer motion of ions begins in the
latter.

Thus we see that with an increase of vacuum, at
first all causes tend to provoke a decrease in the life
of the cable. Then, when the loss and consequently
the temperature begin to decrease, their influence may

Life

|
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1
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17—TypricaL LiFe-VacuuMm CURVE AS SUGGESTED BY
Power Factor axp Vacuuom REeLATION

Fie.

become predominant in comparison with all other
causes and the cable’s life will begin to increase. With
a further increase of vacuum, the rate of variation of
losses, as stated above, will diminish. This will lead
to a state when the influence of causes decreasing the
cable’s life will predominate.

This analysis shows that the curve giving the in-
fluence of the vacuum on a cable’s life duration must be
of s shape shown in Fig. 17. This curve has the same
shape as that obtained by experiment for a voltage of
60 kv. and reproduced in Fig. 5. For the other two
experimental curves drawn on Figs. 6 and 7, we have
only the parts containing the maximum, as these were
not determined over a wide range of pressures. The
fact that the maximum becomes smoother with an
increase of voltage can be explained in the following
way; at high voltages, the gradient in the insulation
of the cable and the tangential components of the

MASHKILEISON Journal A. 1. E. E.
gradient become of prevailing importance, for, at high
voltages, when the air is wholly ionized, the losses
decrease with an increase of vacuum and the influence
of their decrease at an increase of the vacuum becomes
less perceptible.

At the working voltage of the cable, the optimum
vacuum as it appears will be so considerable that it will
be practically necessary to take into consideration
only the decrease of the cable’s life.

THE APPEARANCE OF INTERNAL Vacua IN CABLE
IN CONSEQUENCE OF CHEMICAL AND THERMAL
ALTERATIONS

It has been mentioned that during the tests for
determining the life duration of the cable in function
of internal vacua, a tendency to an automatic increase

Power tactor expressed as fané

18—CHANGE oF VacuuM AND PowERr FacTor as REsuLT

oF ProLoNGgED LiFe TEsT

Fia.

I. Power factor
II. Observed Vacua
III. Vacua corrected for parasitical volumes

of the vacuum was observed, as it seems under the
influence of chemical alterations in the impregnating
compound under the influence of ionized air.

To study this phenomenon quantitatively, a piece of
cable was put under atmospheric pressure of air on its
working voltage of 20.2 kv. A manometer was con-
nected to one of the extremities of the cable to observe
the appearance of the internal vacua. The other
extremity of the cable was hermetically closed. At
the same time, loss measurements were undertaken.
The curves in Fig. 18 reproduce the results of the experi-
ment. The curves are: I, the loss curve: I, the curve
of observed vacua, and III, the curve of vacua, which
would happen if there would not be connected to the
cable the parasitical volume of air in the leads of
rubber tubes and in the manometer.

The sudden decrease of vacuum at the end of the
experiment can be explained by imperfect sealing of
the cable.

The volume of air, which it was necessary to know
to plot curve III, was measured by applying to the
interior of the cable, a known volume of air at atmos-
pheric pressure and observing the change of the vacuum
after its introduction into the cable.

It is obvious from curve III that under the working
voltage of the cable, vacua approximating 155 mm.
of mercury may appear.
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For the determination of internal vacua which can
appear under the influence of temperature changes, a
piece of cable was heated to a temperature about 40
deg. cent., measured by a thermometer dropped to the
core of the cable.

The cable was heated with an electric current about
800amperes. Aftertheheatingcurrentwas interrupted,
in a lapse of time, which allowed to attain a compara-
tively uniform distribution of temperatures in the
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interior of the cable, the latter was hermetically closed
and connected to a manometer.

In this way it was found that at a decrease of tem-
perature in the cable of 25 deg. cent. the internal
vacuum increased to 180 mm. of mercury (corrected
for the parasitical volume in leads of rubber tukes and
the manometer).

LosSES IN CABLE AS FUNCTION OF THE DURATION
OF VOLTAGE APPLICATION

Loss measurements in the cable were made at the
same time as life duration of the cable as a function of
the internal vacua was determined.

Characteristic curves of power factor as function of
applied voltage obtained during these tests are repro-
duced in Figs. 19 and 20. As may be seen from these
curves, t g 6 at first diminishes, then remains constant
for a time and then increases until breakdown of the
cable occurs.

The decrease of ¢ g & during a certain time after the
application of voltage may be explained by the heating
of the cable through the dielectric losses. The ambient
temperature was about 15 deg. cent. and as the cable
losses have a minimum at a temperature about 40
deg. cent., as shown by Mr. P. Dunsheath,’ the heating
of the cable leads to a decrease of t ¢ 6.  After establish-
ing a thermal equilibrium, ¢ ¢ § remains constant for a
certain period. This shows that the chief causes of the
breakdown in the cable are chemical alterations, not
pyroelectric effects.

If breakdown in the eable were due to thermal causes,
we should have a continual rise of temperature in the
cable and the loss curve would not have its horizontal

5. P. Dunsheath, ‘‘Dielectric Problems in High-Voltage

Cables,” Journal of the Institution of Electrical Engineers,
January, 1926.
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part. The pyroelectric effect begins to play an im-
portant part only at the approach of the cable’s break-
down, which accounts for the appearance of hot spots
hefore the breakdown.

CONCLUSIONS

1. Internal vacua of the order of 350-400 mm. of
mercury may appear in a cable under the influence of
temperature changes and ionization of air.

2. The appearance of internal vacua at the working
voltage of a cable may noticeably lower the life duration
of the latter.

3. Air can easily propagate along the core of a cable
and in the interior of the latter, but on considerable
lengths of cable stoppers may occur, which will impede
such a propagation.
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4. To prevent the dangerous efTect of internal vacua
the following measures may be recommended:

a. Use of chemically stable compounds;

b. Arrangement of free ducts in the interior of the
cable for air to maintain the atmospheric -pressure in
in the interior of the cable by using the flow of air from
the extremities of the cable;

c. Arrangement of free air ducts in the interior of
the cable and in the splices for compensation of vacua
that may appear with the volume of air contained in
them;

d. Pumping of dry air through ducts in the coreof a
cable to maintain the pressure in the cable higher than
that of the atmosphere;

e. Filling a cable with transformer oil forced under
pressure at the splices of a cable to provide compensa-
tion at volume changes of internal air in the cable.

WILL TAKE DISTRIBUTION CENSUS
FOR 1930

The fifteenth decennial census which will be taken in
1930 will probably include a national survey of dis-
tribution, according to a recent statement by Secretary
of Commerce, Herbert Hoover. It is stated that
details of the national census remain to be worked out
but that the need for statistical information relating
to the distribution of commodities has long been felt.
A census of production is well organized but a census
of distribution must be put on the basis of an actual
enumeration.



Approximate Solution for Electrical Networks

When These are Highly Oscillatory
BY E A. GUILLEMIN:

Associate, A. . E. E.

nSynopm’s. The general solution to the slightly damped network
s expressed in terms of the undamped solution by means of series
expansions. The first part of the paper gives a method for evaluat-
ing the complex roots of the determinantal equation, and the second

IN working out the general solution of an electrical
network, subjected to suddenly applied e. m. fs., by

the classical method, there are two steps which
involve a disagreeable amount of calculation—the
determination of the natural angular velocities of the
system, and the evaluation of integration constants or
transient current amplitudes. The use of Heaviside’s
expansion formula does considerable toward simpli-
fying—at least systematizing—the latter; but there
still remains the necessity of solving high powered
algebraic equations, which, when the network contains
more than two meshes, becomes a tedious process.
Primary among the factors which contribute toward the
unwieldiness of the solution are the dissipative terms
introduced by the presence of ohmic resistances. The
solution for an idealized system with no ohmic losses
1s much simpler both analytically and in consequent
numerical manipulation. In the first place, the deter-
minantal equation for this case contains only even
powers of the independent variable, say p, and, when
solved for p? contains only negative real roots which
may be evaluated by Newton’s or Lagrange’s approxi-
mation methods when the degree is above the third in
p’. Secondly, only purely imaginary or purely real
quantities enter into the manipulations involved in
evaluating integration constants instead of complex
quantities. As soon as resistance enters into the prob-
lem, and in actual cases it always does, the work in-
creases manifold. In practise, however, it is very
frequently the case that although resistances are
present, they are very small and cause only a relatively
slow attenuation. We call such -circuits ‘“highly
oscillatory.” Practically every network used in con-
nection with radio telephony comes under this head.
It would seem, therefore, both useful and very logical
to approach this case from the standpoint of the per-
turbation problem, and consider the slightly damped
network as perturbed out of its undamped condition.
It is the object of this paper to show how, by means of
expansion in series, this standpoint may be carried out.
The same idea may be applied to the distributed con-
stant problem and many others; and it is hoped that

1. Instruetor in Electrical Engineering, Massachusetts In-
stitute of Technology, Cambridge, Mass.

Presented at the Winter Convention of the A. I. E. E., New
York, N. Y., February 13-17, 1928.
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parl shows how the expansions of the first part may be correlated
with the Heaviside formula lo form the complele approrimate
solution. An example tllustrales the application to a simple
network.

interest might be stimulated in this general direction.

If we consider the meshes in our electrical network
numbered from 1 to n, and let \,;, p., o:; be the total
inductance, resistance, and elastance, respectively, in
mesh ¢, and further let — \,;, — pix, — .. be the total
inductance, resistance, and elastance, respectively,
common to meshes ¢ and & (A, being the sum of mutual
and common self inductances), then the system of
homogeneous differential equations describing the
natural mode of oscillation of the system, when written
for the mesh charges, takes the form:2

e + 82 22 + Ctanz, =0 [
A2 Ty + Q29 Xy + . tanz, =0 (1)
an X + Qn2 X2 + a ¥ 4 + Aun Xy = O
. d? d
with ai = A\ de + Pik i + O | &

~

!

and o "f’l;kdt

v

The use of mesh charges z, instead of mesh currents 7,
avolds the appearance of integrals in the system (1)
and also brings out a closer analogy between the elec-
trical system and the equivalent mechanical system in
which displacements take the place of electrical charges.
If we assume as solutions to system (1) the normal
functions:

Ty = X), e (3)
there results the system of simultaneous homogeneous
algebraic equations:

b11X1+b12X2+ C+ 0, X, =0 ‘

by X1 + b2 Xy + . cF b X, =0 (4)
banl+ban2+---v+ann =0

where: b.k = b,'k (p) — >\;’k PE 4 pixD F+ 0k (5)

The assumptions (3) will be useful if system (4) leads

2. See Carson’s “Electric Circuit Theory and Operational
Caleculus,” MeGraw-Hill, 1926. Our system of equations (1)
isidentical with Carson’s system (14), p. 10, with the substitution:

. dzxp . .
iy = == allowing for differences of notation, of ecourse.

Our following equations (4) and (6) correspond in the same way
to Carson’s equations (15) and (16), pp. 10 and 11.
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to non-trivial solutions for the amplitudes X, This
will be the case if the determinant of the system
vanishes, 7. e., if:

bll -bln
D =" =0 @
Ibul- -brm

For the solution to be unique it is further necessary
that D have the rank n — 1, 4.e., that at least one of its
first minors shall not vanish. Equation (6) is in
compact form the determinantal equation of the oscil-
latory system. Since each element is in general a
polynomial of the second degree in p, D will be a
polynomial of the 2 nth degree in p, and according to
the fundamental law of Algebra (6) can be satisfied
in 2n ways. Hence 27 solutions (3) exist with 2=
arbitrary amplitudes X, to satisfy the 2 initial
charges and currents in the given electrical system.

Consistent with our major premise, we proceed to
expand (6) in powers of p,. by Taylor’s theorem. We
have:?

pw-[pw ]

pik =0
(7)

But according to the rule for differentiating deter-
minants:*

_b D_(pv_ _ _bQ(p) _b b:k - B, ( ) bb;k
0 pik dbi  Opu P apy,
=Bu(@).p (8)

where B, (p) is the minor of b;. in (6). Since D (p) is
a whole rational function in p;, the expansion (7)
will contain a finite number of terms. From (8) it is
evident® that successive terms will rapidly become
smaller if pix < < p. We will assume this and
consequently neglect all powers of the p;. ’s above the

first. If now we adopt the notation:
(pw | -pw)
pik =0 (9)
and [sz (» ] . B.* (p) }
pik =

our determinantal equation (6) becomes:

D@ =D*(p) +p D* Bu* @) .pu =0  (10)
o 1

3. Bee Wood's ‘‘Advanced Caleulus,” Ginn & Co., 1926,
p. 49, equation (1), or any similar text covering Taylor’s theorem.
4. Bee, for example, R. F. Scott’s *“Theory of Determinants,”
Cambridge University Press, 1880, p. 35.
. 5. This will be clear if we note that Bk is two powers lower
in p than D. Hence the second term of (7) divided by the first
will be of the order: pix/p. ‘
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A first approximation to the roots of (10) is given by:
D*(p) =0 (11)

which is the determinantal equation for neglected
attenuation. As already pointed out, it contains only
even powers of p, the roots for p* being negative real,
and hence those for p purely imaginary. Let the roots
of (11) be given by:
p=rp" (12)
According to the Newtonian method® we then put
for the roots of D (p):
6. See, for example, Woods & Bailey, ‘‘A Course in Mathe-
matics,” Ginn & Co., 1907, p. 114. The method is there shown

applied to the solution of numerical equations, but the general
idea involved is the same as that used in this paper.

p=p*+3d (13)
and substitute this value into D* (p) of equation (10).

For the second term in (10) it is sufficient to substitute
(12). We then have:

D (p) = D* (p* + 0) + p* >*Bu* (9") . px=0 (14)
1

Expanding the first term in a Taylor’s series about
p = p* we get:

1 so0D*
D* (p* + 8) = D* (p*) +T!(Dp )p=p*.5 +....(15)
Now if we note that
D) = Cop" + Cozp 2+ . . . +Co

=Ca(p* + 8"+ Coe (* +0)" 2+ ... +Co

and (p* + o)"
' § nmm—1)/708Y\
R

we see that terms of (15) above the first degree in &
may be neglected if:

n—-1 &

2 ok

*. L
=l

< <1 (16)
which is the criterion for a “highly oscillatory’ network
in the sense in which that term is used in this paper.
Substituting (15) into (14) and noting that:

D* (p*) = 0,
and also that
aD*] \k dD* 0 bu ]
bp p=p*— A abik ap p=p*

1

n

= .E”‘ 2 Nix p* Bi* (p*)

1

17)

we get 0 E""Z )\,‘klg,k* (T)*) + E"k Pik Bil:* (p*)-z 0
1 1
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:“‘ pix Bu* (p*)

k (18)
S42NaBut ()

1

From the form of (18) it is clear that & will
always be real, and hence represents the damping
factor associated with the frequency given by p*.
The complete complex ‘“natural angular velocity”
so called is given by (13). The form of (18) is in itself
interesting. The damping factors appear as the
negative quotient of the averaged mesh resistances
weighted by the unperturbed minors, and double the
mesh inductances averaged in the same way. The
dimension of § and its similarity to that for the simple
R, L, C circuit are evident. The latter may serve as a
simple illustration of our result. Here,

ord

1
D(p) =b(p)=Lp+Rp+ c — 0

D* (p) = Lp* + 2 =0; p* = —=l
C L€
The B;,* are unity in this case and we have,
R
varZn
R ) 1
and hence, p = — oL 33 _\/LC_'

The exact root differs from this only in that the damped
angular frequency,

! e | p
=INTE I L
appears in place of the undamped.

Although equation (18) is applicable more directly
to the mathematical representation of the network
itself, the same idea can be carried out on the deter-
minantal equation in its polynomial form. If we
have given:

D =A.p+A-p+. . .+4 =0 (19
it can easily be shown that the corresponding deter-
minantal equation for the undamped case is approxi-
mately’ given by simply striking the second, fourth,

ete., terms, 7. e., that:

D* (p) = An p" + An"? p"—e + . . + Ao = O (20‘:
Then if we let,
G =Ap'+A—p=+...+4p (21)
it will be seen that [ G (p) ] _ o,
ik =0

7. For the preceding simple example this happens to be
exact; but in general the resistance terms will contribute a small
share to the coefficients of even powers of p.

Journul A. 1. E. K

and hence that (21) can take the place of the double
sum in (7). Applying the Newtonian method as
before we find:
G (p*) .
8 P¥IT ) 22)
(55

To illustrate the application of (22), let us consider the
numerical quartic:

D (p) = p*+50p' + 891 <X 10°p* + 2.03 - 107 p
1.601-10 0
Here D* (p) = p* + 8.91'10° p* + 1.601°10" = 0
and + 7 800 and + j 500.
For the first of these:
" : ., (oD ) 6 99.1()
G (p*) 4:]9.36'10*;( op ) . = Ti62310
and hence ) 15.
For the second:
. oD .
G (p*) + 7 3.90°10¢; ( : ) + 7 3.90-108,
op 7/,
and hence . 10.

The final roots are:
10 + 7 500 and — 15 + ) 800

which are exactly the ones used in making up the above
equation, the differences due to the approximate method
of solution not being noticeable on the slide rule used
in the calculation.

It frequently happens that due to the absence of
independent inductance or elastance in one of the
meshes, the determinantal equation comes out to be
of an odd degree. The number of natural angular
frequencies contained in the system in that case will be

2 where n is the degree of the equation. The odd
root will be purely real. The fact that it possesses a
normal coordinate® as well as the rest of the frequencies
but vanishes for vanishing resistances, seems to indicate
physically that in the latter case a regrouping of the
meshes can be carried out so as to reduce their number
by one—there being always as many normal coordinates
as there are meshes, (physical dimensions in the equiva-
lent mechanical system). It would seem as though
for this real root our method would fail, since its
imaginary part is zero. However it can be shown that
so long as this real root is within the same order of
magnitude as the real portions of the rest of the roots,
the method still holds with fair accuracy. Let us
suppose we have an equation of even degree given by:

D (p) = 0,
8. See paper by the writer entitled ‘““Making Normal Co-

ordinates Coincide with the Meshes of an Electrical Network "
Proceedings of the I. R. E., Nov. 1927, p. 935.



Jan. 1928
and we introduce an extra real root p = — a. Then
the equation of odd degree becomes:

Dy(p) = (p+ ) D(p) = (23)

The equation for neglected resistance would then be:
Do* (p) = p D* (p) = 0,

which contains the zero root mentioned above. Hence,

substituting p = 0 + & into (23) and expanding we get:
Do (8) = Do (0 +~—(-M-)' ) =0
o()—o) dp ﬂ=0..+...—,
q Do (0)
an 5D )
op
But: D, (0) = o D (0),
i (Z2) -«32) +pw
an op p=0—a o0p /p-o ’
aD’O)
so that: 0o

DO + a ( Z’; ),, 0’

from which it is clear that the method still gives satis-
factory resultsif:

«(55)

or by using the notation of equation (19), if:

< < D (0);

P =o.

a

a< < —.
a,
In our numerical example above, this means that an
additional real root (p + «) may be introduced and
re-evaluated by formula (22) with good results as long as

1.601-10"
203107 ~ 1090

which condition is easily fulfilled if « is not much
larger than the real portions of the other roots. Note
that for the evaluation of this real root equation (22)
simply becomes equal to the negative quotient of the
last two coefficients of the odd powered determinantal
equation in the form of (19). After this odd root has
thus been determined, it is best to divide it out and
then treat the remainder as in the case where D (p)
is of even degree. To illustrate let us take our pre-
vious numerical example, and introduce the root
P 100. It then becomes:

D (p) = p" + 150 p* 4 8.96°10° p* + 1.094-10% p?
+ 1.62-10" p + 1.601-10" = 0.
Here: D* (p) = p* + 8.96°10° p* + 1.62-10" p
and G (p) = 150 p* + 1.094-108 p* + 1.601-102,
By applying (22) for p* = 0 we get:
1.601-10
162100 T

a < < -

— 98.8
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which is the root correct to within 0.2 per cent.

Our next step is to show how nicely the above method
of arriving at the approximate complex roots fits in
with an approximate determination of the transient
current amplitudes by means of Heaviside’s well-known
expansion formula. The latter may be put into the
form:®

. Btk (pu) fpw
“’*=EE”( 5_2)
Op /p=pv+

when written for the current in mesh 7 due to a suddenly
applied direct voltage E in mesh k or vice versa.
D (p) is the determinant given by (6), and B, the
respectlve minor of this determinant. The summa-
tion is to extend over all the roots of the determinantal
equation:

(24)

D (p) = 0.
For the case of slight damping, however, the solution
is given approximately by:

L Bat (B,
ik =

bp p =pr¥

But the denominators in this sum are already known
from equation (17), so that we merely have to substi-
tute these same values into (25) in order to get the
complete solution. The approximate solution to the
determinantal equation dovetails nicely with the
process of evaluation of the transient current ampli-
tudes. Substituting (17) into (25), we can write for
Heaviside’s expansion formula in approximate form:
* * pv

B’:k _(pu ) 6_! o (26)

p,* E”‘ AN Bu* (p,*

L

(25)

If the determinantal equation (6) has no zero root, it
means that the mesh in which the e. m. f. is impressed
contams a condenser so that the steady state becomes

9. It will be seen with a little investigation that our:

D (p)

B (p) pZ(p)

where Z (p) is the transient impedance as usually defined in
connection with Heaviside's expansion formula. Now:

d d
B .22 - pid (L3
a0 IL] _dp  dp _dP p=py
dp B Jp-pw B: p=p» B (p")
dz
Ltz  (55) Z ).
[pdp J yp P =Iw+ (»)

Comparing with the usual form of Heaviside's formula, the form
(24) will be seen to be identical with it. For additional infor-
mation on this point, see ‘‘Notes on Operational Calculus,” by
V. Bush, obtainable from the Xlectrical Engineering Dept. of the
Massachusetts Institute of Technology, Cambridge, Mass.
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zero. Since the terms in (26) are conjugate pairs, the
current will be twice the real portion, or:

. N Bu* (p,*) €
ta = FE ‘\;J" —‘—,;k— Lt

l,a.a..l p* I Elk A Bo* (p,*)

1

gin|p* It (27)

In order to illustrate the entire process of solution
outlined in this paper, let us consider a simple network
consisting of two inductively coupled meshes with a
suddenly applied constant potential of E volts in the
first,—the circuit constants being given by:

A = 0.3 henries; \;» = — .1 henries; A, = 0.2 henries.

pun =5 ohms; p,3 = 0; p22 = 5 ohms.
on = 10% darafs; o,, = 0; g2 = 10® darafs.
Then,

3 p*+ 100 — .1 p2
D* (p) =

- .1p* 2p+4 108

= p* + 6.04-10% p2 4 2-10" = 0.
From which p,.* = + ;245104 p, * = + 5 1.87°10%.
We then find
Bu*(pl,z*) = — 2°107; Blz*(Pl,z*) = — 6-107; By,* (pl,a*)
= — 1.79-108.
Bu* (ps.4*) = 9.93:107; Byo* (ps *)
= — 3.5°10%; Ba* (ps.¢*) = — 5-104,

and

From which > py Bu* (p12*) = — 9.9510%;

1
n

ik i Bis* (p3,4%) = 4.965°108,
1

and S # 2 Ay Ba* (ps*) = — 5.96:107;
1
D2 Nk Bt (pa1*) = 59710,
1
and substituting into (18) we have:

9.95-108
012 = — 596107 — 16.7
4.96-10
ST

Then substituting into (27) we get for the current in
mesh one:
tn = F (2.74-10-% ¢-'67¢ sin 24500 ¢
+ 1.78°10—2 ¢33 sin 1870 ¢).
The current in mesh two is found from this by simply
B,* (pl_z*)
B* (pl_z*) :

Bi2* (p3,4*)
and the second by _Bij*—(p::*—)

multiplying the first term by

Journal A. T, B, |©

E (8.22:10% ¢ '*7* gin 24500 ¢

6.28°10° ¢ gin 1870 ¢
It is quite apparent that the saving in tedious manipula-
tion over the usual method is considerable,

We find t1y

LUMBER WASTE WARNING SOUNDED

A recent statement attributed to an important lumber
manufacturers’ association which is said to imply that
there is no danger of a timber shortage, has brought a
warning from the Chief of the U. S. Forest Service, Col.
W. B. Greeley. He shows that his office has made
investigations indicating that our timber supply is being
used up much faster than it is being replaced by new
growth and that most of our timber still comes from the
diminishing virgin forests.

The greatest evil of the present forest situation is the
large and increasing amount of cut-over land that is no
longer growing timber, says the Forest Service state-
ment, and no better contribution can be made to a solu-
tion of the forest problem than acceptance by the
lumber industry of responsibility for reforesting their
own lands.

It has never been his view, Colonel Greeley said, that
forest conservation ought to be accomplished by
restricting the use of wood. On the contrary, he hopes
to see a wide and liberal use of wood continued in the
country, thereby promoting industry and commerce
and encouraging the profitable use of vast areas of
otherwise waste land.

The association in return states that it is in substan-
tial accord with Col. Greeley’s views that reforestation
1s essential to the maintenance of an abundant supply of
forest produects, but also asserts that the more wood
used the greater will be the incentive to grow wood.

WILL STUDY TRANSPORT FACILITIES
OF MISSISSIPPI

The Transport Division of the Department of Com-
merce has announced that it has assembled a field staff
in its branch office in St. Louis for the purpose of study-
ing inland and waterway facilities on the Mississippi
and Warrior Rivers. The survey of available traffic
is being made upon the request of Secretary of War,
Davis, who made the request for such a survey in his
recent report.

Mr. M. R. Beaman, of the South Jersey Port Com-
mission, will direct the field work. He has been granted
a leave of absence for this purpose.

It was stated by the Secretary of War, in requesting
this survey, that present facilities were not enough to
handle the amount of shipping on these rivers and it is
understood that the study is being made preparatory
to seeking an authorization from Congress for an in-
crease in the capital stock of the barge line from
$5,000,000 to $50,000,000. This would permit expan-
sion of the service to other tributaries of the Mississippi.



The Boltzmann-Hopkinson Principle

of Superposition as A

pplied to Dielectrics

BY F. D. MURNAGHAN!

Non-member

Synopsis.—The principle of superposilion, discussed first for
dielectrics by Hopkinson, has been shown for a long time in experi-
ment. However, its validity for the several theories which have been
advanced for dielectric behavior has been shown in only a few cases.
One of the exceptions is the important theory of Mazwell.? This

paper shows that the principle of superposilion is a necessary conse-
quence of Mazwell’s theory. It goes somewhat further and shows
that the principle is valid for any theory which leads to a system of

linear differential equations with constant coe, ffictents.
» * * * *

F we have a plane layer dielectric with n layers and

denote the thickness of the rth layer by a,, its specific

! inductive capacity by K., and its specific resistance

by r. then the common current density » in each layer
is given by

u=(D+b)f (1)

when D denotes time differentiation,® f, stands for the

displacement in the rth layer, and b, is an abbreviation

for the ratio 4 /K, r,. Furthermore, the displacements

f are connected with the applied e.m.f. £ by the

equation

arfitarfo+ ... +afa=FE (2)
where a, is an abbreviation for the ratio 4 7 a,/K,.
These equations lead to a linear differential equation of
order n — 1 for each of the displacements f, the equation
satisfied by f,, being

[ (s 41 (s 73
D+b T D+b
a.,__] 3 E .
+ o+l Dy, &)

it being understood, however, that thisis merely a con-
venient way of writing the differential equation which
results when both sides are cleared of fractions by multi-
plying through by the product of all the denominators
(D 4+ b,). The dielectric being supposed initially
uncharged we have to find solutions of (3), consistent
with (1), which have all the same value E(0)/a,
+ + a,)whent = 0.

The differential equation (3) has on the left hand side
a differential expression F (D) of order » — 1, the
coefficient of the highest order derivative D! being
(s + a2+ .. . + a,), and we shall denote this
coefficient by A, for convenience. The right hand side

1. JohnsHopkins University.

2. Bee Maxwell's Theory of the Layer Dielectric, F. D.
Murnaghan, A. 1. E. E. JournaL, February 1927, p. 132.

3. The symhol D stands for d/d t and is used throughout the
paper symbolically as an algebraic quantity. For the use of
the symbolic operator D + b in the solution of linear differential
equations with constant coefficionts seo any standard treatise
on the subject, for example, Cohen’s Differential Equations
(Heath & Co), p. 98.

Presented at the Winter Convention of the A. I. E. E., New
York, N. Y., Feb. 13-17, 1928.
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of (3) is the result of differentiating the function £/ of tin
the manner indicated by the product of all the (D + b)
save the single one (D + b,). It will be convenient
first to consider the auxiliary equation

FD)y=EQ® (4)
since if we have a solution y of this equation the function
f, obtained by operating on y by the product of all the
(D + b) save the single one (D + b,) will satisfy the
equation (3). In fact since the coefficients in the poly-
nominal F (D) are constants we may interchange the
order of the differentiations indicated by F (D) and
by the product of the factors (D + b), Hence

FMD). D+b)(.. . )D+b)y
=D+b)(. . )D+b,) . F(D)y
=D+b)( . YD+b)E®
We now proceed to find, by a method due to Cauchy,
that particular solution of the equation (4) which van-
ishes, together with all its derivatives up to the
n — 2nd inclusive when t 0. The homogeneous
equation corresponding to (4), 1. e.,

FD)z=0 (5)
being of order n — 1, has n — 1 distinct solutions which
we may denote by (21, 22, . 2.-1), and the general
solution of (5) is, in accordance with the theory of
linear differential equations, a combination, with con-
stant coefficients, of these n distinet solutions. Thus
the general solution of (5) may be written in the form

z2=Ciz1 4+ Cy2: 4+ . .+ Ca-1 241 (6)
The constants C are entirely arbitrary and we choose
them so that the function z of ¢ defined by (6) vanishes
together with its derivatives up to the n — 3rd inclusive
when t = 7; the = — 2nd derivative, on the contrary,
assuming the value I (1)/A. The prescribing of the
values of z and its derivatives up to the » — 2nd, in-
clusive, in this way for a particular value 7 of ¢ gives
us exactly n — 1 linear equations for the determination
of the values of the constants C which occur in (6).
These constants will depend on the particular value r of
¢t chosen to enable us to determine them by means of
the conditions stated and they will, in addition, be
proportional to E (r) since the right hand members of
the n — 1 linear equations for the C’s are all zero save
one which is precisely E (1)/A. We shall indicate
these facts by writing z of (6) in the form
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z=L(r)o(, 1) (7
The fact that the coefficients in the differential operator
F (D) of (5) are constants tells us further that the
function v of the two arguments ¢ and 7 does not really
involve them separately but is rather a function of their
difference (t — 7). In fact the functions z,, etc., are
exponential functions of the time and these exponential
functions reproduce themselves, multiplied by a con-
stant factor, when differentiated with respect tothetime.
Hence each " occurs, in the n — 1 linear equations which

serve to determine them, multiplied by the same factor

¢"’7, say, in each of the equations. This tells us that

thev (¢, 7) of (7) is of the type
v (t; T) = Bl e6|(l 7 + + Bn 186” N 8)

where the B’s are pure numbers independent of both
t and 7. The 6's are the zeros of the polynominal
F (D). Wehave found, then, a function
2=E(1) . vo(t— 1) (9
which satisfies the homogeneous equation (5) and
which vanishes together with its derivatives with respect
to t up to the n — 3rd inclusive when ¢t = 7 (¢. e., when
the argument ¢ — 7 of the function » is zero); the
n — 2nd derivative assuming the value £ (7)/A when
the argument of v is zero. We now proceed to show
that the function y of the single variable ¢, defined by
the integral
]
y=fE@ . vae-ndr (10)
0

is that particular solution of the equation (4) which
vanishes together with its time derivatives up to the
n — 2nd, inclusive, when t = 0; in fact, since the
variable ¢ occurs in two places— the integrand and
the upper limit—in the expression for y we have for
the time derivative of

Dy=fE@ . Dot-ndr+E® . v(0)

The second member on the right hand side vanishes,
since the function » has been so arranged as to vanish
when its argument is zero. Proceeding to the second
time derivative we find in the same way that
t
Dy = E(r) Dvt—T7)dT
0

and so on up to the n — 1st time derivative, which is
slightly different; here the second term in the expression
for the time derivative of the integral does not vanish,
since the n — 2nd time derivative of » does not vanish
when the argument of v is zero but has the value 1/A
then. We have, therefore,

[
Dry = fE(T).D""‘v(t—r)dT+E'(t):A
0

Upon combining these results and remembering that

Journal A. 1. P, K

the coefficient of the highest order derivative, D>, in
F (D)is A, we have

t
FDyy= | E@ FWDot-ndr+EQ@

The first member of the expression on the right vanishes
since the function v of ¢ is a solution of the homogeneous
equation (5), i.e., F' (D) v (t— 1) = 0 for all values of
the argument (¢ — 7). This shows that y, as defined
by (10) is a solution of (4), and since all the derivatives
up to the n — 2nd, inclusive, are expressed as integrals,
the range of integration being from zero to ¢, all of these
derivatives and the function y itself vanish whent = 0.

The various displacements f, are now obtained from
the auxiliary function y by operating on it in turn by
the product of all the (D + b)’s but the single one

(D + b,). From the expressions just given for the
various time derivatives of y up to the n — 1st we have,
for example,

fi=JE@ D+ ID+b)e-ndr
+ E(t)/A 11
showing that the common initial value of all the dis-
placements is £ (0)/A. It will be convenient to intro-
duce the notation

hh(t— 7 D4+b)(. . YD+b)ov(t— 1) (12)
etc., the function k, (¢t — 7) being the result of operating
on the function » (¢t — 7) by the product of all the
(D + b)’s but (D + b,). We have, then, the various
displacements given by the formulas

fo=fE@m ht-ndr+E®/A 13)

The n functions h, all have the same value 1,4 when
the argument (1 — 7) is zero. The formulas (13)
become more significant, from a physical point of view,
if we change their appearance by an integration by
parts On introducing the functions ¢, (¢t — 7) by the
equations of definition

e (t— 7 r“ h.,(t—s)yds +1/A

T

(14)
so that

d
chpr(t--T =—h(t—7

we have from (13)
fi=E@Q) e, )= E () ¢ (0)

‘ Al
[ - mndr+E®/A
+F dT‘pr(_T T+ ()

The second term in the expression on the right hand
cancels the fourth, since when the argument of ¢, is
zero, the two limits of the integral of (14) coincide so
that ¢, (0) = 1/A. Then we have the final definite
result
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dE
f=E(0)<p,(t)+f I, ¢ t—ndr (15

[his equation gives a physical interpretation to the
mnections ¢; for, on writing E () = 1 in (15), we see
hat ¢, (t) is the displacement in the rth layer when a
.onstant unit e. m. f. is applied at time t = 0 to the
jlielectric supposed uncharged.

The result given in (15) is the mathematical ex-
pression of the Boltzmann-Hopkinson Principle of
Superposition as applied to the displacements. It is
svident from its mode that the principle of superposition
is valid not only for Maxwell’s theory of dielectric
absorption but for any theory which leads to a system
of differential equations which are linear and have
constant coefficients. For example a theory in which
the current density was connected with the displace-
ment by a second order equation of the type
(D*+b.D +e¢) f=u would have the principle of
superposition as a consequence.

Once the displacements have been found the current
density u follows at once from (1). Writing
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yit—7) =D +b)e, t—7) (16)
(it is easily verified that the expression on the right
has the same value for all the layers) we find

u(t) = E0) ¢ @

|4

‘dE dE
+f e ndrt gy (17)
The physical meaning of the function ¢ (t) is evident
from this formula; it is the current at time ¢ due to a
constant unit e.m.f. applied to the uncharged di-
electric at time ¢ = 0. The principal of superposition
is not valid for the entire current but the first two terms
of (17) may be found by means of that principal and
then the complete current follows by adding the dis-
placement current which is given by the third term.

We have given elsewheret the expression for the
function ¢ in terms of the constants of the layer di-
electric and the formula (17) furnishes a ready method
for caleulating the current due to any type of applied
e.m.f.

4. A. 1 E. E. Journal, February 1927, p. 132.

Telephone Toll Plant in the Ghicago Region

BY BURKE SMITH!

Associate, A. I. E. E.

Synopsis.—This paper described the telephone toll system in
the region within a radius of aboul 60 ma. from Chicago. In this
system have been established 21 toll centers at which are handled
the toll tra flic of their own exchanges and 95 other exchangesin lhearea.

OOK County and its seven adjacent counties in
Illinois, and two in Indiana, together form the
metropolitan area which is referred to in this paper

as the “Chicago Region.” Within this area there are
about three and one-quarter million people in Chicago
proper, with another one and one-quarter million dis-
tributed in about one hundred communities in propor-
tionately decreasing densities from the Chicago city
limits to the outer boundaries about fifty miles distant.
The growth of the population in this area is at the rate
of approximately a mili on per decade.

This area is served telephonically through local
exchanges which are, for the most part, identical with
the one hundred odd communities already referred to,
and each receives service within its area under its l