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Performance of Auto Transformers with Tertiaries
Under Short-Circuit Conditions

BY J. MINI, Jr.

Associate, A. I. E. E.
Pacific Gas & Electric Co.

Review of the Subject.—The problem of operating many of
the present day transformers designed and buill lo funclion in sizes
and under conditions unheard of only a few years ago, is now of
prime importance to many of the larger power companies.

A slatement of one type of the operating troubles encountered in
the larger sizes is discussed in this paper and data taken as far as
practicable under operaling condilions is given.

N July, 1914, the California Railroad Commission
published the first report of the Joint Committee
on Inductive Interference.

In 1918 General Order No. 52 superseded General
Order No. 39, following the final report of the same
committee. In this order under which California
public utilities now operate is the following clause,
“no star-connected transformers or auto transformers
shall be employed with a grounded neutral on the
side connected to a three-phase power circuit involved
in a normal parallel, unless low-impedance, delta-
connected secondary or tertiary windings or equivalent
means are used for suppressing the triple harmonic
components of the residual voltages and currents
introduced by the transformers”.

In complying with this order, and to reduce the
cost on a winding used solely to suppress the effects
of causes which could not be removed, most companies
have used tertiary windings of capacity less than the
rating of the transformers, that is, the current-carrying
capacity of the tertiary winding has been reduced by
reducing its copper cross-section.

At the same time most of the major companies
using high-tension systems in California have adopted
a permanently grounded neutral on the high-tension
circuit and a considerable number of the later-built
transformers have been auto transformers, designed
specifically to operate only with one terminal of the
high-voltage winding grounded.

In present designs some of the tertiaries have a
current density 20 per cent higher than the primary
of the same transformer for the nameplate rating.
This relatively high resistance further increases the
tertiary temperatures under short-circuit conditions.
Having this condition in mind it becomes an operating
problem of when and how to protect the tertiary
winding against destructive overheating during line
short circuits.

Tertiary windings are used, in addition to the
prevention of inductive interference, for:

Presented at the Pacific Coast Convention of the A. 1. E. E.,
Del Monte, Cal., October 2-5, 1923.

L. J. MOORE

Associate, A. I. E. E.
San Joaquin Light & Power Co.

R. WILKINS

Associate, A. I. E. E.
Pacific Gas & Electric Co.

and

From experience so far gained it is thought that both the aulo-
transformer and lhe grounded neulral system are here to stay and
such problems as lhey present meril considerable investigation
under actual working condilions.

The present paper presents rather than solves one type of trouble
encountered.

* #* o *

1. Providing a path for the flow of third harmonic
current, necessary for the proper magnetization of
the core for a sine wave e. m. f. across the main
windings.

2. Stabilizing the neutral and providing a sufficient
flow of current in the line-or windings at times of
single-phase short-circuit conditions to give proper
operation of relays and circuit-breakers.

3. Providing a winding for load connections or a
synchronous condenser.

In practise the size of the tertiary is fixed by the
short-circuit kv-a. rather than the third harmonic
component of magnetizing current, ¢. e., this winding
must carry the short-circuit kv-a. long enough to
allow circuit opening devices to operate. The time
required to open the circuit is usually short, of the
order of 5 seconds or less, and therefore very little
radiation of heat takes place, consequently the copper
must store its 12 R losses by thermal capacity during
this period.

There is given later a curve for determining approxi-
mately the relations of size of copper, current, tempera-
ture, and time for this condition.

For short-circuit conditions, the size of the tertiary
is determined by the value of short-circuit current
that it is desirable for protective reasons and the
duration of the heavy current.

From 300 per cent to 400 per cent of normal current
is usually desired for operation of protective relays
and this abnormal current requires a tertiary winding
constructed to have from 25 to 30 per cent of the
capacity of the main transformer windings.

The reactance in the tertiary circuit is then made
such as to limit the current to the above values for
the voltage applied to a short-circuited transformer.

It is unsafe to use less reactance on account of
danger from burnout and not wise to use more because
the amount of the short-circuit current desired would
not be obtained.

The kw. capacity and reactance of the tertiary are
interdependent and with one value given the other
is fixed.

1243



1244 M1
In operation a few speecitic achemes only are of
Interest hecanse, fop operuting reasons, only certgin
connections are used ; and odd or infrequent eonpections
if determining the design characteristies, should be
treated as special cases, as should all cases where a
synchronous condenser operates from a tertiary.
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Fia. 1
Rating
Primary: 1500 kv-a., 40,000 volts
Secondary: 1500 kv-a., 6650 volts
Tertiary: 300 kv-a., 2340 volts
Impedance: Primary and Secondary: 5.7 per eent at 1500 kv-a
Impedance: Primary and Tertiary: 20 per cent at 1500 kv-a.

= 8

Fia. 2

Foi rating of transformer. see Wig. 1

N

Fia. 3

For rating of transformer, seo Fig. 1

To show approximately what takes place for different
transformer connections a bank of transformers having
a tertiary was tested at less than normal voltage and
the several voltages and currents read as shown in

the following figures.

I MOOKE AND WILK]

Jourga) A, T P §

Fig. 1 shows a ground on the high-tension with the
neytral ungrounded tertiary closed,

Fig. 2 shows the tertiury open

Fig. 3 shows the neutrul grounded tertiary open

Fig. 4 tertiary closed,

Figures 5, 6 and 7 show Y-Y-cannected trunsforme
with a tertiary and grounds on the secondary side
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Fia. 4
For rating of trunsformer see Fig. )
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¥or rating of transformer Fig. |\
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Fig. 6
For rating of transformer. see Fig |

Figures 8, 9 and 10 and 11 show conditions in auto
transformers with a tertiary.

These figures are self explanatory and indicate
clearly what takes place on short-circuit conditions.
Not all of, the connections are used in practise, but
from a study of the diagrams given in the several
figures an idea can be gained as to what happens
in practise.
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Fig. 12 gives a curve from a bank of transformers
in which the tertiary has a rating of 20 per cent of the
transformer rating, and an impedance such that,
with the tertiary short-circuited, from 15 to 20 per
cent of full voltage is required to circulate full current

04 Ry

Fig. 7
For rating of transformers, see Fig. 1
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Fig. 8
Rating
Primary: 1500 kv-a., 40,100 volts
Secondary: 1500 kv-a.. 6680 volts
Tertiary: 300 kv-a.. 2340 volts

Impedance: Primary € Secondary: 5.7 per cent at 1500 kv-a.
Impedance: Primary ¢, Tertiary: 20 per cent at 1500 kv-a.

Connected as auto transformer. Tap in exact center of primary winding.
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- s X ’\'k .
Fic. 9

For rating of transformers, see Fig. 8

through the high-voltage winding. For this test
one high-voltage winding was short-circuited and
gradually increasing 3-phase voltage applied, measuring
the current in the tertiary and short-circuited high-
voltage winding. For 300 per cent high-voltage

PERFORMANCE OF AUTO TRANSFORMERS
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current there will flow approximately 1414 times
normal current in the tertiary.

Fig. 13 gives a curve for the heating of the trans-

former windings neglecting radiation and using the

+

Fia. 10
For rating of transformers, seo Fig. 8
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Fic. 11
For rating of transformers, see Fig. 8
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Fia. 12

60 deg. cent. resistance of copper. From the study of
this and similar data it was decided to install, on a
bank of three 12,000-kv-a., 110-kv., 60-kv., Y-connected
auto transformers a 13,800-volt tertiary having a
capacity of 4000 kv-a. in each, of 13 per cent impedence
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MINY, MOORI

and a relay in the tertiary to open it in case of sustained
overload.

Later a 12,600-kv-a., 18,200-volt synchronous con-
denser was so connected as to operate on this tertiary
that when the tertiary switch opened it cleared the
condenser by means of its main running switch. This
developed considerable trouble in the tertiary switch
and winding apparently from high voltage so that
a series of short-circuit tests were made on the bank

and oscillographie records taken of the tertiary current
and voltage.

3
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[ / CURVE FOR HEATING OF ELEGTRICAL S LoD
[0 . EQUIPMENT UNDER SHORT CIRCUIT, 404
S WITH NO RADIATION.
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/ 504
/ o590
EQUATION
# ZX Times Normol Current 2)( Seconds.=I7772 X °C Rise Lsso
Cir Mils per Amp.
INSTRUCTIONS . 2
Lay Iriangle from cir. mils per omp. fo °C rise;mark
axis where if crosses. X
Lay friangle on this mark ond number of times Leso
normal current ond reod time in seconds.
700
Ico nnnnnnnn I ‘

Fic. 13

Fic. 14
Volts to ground on top; volts across tertiary on bottom; tertiary current
in center

By using a comparatively long 100-kv. line with a
limited amount of available power it was possible
to short-circuit the 60-kv. side of one auto trans-
former to ground.

Fig. 14 gives a curve of the voltage from one
condenser lead 7.e. one corner of the delta to ground
together with the tertiary current when one phase
of the 60-kv. was grounded.

There is shown a somewhat violent change in tertiary
current for the first 114 cycles after the short circuit

AND WILKINS Journal A, T I
occurred {rom the usual triple harmonic magnetizing
current to a badly peaked 60-cycle wave which then
continues as long as permanent short-circuit conditions
remain,

Fig. 15 shows the 60-kv. ground thrown on with
the condenser drawing approximately 30 per cent
normal armature current leading. This shows the
same violent current fluctuation for approximately
the same time and thereafter a more gradual change
until the condenser cleared by overload in about
L5 second.

WV\M’\(\'\A*/@\—W\M

‘ I IrY { ok
.'.".'a\".'."'g‘d‘ h‘\'nvu"q‘ffq'ﬁ‘q'r."q‘(q"(f.‘l"r,"t,x,‘ '

g, 15
Volts to ground on top; volts wcrossfterl,iury on hottom

ront in center

tertiary cur-

This tertiary current wave form during short cireuit
shows the effect of the condenser as compared with
the normal running conditions at the start and the
short-circuit conditions without the condenser at the
latter end of the film.

The voltage from one corner of the delta to ground
changes as the short circuit was applied from an
approximate sine wave to a wave showing the effects
of the disturbed magnetic conditions and finally as the
condenser clears to the static voltage of the winding
to ground.

Fic. 16

volts across tertiary on hottom

Volts to ground on top:
current in center

tertiary

In Fig. 16 the condenser boost was raised until it
was drawing somewhat less than 25 per cent normal
current (532 amperes) with the 60 kv. grounded as
before. The transient changes for the first few cycles
are the same, but this test was so arranged that the
tertiary relay opened the tertiary switch which in
turn tripped the main condenser switch as in normal
operation.

For about 4 cycles between the time of opening
of the tertiary switch and the clearing of the condenser
there appears a badly distorted voltage of some
4500 volts across the tertiary switch.
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Fig. 17 is the same with an added load on the
condenser and shows a little more clearly the action
between the time of opening the tertiary switch and
clearing the condenser.

The values shown are not alarming except as they
show abnormal characteristic tendencies. The short-
circuit current was limited by limiting the supply to
a very small fraction of what would normally be
available and it is very difficult if at all possible to
predict what would happen with current values 10
to 15 times those used which are known to exist in
times of trouble.

There would also probably be a more violent dis-
turbance for a ground on the 100-kv. fed from a 60-kv.
source but the system connections were such that
the supply could not be limited and it was not at-
tempted. A ground was however thrown on the
100-kv. line without any other source than the 100-kv.
itself and shows the same characteristics as regards
sudden magnetic and current changes in the first two
cycles. This is shown in Fig. 18 which shows the
initial transient clearly.

The tertiary in this case did not trip, and, as it was

1 *_"l
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Fig. 17

Volts to ground on top: voults across tertiary on bottom
bottom: tertiary current in center

tertiary on

impractical to feed from the 60-kv. as in normal
conditions, no further tests were made.

It has been noted above that the currents used were
only a small fraction of the values usually encountered
in trouble though applied to full sized apparatus
under working conditions.

It seems very difficult to work with miniature
test apparatus and apply the results to full scale
working conditions because of the difficulty of securing
the same characteristics in each case.

From a study of the conditions encountered it
was thought that it would be advisable:

1. To permanently close the tertiary, leaving its
current transformer in service.

2. Connect the tertiary relay so that it clears the
100-kv. and 60-kv. transformer bank switches at about
300 per cent normal current in the tertiary in approxi-
mately 10 seconds.

8. This presupposes that the line protective switches
are to operate as they have in the past to clear trouble
selectively in about two seconds.

In the original scheme where the tertiary opened
and tripped the synchronous condenser all of the

PERFORMANCE OF AUTO TRANSFORMERS
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switches were opened during the first 14 second after
a short circuit occurred, that is on the definite time
portion of the induction type relay curve.

It seems advisable to delay the action until the
high-current values had subsided to more nearly a
steady state and then clear the bank of transformers
completely as a last resort. On banks of transformers
in which the tertiary impedance is in the order of
20 per cent and the current-carrying capacity 25 per
cent or above, with a primary impedance of 5 per cent
it is thought that the tertiary will withstand for a

i

‘in {1l

i

Fic. 18
Top. phase B-A tertiary volts: middle, tortiary current:
A volts ground.
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short time any overload that the primary can with-
stand.

Such combinations, unless supplying condensers,
can be and usually are treated as delta banks and only
the over-all transformer protection used.

Some banks of transformers have neither 20 per
cent impedance between high tension and tertiary
nor 25 per cent tertiary current capacity and these
installations present a difficult problem in operation.

Important information on the subject of tertiary
windings may be found in the following articles:
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Fic. 19—DiascraM oF CONNECTIONS

“Harmonics in Transformer Magnetizing Currents”
by Mr. J. F. Peters, TRANSACTIONS A. . E. E. 1915.

“Tertiary Windings in Transformers, their Effects
on Short-Circuit Current” by Mr. J. F. Peters, Electric
JOURNAL, Nov. 1919.

“Transformers for Interconnecting High-Voltage
Transmission Systems; for Feeding Synchronous Con-
densers from a Tertiary Winding” by Mr. J. F. Peters
and Mr. M. E. Skinner, June 1921, JOURNAL of A. I.
E.E.



Economie Considerations of the Power Factor Control

of Lung ”ig]l-\/nlwgc- lines
BY A. V. JOSLIN

Associate, A, [. B
Pacific Gas & Rlectric Company

Review of the Subject —In the early days of the electric
wndustry when transmission lines were short, power Sfactor control
was nol considered necessary. At the present lvme, with trans-
mission lines of 200 miles and more, and with loads whose power
Jactor is very poor owing to the universal use of the induction
molor, power factor control is being forced wpon the lransmission
engineer as a necessity if power is to be iransmilted economically.

T is quite generally accepted that some degree of
I power factor correction is advisable over long high-
voltage lines but the amount of this correction has
been considered a special problem to be worked out for
each particular line.

By constructing curves of kilowatt capacity and
capital cost at various power factors for several typical
lines, the writer has endeavored to show that the power
factor for lowest transmission cost varies through a
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narrow range.

The lines taken as typical are the following:

a. 200 miles, 2 circuit tower line, 500,000-cir. mil
copper conductor, 200-kv. at receiving end, 10 per cent
drop In voltage, 5 per cent transformer reactance at
receiver end. Cost per mile, $35,000.

b. 100 miles, 2 circuit tower line, 250,000-¢ir. mil

e

Presented at the Pacific Coast Convention of the A. I. E. E.,
Del Monte, Cal., October 2-5, 1928.

By taking a few typical examples of transiission lines the eflect
of power factor upon ¢ ficic ney of transmission is shown very clearly.

The most economical line power factor for any ordinary com-
mercial transmission line g shown to vary by a comparatively
small per cend and to be slightly less than unily, Al the same time
there appears a very wide ra nge of load deliveved over a line without
an undue rise in cost of transmission.

copper conductor, 100-kv. at receiving end, 10 per cent
drop in voltage, 5 per cent transformer reactance at
receiver end. Cost per mile, $15,000.

¢. 50 miles, 2 circuit tower line, 250,000-cir. mil.
copper conductor, 100-kv. at receiving end, 5 per cent
drop in voltage, 5 per cent transformer reactance at
receiver end. Cost per mile, $15,000.

Figs. 1, 2 and 3 each has a curve showing the kw.
capacity of the different lines as the power factor at the
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recelving end varies. It wil] be noticed that the kw.
capacity rises very rapidly around unity power factor.

Fig. 4 shows curves of capital invested per kw. de-
livered over line a. Curve marked “Line Cost” shows
capital investment in line only. Curve marked “Con-
denser Cost” shows capital investment in synchronous
condensers required to bring the load power factor,
assumed to be 80 per cent, to the line power factor which
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is required for transmitting the load at the designated
voltage drop.

“Condenser Cost’’ covers condensers installed on
transformers necessarily in use for other purposes, and
includes condenser losses at 3 per cent and at 4 mils per
kw-hr. and depreciation at 3 per cent all capitalized
at 6 per cent per annum. Itemized as follows:

Synchronous condenser installed per kv-a. =
Power required to operate at 3 per cent

loss for one year = 0.03 X 8760 =

262 .8 kw-hr. 262 .8 kw-hr. at $0.004 $1.05
Depreciation at 3 per cent on $7.00 = .21
Cost of operating power and depreciation ~ $1.26
Capitalized at 6 per cent per annum =

$9.00

21.00

Total condenser cost per kw. delivered = $30.00
Line and condenser cost curve is the sum of these two
curves.
Line loss cost curve shows the C? R line losses per
kw-hr. capitalized at 6 per cent per annum.
Total cost curve is the sum of all the above costs.
Two of these curves, total cost and line and conden-
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ger costs are shown in Fig. 1 plotted to line power factor
as abscissas in place of kw. delivered.

Total cost curve shows that, for a minimum trans-
mission cost on this line, the line power factor should be
about 97 per cent lagging.

Similar curves are shown in Figs. 2 and 3 for lines
b and c. They indicate that for minimum transmission
costs the line power factors should be about 95 per cent
and 91 per cent lagging respectively.

Fig. 5 shows curves of line b at two different line
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drops; 0 per cent, and 15 per cent, which indicate the
marked effect these differences have on the most
economical line power factor.

Fig. 1 has a second cost curve with line losses ex-
cluded for a load power factor of 70 per cent. Com-
paring it with the 80 per cent load power factor show
that the load power factor has a very slight effect on the
most economical line power factor.

An increase in the size of conductor chosen will
decrease the line loss cost curve and increase the line
cost curve to a less degree; the net result being to
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raise the economical line power factor. This increase
of the power factor is small compared to the corre-
sponding increase of conductor required to produce it.

A smaller assumed cost of power will reduce the line
loss cost curve and also the condenser cost curve, thus
increasing the economical line power factor. A larger
allowable voltage drop over the line will have a marked
influence in raising the economical line power factor
by reducing the condenser capacity required to deliver a
stated amount of power.

Some of the smaller factors such as attendance for
operating condensers have been neglected as well as
the advantage gained by voltage regulation obtained
by use of the condensers, which displaces regulation
by induction regulators or other regulators with their
attendant losses. Also the saving in generator size
and losses due to the use of condensers has been
neglected.

The foregoing considerations have all been based on a
100 per cent load factor which unfortunately is not
often met with. However, by taking a load which will
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give the average losses of the real load the above
considerations will apply very closely The condenser
capacity required would be enough greater to maintain
the proper voltage at the peak load. The condenser
losses would be only slightly greater. The condenser
cost would be materially increased but this is roughly
only about one third of the “‘condenser cost.”

While the economy of transmission changes very
rapidly with a small change in line power factor it
changes very slowly over a wide range of kw. delivered,
on both sides of the minimum cost point. This can
be clearly seen in the “total cost curve,” Fig. 4.

A change of load delivered from 125,000 kw. to
225,000, 2. e. from 91 per cent power factor to unity
means only a change in capital cost per kw. delivered
of $4.50. Assuming an interest depreciation and
operation charge of 12 per cent this means 54 cents per
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8760 kw-hr. or about 0.06 mil. per kw-hr. which is
a very small per cent of the total cost of a kw-hr.

It is a very happy circumstance that there is this
wide range of load over which the transmission cost is
near the minimum. It means that considerable in-
crease of load can be allowed for when designing a new
line without sacrificing present economy. Likewise
the load on an existing line can be taken care of eco-
nomically up to the point where it will justify an ad-

ditional line.
CONCLUSION

On long high-voltage transmission lines it is economy
to install synchronous condensers to correct the line
power factor very close to unity and if it is necessary to
correct slightly more than this on account of ‘Voltage
regulation the economy of the transmission line will

not be greatly effected.
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STANDARDS OF RADIATION INTENSITY

For a number of years the Bureau has been investi-
gating the instruments and methods used in radiometry,
and during the past nine years it has provided investi-
gators with standards of radiation intensity in absolute
value. These radiation standards are of use to biol-
ogists, physiologists, psychologists, and others, to
standardize the light stimuli employed in their investi-
gations. In this way the work throughout the country
Is becoming systematized and specified on a repro-
ducible basis.

During the past year there has been a greatly
increased demand for these radiation standards, which
consist of seasoned carbon filament incandescent
lamps calibrated for radiation intensity (radiant power
in watts per sq. mm. at a given distance from the
lamp) when the lamp is operated on a given energy
input. Last month considerable time was spent In
comparing several dozen newly prepared radiation
standards with the primary standards of the Bureau.
The comparison is made by means of a thermopile in
connection with a d’Arsonval galvanometer. The
results obtained from day to day are in agreement to
within 0.1 to 0.2 per cent. An interesting observation
Is the constancy of the galvanometer deflection. For a
period of over five days, on resetting a certain primary
standard and operating it on a given energy Input, the
scale distance and radiometer (galvanometer and
thermopile, in air) remained so constant that the same
galvanometer deflection was obtained to within 0.5
per cent.

THE VISIBILITY OF RADIANT ENERGY

In a study of the efficiency of light sources it is
important to know the extent to which the eye 1s
affected by light of different wave lengths, or the lu-
minous efficiency of the spectrum. This factor varies
somewhat with different individuals, so it is necessary
to make observations on as many people as possible
and to use the average of the results.

Several determinations of this average visibility have
been made in the past, but rather large discrepancies
appeared between the results of different observers.
The National Lamp Works of the General Electric
Company considered the subject of sufficient impor-
tance to cooperate with the Bureau of Standards
In a new determination of the average visibility
curve. Fifty-two observers were used in the meas-
urements. As a result of this and previous in-
vestigations the visibility curve for the average observer
1s now known with sufficient certainty for all ordinary
purposes.

These results are embodied in Scientific Paper No.

475 of the Bureau of Standards entitled “The Visibility
of Radiant Energy.”




High-Voltage Switches, Bushings, Lightning Arresters

Experiences of the Southern California Edison Company on its
60,000, 150,000 and 220,000-Volt System
BY HAROLD MICHENER

Associate, A. I. E. E.
Southern California Edison Company, Los Angeies, Cal.

Review of the Subject.— This paper describes the experiences
of the Southern California Edison Company with oil swilches on
its 60-kv., 150-kv. and 220-kv. systems, with air break swilches on
its 220-kv. system, with bushings on its 60-kv., 150-kv. and 220-kv.
systems, and with lightning arresters on all voltages from 11 kv. up.

In some instances the experiences do not lead to unquestionable
conclusions. This is particularly true in the case of lighining
arresters. More nearly complete informalion in regard to actual

occurrences will aid in drawing definite conclusions.
* * * * *

SWITCHES

OR many years the Southern California Edison

Co. has been equipping its 60-kv. system very

largely with western made oil switches. As the
system has grown it has been necessary to increase
the capacity of these switches. The first switches
were made with three rectangular tanks, each tank
having two horizontal breaks in series. The next
step consisted of increasing the size of each rectangular
tank and putting four breaks in series. And now we
are installing switches, each consisting of three cylindri-
cal tanks with round top and bottom and each tank
having six or ten horizontal breaks in series. The
rupturing capacity of these switches has never been

known, but they have handled the job with a fair

degree of satisfaction. Of course, the changes in design
have been forced by increases in system capacity,
which have proved the type in use to be inadequate.
And it is not known how long the present type will be
adequate.

In addition to the switches of local manufacture
there are a considerable number of 60-kv. switches on
the system which were furnished by eastern manu-
facturers. These switches, in general, have given
good results, but it seems impossible to draw any
reasonable conclusions in regard to whether the per-
formance of the locally made switch is better or worse
than the eastern made switches.

It would be very desirable to make comparative
tests of oil switches under conditions similar to those
under which the switches operate, but these tests
would he very difficult to arrange.

It seems quite certain, however, that the capacity
of the 60-kv. system can not be indefinitely increased.
Although 1t may bhe physically possible to make oil
switches which would not blow up when opening
automatically under severe short circuits, their cost
would he greater than the earnings would justify.
This situation will probably be avoided by dividing
the system into two or more partial systems and by
the judicious use of the current-limiting reactors.

Presented at the Pacific Coast Convention of the A. 1. Ii. E.,
Del Monte, Cal., October 2-6, 1923.

The 150-kv. oil switches on the Big Creek system
have given good satisfaction as non-automatic switches.
The method of operation has been such that automatic
opening has not been required. The greater number
of these switches have been in operation since 1913.
They were furnished by two large eastern manufac-
turers.

The 220-kv. oil switches which were put into opera-
tion at 220-kv. on May 6th, 1923, have not been allowed
to operate automatically up to the time of writing
(June 20th, 1923). However, it is intended that

F16. 1

they shall operate automatically to drop out a section
of line which may be in trouble.

These switches were furnished by two large manu-
facturers. Aside from minor defects due to careless
workmanship, or careless details of design, these
switches have given satisfaction during the brief
period they have been in operation.

There are three types of air brake switches in use
on the 220-kv. system, namely, disconnecting switches
for the oil switches; line-sectionalizing switches, and
line-paralleling switches, the two latter types being
used at line crossover stations other than those equipped
with oil switches.

The disconnecting switches on either side of the
220-kv. oil switches are mounted on the tops of in-
sulator tripods which in turn are carried on the top
of steel frame-work. (See Fig. 1). Kach leg of the
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tripod consists of fourteen insulator units and has a total
length of seven feet. The insulator unit js made up by
cementing pillar type hardware to the porcelain of a
standard 10-in. suspension insulator and the units are
bolted rigidly together.

The switch blade is 10 ft. 6 in. long from the hinge
to the jaw end and is composed of two pieces of 114-in.
copper pipe joining at the jaw end and spread apart at
the hinge end. The blade also extends back of the
hinge to form a lever to which the operating rod is
attached. The jaws are solid without any spring.
The contact part of the blade is formed of two paralled
copper straps which have considerable spring in them.
These copper straps are drawn together or forced
apart by a cam mechanism which in turn is operated
by a rod which extends above the blade of the switch,
past the hinge end to the operating rod. The operating
rod consists of a fourteen-unit pillar type insulator
and a rod extending to the ground, where a bell crank
and operating handle complete the mechanism.

In opening the switch the first few inches of move-
ment of the operating handle pulls the blade straps

Fi1gc. 2

together enough to free the blade in the jaws. Further
movement of the operating handle swings the blade
upward. In closing, the blade reaches its closed
position and then the last few inches of travel of -the
operating handle forces the blade straps out against
the jaws. The blade is counterweighted to ma}{e thg
operation easy. The clear opening of the switch is

approximately 8 ft. 114 in.

MICHENER: HIGH-VOLTAGRE SWITCHES
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The line-sectionalizing switches take the place of
the jumper loops in a dead-end tower and are in
reality two switches in series, each switch blade when
closed short-circuiting a string of eight pillar type
insulators, the string length being about 4-ft. (See
Fig. 2). This gives two 4-t. openings hetween a live
section and a dead section of line.

These switches are not to he operated except when

Ta. 3

the line is dead. The operating is done by means of
a switch pole from a platform built into the tower.

The paralleling switch, Fig. 3, is placed between the
lines with a set of sectionalizing switches in each line
on each side of it, thus making four sets of sectional-
izing switches and one set of paralleling switches for
each crossover station.

Each single-pole paralleling switch consists of a pipe
switch blade which bridges across a horizontal diamond
of four strings of strain insulators (standard suspension
insulators). The grounded corners of this diamond
are supported on steel poles. The other corners are
carried by the conductor of the crossover connection.
The switch is operated through a 6-ft. column of
twelve pillar-type insulators and a rod reaching to
a bell crank and operating handle located on the ground.
The switch blade opens upward and will break the
current passing across it when the lines are still in
parallel at another point, provided that the wind is
not blowing too hard. In oneinstance when the wind
was blowing hard the arc went to ground on the
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supporting structure, doing no more physical_ damage
than the breaking of the porcelain on one insulator
unit and the burning of one shield ring.

BUSHINGS

The question of bushings for the 60-kv. oil switches
of local manufacture is rather simple, for the reason
that the bushing does not support any part of the
switch mechanism. Two of the insulator manufac-
turers make bushings which will fit these switches
and they are giving very good results. The other
60-kv. oil switches as well as the 150-kv. and 220-kv.
oil switches must have bushings made particularly
for those switches, since the stationary contacts are
carried by the bushings.

On the 150-kv. and 220-kv. apparatus there are the
oil-filled bushings, or compound-filled on the older equip-
ment, and the condenser type bushings. There have
been a few cases of breakdown on both types. The
compound-filled bushing is in general disrepute and
the transformers which originally had compound-filled
bushings are now equipped with oilfilled bushings.
The 150-kv. oil switches, however, still have their
original compound-filled bushings.

There continues to be trouble in preventing the
oil from leaking out of the oil-filled bushings in spite of
assurances from the factory that the problem has
been satisfactorily solved. This is not serious but
somewhat annoying. The same trouble is encountered
in keeping all joints tight in the conservator type
transformers.

There seems to have been some real progress made in
the method of packing large bushings for shipment.
Two or three years ago it seemed almost impossible
to get a shipment of 150-kv. or 220-kv. bushings from
the eastern factories without a very high percentage of
hreakage. For the 220-kv. equipment delivered this
year, approximately 260 bushings for 220-kv. and
150-kv. were received, all in perfect condition. It
is to be hoped that this is really an advance in the art
of packing and not merely a piece of good luck. One
manufacturer crated these bushings in a vertical
position with four or six in a crate. The hushings were
well braced and completely housed. The other manu-
facturer crated each bushing separately with the
bushing riding in a horizontal position, but it was
rigidly supported at five points along its length.

LIGHTNING ARRESTERS

It has been the general policy of this company to
ingtall ightning arrestersatallits stationsonall voltages
from 11-kv. to 150-kv., inclusive. Electrolytic ar-
resters have heen used almost exclusively until the
last year or two. These arresters have heen installed
in various ways, sometimes on each line connecting
to the station and sometimes on the station husses
only; sometimes with reasonably straight connections
and sometimes with very tortuous connections hetween
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the lines and the arresters, sometimes inside, sometimes
on the roof, and sometimes on the ground outside of
the building. The experience with all this variety of
installations has shown that certain things should
not be done.

1. Electrolytic arresters should not be installed
inside of a building because of the fire hazard. Several
bad fires have been caused by burning oil being thrown
from arrester tanks at times of heavy discharges.

9. That electrolytic arresters should not be installed
on a roof of a building because of the fire hazard
and also because of the deteriorating effect of oil on a
composition roof.

It is generally believed that the connections from the
line to the lightning arresters should be as straight as
possible. However, there are a very few cases reported
in which the lightning did not follow the conductors
provided for it, but instead, jumped to ground from
the end of the bus, or from some sharp angle in the
conductors.

As to the actual value of lightning arresters for the
protection of station equipment from excess voltage
due to lightning or to surges in the lines, it is hard
to judge for two principal reasons; first, there is no
adequate device available to record the discharges
which pass through an arrester and, second, there are
so few cases of lightning.

From the observations ot station operators itis known
that discharges occur when there is no lightning
storm; but it is not known how many such discharges
occur, nor whether any damage would be done if the
arresters were not there to let the discharge pass to
ground. Nor in the case of a lightning storm is it
possible for an operator to observe and record more
than a small per cent of the discharges that probably
occur. There is a great need for a discharge recorder,
which will give a reliable record of the time, and if
possible the magnitude, of each discharge through
an arrester and which will be sufficiently simple and
inexpensive so that it can be installed on a large
number of airesters. Such records, taken over a few
years, would go a long way toward settling the con-
troversy as to whether lightning arresters justify
their expense.

Itis quitegenerally conceded throughout the company
that lightning arresters are a really worth while pro-
tection on circuits of 15-kv. and lower, particularly in
cases of higher voltage lines coming in contact with
lower voltage lines. There have been several such
instances in which the arresters performed their func-
tions properly and were not injured in doing so. The
arresters are sometimes damaged by the higher voltage
power currents as they are occasionally by the power
current which follows a discharge due to lightning.

On the 60-kv. system the case in favor ot lightning
arresters is not quite so clear as it is on the lower volt-
ages. The stations having transformers are almost
universally equipped with them. Here again the

’
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inadequacy of records makes it almost impossible to
say whether arresters are or are not worth the money
invested in them. The fact that they are installed
shows where the predominant opinion lies.

The 150-kv. system was completely equipped with
electrolytic arresters until about a year ago, with the
exception of a considerable period some years ago when
the arresters at Big Creek No. 2 were out of commission.
Since about a year ago the arresters have been taken
off the lines as the 220-kv. construction work made
that necessary, and the fire at Eagle Rock eliminated
those at that station. The fire brought forth the deci-
sion to permanently abandon the use of lightning ar-
resters on the 150-kv. stations at Big Creek No. 1,
No. 2 and at Eagle Rock, whece the arrester tanks
were inside the buildings. It had previously been the
intention to leave these arresters in service, although
the lines had been changed to 220-kv. It has not
definitely been decided whether or not the outdoor
arresters at Vestal will be re-installed.

On the 150-kv. lines there have been only two or
three cases of trouble due to lightning, one of these
was at Eagle Rock after the 150-kv. arresters had been
removed. A 150-kv. insulator inside the building
flashed over during a storm which was causing trouble
on the 60-kv. and 15-kv. lines out of the same station.
Another case of trouble attributed to lightning occurred
on the 150-kv. bus connection inside the building at
Big Creek No. 1, when the arresters were connected
to the lines and apparently in perfect working condi-
tions. At Big Creek No. 2, it was reported that the
arresters discharged heavily at a time when lightning
struck so near that the operators thought the build-
ing had been struck.

The arresters on the 150-kv. lines always discharged
when 150-kv. line switching was being done. The
statement is often made that arresters are not needed
on 150-kv. and 220-kv. lines as a protection against
lightning, but what will these voltage surges, which
cause the lightning arresters to discharges during
switching, do if the arresters are not there? The
answer is, even though these voltages are high enough
to jump the arrester gaps, they are not high enough
to damage the station equipment. The fact that Big
Creek No. 2 operated for many months without arrest-
ers indicates this. And some recent studies made
with a surge recorder on the 150-kv. lines indicate that
switching of a 100-mile section ¢f line does not produce
surges of more than 200 per cent normal voltage.
These studies were made at Eagle Rock while the 150-
kv. arresters were in service, however.

At Vestal, near the middle of the 150-kv. line, there
were two cases of 150-kv. transformer insulation break-
down. The transformers were old and the insulation
was admittedly of a quality inferior to that used in
modern transformers. Yet the extreme thickness of

insulation punctured made it difficult to believe that
inferior insulation could be the cause of the failure.
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Perhaps high voltage did it, but the 150-kv. light-
ning arresters were in service, having very advan-
tageous connections to the 150-kv. lines.

On the 220-kv. lines there are no lightning arresters
and there probably never will be.

In regard to the types of arresters used by this com-
pany, the electrolytic arresters, which, until the last
two or three years, have heen considered the only
arresters at all adequate for station service, have
several faults, one of which is that they require expert
maintenance, which often they do not get. Another

“fault is the fire hazard.

The oxide film arrester has become popular and this
company is installing many ot them on voltages of
60-kv. and lower. Thus far they have given no trouble
and it is assumed that they will give at least as good
protection as the electrolytic arresters. There is
apparently no fire danger from them and this is greatly
to their advantage. The maintenance promises to be
very low. There has been one case of a discharge
throwing some of the active material out of a stack of the
disks. Examination showed that there had been many
discharges through this stack. = This discharge occurred
at the time of a heavy short circuit on the system
and the arrester was located in the heart of the system.

There is only one installation of ‘the autovalve
arresters of the distribution type on the system. This
Is on a 15-kv. line on Mt. Wilson at an elevation of
5000-ft., and though it is not definitely known to have
functioned, at least one lightning storm has occurred
on that part of the system since its installation.

The graded resistance type of lightning arresters
have been installed on 11-kv. lines at several stations
during the last two years. These have given no trouble
to date and have functioned satisfactorily in several
instances.

There is one installation of the Water Column Surge
Arrester on the system. It functions properly when
an arc is formed intentionally across the horn gap, but
that is all that is known of it as yet.

TRANSMISSION OF ELECTRIC POWER
FROM NORWAY TO DENMARK

The Danish, Norwegian, and Swedish Power Trans-
mission Commission at a meeting held in Christiania
in August, 1921, appointed an electrotechnical commit.-
tee to investigate the question of transmitting electric
power from Norway to Denmark. The report of this
committee as to the possibility of power transmission
and its probable cost, based on a number of thorough
technical and economic investigations, has now been
published. Four alternatives have been found. These
are: A direct-current plant, either with cables under
the Skagerak, or with overhead lines through Sweden;
or an alternating-current plant with overhead lines
through Sweden and with either aerial lines over, or
submarine cables under, the Sound. (Minister J. D.
Prince, Copenhagen.)




Methods of Voltage Control of Long High-VOltage Lines

by the Use of Synchronous Condenser
BY JOHN A. KOONTYZ, JIr.

Member, A. I. E. E. .
Great Western Power Co., San Francisco, Cal.

Review of the Subject.— The following poinls are covered in
this paper:

Inherent characleristics of high-vollage lines and high-vollage
transformers.

Effect of low power factor load on high-vollage lines as lo limiting

HE long high-voltage transmission line is n-
T herently very poor as regards voltage regulation.

The inductive reactance is high, due to the wide
spacing of wires required for the high voltage, or to
the long spans that are necessary to reduce the cost of
structures and insulation. Transformers must always
be considered with the line when voltage regulation
is concerned, and they must be designed with high
reactance for the large power systems so that they
can withstand the short-circuit stresses without me-
chanical damage, and reduce the short-circuit current
to a value to give them sufficient heat storage that
they will not be destroyed during system trouble.
The wire must have a large diameter to avoid corona
loss, but in general, this conducting material of the
large cables is utilized to advantage in keeping the
energy loss at a low figure. These cables, however,
subjected to a high voltage, cause heavy charging
currents to flow.

With these points in mind, namely, a system of
high reactance, which at no-load carries a heavy charg-
ing or leading current, it is readily seen that the voltage
generated by the flow of this current through the in-
ductive reactance is added to the impressed voltage
and thus the receiver voltage on the long transmission
line is higher at no-load than the generator voltage.

The amount of this rise in receiver voltage at no-
load will naturally depend on the design of the line
and connected transformers, but with present 100-kv.
svstems this value may be as much as 8 per cent
above the generator voltage, and the highest voltage
lines met with may have an increase in voltage of
almost double this amount under no-load conditions.

The load met with in practise is almost universally
of a lagging nature. When this load with its lagging
current is carried by the transmission line, we meet
with the reverse conditions to that of an empty line
with charging current, as the e. m. f. generated in this
high reactance system when carrying lagging current,
opposes the generator voltage, and the drop between
generator and receiver ends of the line becomes quite
excessive at low power factor and heavy load.
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capacily and uses of condenser for increasing line ouwlput and ob-
taining good voltage control.

Characteristics which must be met by generalors, condensers and
regulating equipment order to conlrol properly voltage over all
operating condilions.

To show this effect of power factor on transformers
and line capacities, figures from an actual curve will
probably best serve the purpose. These results
cover conditions as obtained on 190 miles of 160-kv.,
three-phase circuit. When maintaining the same
generator voltage and a constant receiver voltage,
we could transmit over such a line:

At unity power factor 60,000 kw.

At 90 per cent " ..35,000 (current lagging)
At 80 per cent ‘ ..28,000 " ‘ ‘

At 70 per cent " .. 21,000 “ “

From these figures it is seen that by change of power
factor we can readily control the voltage to suit load
conditions, and this is the method used on long lines,
for in the first place it is an economic necessity to
provide ample synchronous condenser equipment in
order that the lines and transformer equipment may
operate at near unity power factor, and it is a simple
matter and of relatively small expense to provide the
necessary regulator equipment in order that the
voltage on the receiver system may be held constant
and the power factor shifted to suit load conditions.
The ordinary regulator of the Tirrill type is well
suited for such work if the equipment is of the so-
called broad range type such that it will control the
field current of synchronous condenser or generator
from practically zero to a value well above normal.

In some transmission systems where the ohmic
resistance is low and the reactance high, it is possible
to operate with equal and constant voltage at both ends
of the line, but in most cases it is necessary to operate
with the generator voltage higher than the receiver.
The amount naturally depends on the size and length
of line. In general this generator voltage should
exceed the receiver voltage by at least the
resistance drop of the load current in the connecting
lines, and sometimes more than this value, depending
on the power factor of the load that must be handled
over the line.

In order to reduce the line losses, particularly at
light load, line drop compensators can be used on the
generator voltage regulators to advantage, as by proper
setting of these power house regulators, they will
increase the generator voltage as the load increases
to take care of the line drop, and at light-load or
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no-load the voltage will be automatically lowered
80 that the receiver condensers will not be called
upon to supply such large amounts of lagging line
current at light loads. These line drop compensators
will not only increase light-load losses but wiil also
permit of use, in general, of condensers which are of
slightly less cost, as a condenser will probably only
have to supply one half or less of its rating in lagging
line current at no-load conditions,

In order that satisfactory voltage control may be
had in connection with any high-voltage lines, the
apparatus must be specially designed to suit conditions.

The generator design must be such that the units
will carry charging current without becoming self-
exciting, or such that under all operating conditions,
these units will require positive field excitation to
give their normal voltage at normal frequency. When
practicable, these generators should be of such size
and so designed that one unit will charge a transmission
line. This will not always be possible in connection
with the extremely high-voltage lines, but where a
single unit cannot be used, the station, or certain
groups of machines in the station, should be designed
to take care of line charging and testing, so that this
may be handled with dispatch. One disadvantage
in using more than a single machine for testing purposes
1s that when these units are operating at very low
values of field current they have low synchronizing
torque, and it is sometimes difficuit to keep a number
of units in step.

The synchronous condenser should be selected so that
they will furnish their maximum kv-a. of lagging line
current with field excitation above the residual voltage
of their exciters. Condensers that are operated from
the secondaries of transformers or tertiary windings
of auto-transformers where power is not supplied
from the same winding or from the condenser bus,
should be carefully selected for operation with their
respective transformer designs, so that the voltage
variation  obtained, due to power factor changes
through the transformers, will not effect the condenser
output, as it must be borne in mind that the condenser
will have to furnish its highest voltage at a time when
1t Is operating with its heaviest field current, or when
furnishing leading line current, while on the other
hand, when furnishing lagging line current and ex-
tremely low fields, the condenser will in turn be opera-
ting at well below normal voltage, which may effect
the kv-a. output of the machine or reduce the field
excitation to such value that it is difficult or impossible
to obtain stable regulator operation. This variation
in voltage in modern transformer design, may easily
amount to 15 per cent.

Automatic voltage regulators are difficult to adjust
to control the voltage of long lines under no-load
conditions and obtain stable operation. This is due

to the extremely low values of exciter voltage required
on the generator and condenser fields and to the
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fact that quite a portion of the exeitation is supplied
by the leading current of the line, and the regulator
is_hence only controlling a portion of the total ex
citation.

This condition can be greatly improved by installing
proper relays so that at suitable exciter voltage the
condenser field rheostats and generator field rheostat
are gradually cut into the circuit hefore this low-
exciter voltage is reached. This resistance acts as a
governor, tends to reduce surging and permits the
exciter to operate at a higher voltage.

To obtain the low-exciter voltages necessary it
requires very high resistance in the exciter fields over
which the regulator contacts must operate if speed is
obtained under no-load or line charging conditions.
When using this large amount of resistance, very
sluggish and poor regulator operation is obtained
under heavy load conditions, so at load conditions
it is necessary to shift the amount of resistance in the
exciter field and make sure that all resistance is cut
out of the generator and condenser fields. This ean
be taken care of by utilizing a proper type relay such
that it will not only cut in the resistance on light load
conditions, but will cut out this resistance in generator
and condenser fields when the load increases to the
proper value, an additional relay should be used con-
necting a resistance in shunt with the exciter field
rheostat under heavy load conditions. Thus, by
suitable adjustment of this relay, it can be made
to cut in or out of the exciter field at suitable
values in order to obtain the most stable operating
conditions.

Voltage regulation of long lines is thus taken care of
mainly by power factor control. The synchronous
condenser not only serves to correct the power factor
and in many cases reduce line losses, but it also gives
a steadying effect on the system, which is difficult
or impossible to obtain by any other niethod of voltage
control. Short lines can he operated without condenser
equipment, but it is difficult to obtain good voltage
regulation by generator regulators alone when the
load power factor is poor. For satisfactory operation
of long lines it is essential that automatic voltage
regulators be used at both generating stations and
on the condensers at the receiving stations, and in
general line drop compensators can be used to ad-
vantage in connection with the generator regulators.

TRANSOCEAN RADIO TELEGRAPHY

Commerecial radio telegraph duplex circuits are now
in continuous operation between New York and Com-
mercial centers in England, France, Germany, Italy,
Norway, Poland and Holland and by way of these
stations to all countries in Europe, Africa and the Near
East. Through American land line connections all
places in the United States and Canada are in radio
telegraph contact with Japan and Hawaij through
the American high power radio station at San Francisco.




Test Results on the Performance of Suspension Insulators
in Service
BY C. F. BENHAM

Associate, A. I. E. E.
Great Western Power Co., San Francisco

Review of the Subject.— Megger lest resulls on suspension
insulators on the lines of the Great Western Power Company cover-
ing records since 1908 giving the percentage of deprecialion by

districts, viz., mountain, valley and coast conditions; also results

covering the different lypes.
* * * * %

HE suspension insulator has been the subject of
T much discussion, particularly during the last

decade, when the faults of most of the products of
earlier manufacture were brought to light and the great
increase in their use, due to the general tendency
toward higher voltages, considerably extended: the
interest in their behavior.

Extensive investigation has been carried on as to the
cause of their deterioration, which was so pronounced
in the older units and from which the later output is
not entirely free. Many valuable data have been
collected, from observation of insulators in actual
service,—and experimentally as well,——and many
conclusions have been drawn. At the present time the
most generally accepted theories attribute failure to
improperly fired porcelain,—either porous from under-
firing or brittle from overfiring,—and even more to the
mechanical stresses set up by the unequal expansion of
the various elements of the usual cap and pin type of
unit.

B Most of the manufacturers have profited from the
light which has been thrown on the subject; by a
combination of better porcelain. through more scien-
tific mixing and heat control of the firing and the
elimination of a large part of the temperature stresses
through better design and methods of assembly, they
have produced an insulator which is fairly long lived,
as compared to the article supplied fifteen years ago.

Records are available covering the performance of a
fairly large number of suspension units in use in the
high-tension lines of one company,—a majority of
which have been in service for about fifteen years,—
and most of the balance from eight to twelve years.

After about six years of operation, the frequency of
insulator failures was increasing at an alarming rate,
and interruptions to service became so numerous that
it was necessary to adopt a system of field testing to
eliminate the faulty units.

From the indications of the first testing it was deemed
advisable to replace one type of insulator completely—
as well as the defective units of all types—using a new
insulator of improved design and material. Subse-
quently other types were replaced as a whole and all
insulators in certain sections where the rapid depre-
ciation coupled with the inaccessibility made testing
very costly. As a result failures have been reduced to
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only one or two sporadic cases in a year, at the most,
with one period of twenty months in which none
occurred at all. Testing intervals have also been
increased to a fairly reasonable period, varying from
one year in a few sections to from two to three years
for the majority. This is governed partly by the type
of insulator preponderating, but more especially by
the climatic conditions prevailing, which vary con-
siderably over the entire system.

Periodic testing has been carried on for the past nine
years, and an analysis of the test records, with reference
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I"G. 1-—DETERIORATION OF SUSPENSION INSULATORS UNDER
DirrErENT CLIMATIC CONDITIONS

to the effect of different climatic conditions and also
comparing the behavior of various types, is presented
graphically in Figs. 1 and 2.

Fig. 1 brings out the decided effect of temperature
changes on the life of an insulator, and is rather con-
clusive proof that expansion stresses are a more serious
problem than porosity. The four geographic divisions
selected are quite sharply defined with distinet charac-
teristics as to climate; while they vary greatly in
extent, each is large enough to include a representative
number of each of the various insulators and hence
affords a fair comparison. The mountain and coast
hill sections are subject to almost daily ranges of tem-
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perature of considerable magnitude, while in the upper
and lower valley sections the only variations of any
consequence are seasonal, though the daily range in the
lower valley is perhaps a trifle greater on account of the
winds. Again, the mountain and upper valley districts
are comparatively dry, while the lower valley and
coast sections are quite humid, the one being in a river
delta and the other subject to fogs. Thus we have
four distinet combinations of temperature cycles and
humidity.
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FiG. 2—DETERIORATION OF SUSPENSION InsunaTors, Cowm-
PARISON OF DIFrFERENT TYPES

Curvzs designated by same letter are products of same manufacturer.

InsvrLaTOR SHOWN IN CURVE B-1

Fig. 2 covers the general performance of several
different .types of insulator, and is particularly in-
teresting in the manner in which it brings out a com-
parison between different designs and stages of develop-
ment of the same manufacture. The slight tendency of
Curve B-1 to show a decrease in the deterioration can
be accounted for in the fact that it includes insulators
of two different ages. It has not been possible to
segregate them generally in the test records, as they
are alike in appearance, but a few specific cases indicate
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that the newer insulator has a much greater life due to
improvements jn poreelain and details of assembly.
The proportion of older insulators s gradually being
reduced through replacement, with a resulting decrease
in the rate of depreciation of the combined group.
The most striking feature is the very slight de

INsuLaTOR REPUESBENTED BY CUNVE [3-2

terioration of the insulator shown in Curve B-2, which
represents a fairly recent output of a design which is
standard at the present time. Actual figures are
perhaps more conclusive. Of some 10,000 units
subjected to test, no failures developed in six years,
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INsULATOR SHOWN IN Cunrve A4-3

and only nine in the seventh year and 10 in the eighth
year or a total of only 19 units out of 10,000 after
eight years of service. This would rather indicate that
the insulator question is no longer a very serious prob-
lem, at least under the conditions which prevail among
those in the foregoing study.




Transformers for High-Voltage Systems
BY A. W. COPLEY

Associate, A. I. E. E.
Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa.

Review of the Subject.—The designs of transformers for
220-kv. syslems do not represent radical departures from designs
which have become standard for lower voltages. The solidly
grounded neulral system is used and advanlage is laken of this lo
use graded insulation and reduced vollage lest. Aulo-transformers

are used o connect belween the 220-kv. system and existing ligh
vollages and are connected slar-star wilh delta tertiary. The
tertiary may or may nol be used to supply synchronous condensers

but it is not used for the supply of power load.
* * * * *

‘x / HEN considering the use of extra high voltages
for the transmission of electrical energy,
the apparatus that first claimed the attention
of the engineers consisted of transformers, switches
and line insulators. Other apparatus, such as genera-
tors and synchronous condensers, have generally Leen
considered as being unaffected or only slightly affected
in their design because of their application in
connection with high-voltage transmission. The
problem of transformer design for 220,000-volt
operation has been met and solved, however, with-
out the encountering of any unforeseen difficulties
or complications.

The application of transformers to 220,000-volt
service has brought about a change in the generally
prevailing ideas in regard to transformer construction
in that the considerable savings obtained by the use
of graded insulation on the 220,000-volt transformers
has centered attention on similar savings which could
be accomplished on transformers for the more moderate
voltages. Except for this point, design problems
on the 220,000-volt transformers have not been ap-
preciably different from those which had been pre-
viously met in standard high-voltage transformers
and design. The same types of design have been used,
transformers of both the shell and core forms having
been built and are now in operation on 220,000-volt
circuits. The quality of insulating materials and the
insulating oil have not been affected by the advent
of the high-voltage. The same types of terminal

bushings and the same principles of design have been
followed.

It was universally recognized among engineers that
a solidly grounded neutral should be used on the
220,000-volt system. This point being established,
it became desirable to take advantage of the savings
that could be effected in transformer manufacture by
using only one high-voltage terminal and by grading
thg insulation from the maximum at the line end to a
mmirpum at the neutral end of the high-voltage
winding. Such grading of the insulation does not,
however, affect the providing of extra insulation
between turns or the turns immediately adjacent to
the ends of the winding, and such extra insulation
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has been provided, both at the line end and at the
ground end. This practise has been followed n
recognition of the fact that surges or steep wave
front potentials might be experienced at either end of
the winding even when one end is connected solidly
to ground.

In carrying out the design of the transformer
for use on a system on which the neutral is solidly and
permanently grounded, it has seemed to be possible
and desirable to recognize the lower electrical stresses
to which a transformer so applied would be subjected
when compared with a transformer applied on a
system in which the neutral is not necessarily
permanently grounded. It should, therefore, be possible
to reduce the insulation test to which the transformer
1s subjected.

It is evident that it would be impracticable to
apply the voltage test specified in the Institute Rules
between the whole winding and ground because of
the grading of the insulation. The logical method of
applying the insulation test is to ground the neutral
end of the winding on the transformer core and to
induce the test voltage in the winding. This gives the
maximum voltage test at the line end and graduates
it to zero at the neutral end. The dielectric test for a
transformer as specified by the Institute Rules is two
times the line-to-line voltage plus 1000 volts. The
maximum operating voltage which might obtain on a
transformer used on a line without solid grounding of
the neutral would occur when one line became grounded
and would, therefore, amount to the line-to-line
potential.

The voltage test specified by the Institute gives
a factor of safety of two on this voltage or, in other
words, gives a margin equal to line-to-line voltage
above the maximum normal obtainable voltage. When
a transformer is used on a solidly grounded neutral
system and is provided with graded insulation, the
practise has been followed of testing with this same
margin but as the maximum normally obtainable
voltage in such a case is only the line-to-neutral value,
the test given is the line-to-neutral value plus the
line-to-line value or 2.73 times the line-to-neutral
voltage.

As has been suggested, the attention brought to the
graded-insulation, single-terminal transformer, by its
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use on 220,000-volt circuits, has brought about similar
arrangements for more moderate voltages and recently
transformers for 165,000-volt systems and also for
lower voltages have been constructed on this principle.
The savings accomplished are larger and more im-
portant on the very high-voltage transformers, but
there is also a very real saving on transformers built
for lower voltage operation.

On the transmission systems now arranged for
220,000-volt operation, special conditions have called
for the use of auto-transformers connected to the
high-voltage line. The Southern California Edison
Company had been operating their Big Creek lines
at 150,000 volts and the two original Big Creek plants
and the Eagle Rock step-down substation were pro-
vided with transformers and switching equipment
to give or to utilize this potential. It was considered
economy, therefore, to allow this 150,000-volt apparatus
to stand and to obtain the 220,000-volt potential
by auto-transformation. This necessitated star-star
connection between the two voltages and the use of
tertiary windings to supply the third harmonic com-
ponent of magnetizing current and to provide a com-
paratively low impedance path for the flow of the
unbalanced current demanded in the case of a ground
on the star-connected system. The importance of
maintaining this tertiary winding in service under all
exigencies was considered by the engineers of the
Southern California Edison Company to be enough
to warrant the exclusion trom this winding of any other
load such as low-voltage local distribution or syn-
chronous condenser current.

The newer Big Creek power plants and the new
Laguna Bell substation, near Los Angeles, are equipped
with two-coil transformers connected in star on
the high-voltage, and delta on the low-voltage side as
no intermediate 150,000-volt potential is required.

The Pacific Gas & Electric Company have had
a 100,000-volt system in use in the San Francisco
district for many years and it was planned to bring the
power from Pit River into the district and to transmit
it to the 100,000-volt system already in existence.
Thus transformation from 220,000 volts to 100,000
volts became necessary and auto-transformers provide
the most economical means of making such trans-
formation. These auto-transformers are located at
the Vaca substation. They are connected star-star
and provided with a delta tertiary winding which cares
for the third harmonic component of magnetizing
current, unbalanced ground current in case of line
faults, and at the same time supplies the synchronous
condensers used for line regulation.

It is not practicable to use the tertiary winding for
:supplying local distribution and at the same time
synchronous condenser current if the field of the
.synchronous machine is varied in such a manner as
to give a constant potential on the high-voltage side
of the transformer. This prohibition is on account
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of the voltage variation which must obtam on the
tertiary winding under this condition.

REGULATIONS FOR RADIO ANTENNAS

It is intended to include in the next edition of the
National Electric Safety Code some regulations for the
construction of outdoor radio antennas. A subcommit-
tee to deal with this subject held its first meeting at the
Bureau of Standards on October 19 under the chairman-
ship of L. E. Whittemore of the Department of Com-
merce.

The Committee outlined proposals for the regulation
of antenna construction and after further consideration
these will be reported to the large Sectional Committee
which is carrying out this revision of the Electrical
Safety rules according to the procedure of the American
Engineering Standards Committee.

TESTS OF RADIO RECEIVING SETS

The results of tests on radio receiving sets made by
the Bureau of Standards are given in a series of letter
circulars now being issued. The first of this series is
Letter Circular No. 90, which gives results of tests on
certain electron tube receiving sets. The second, Letter
Circular No. 93, describes the results of tests on receiv-
ing sets using crystal detectors. The third paper of the
series, Letter Circular No. 102, has just been issued and
describes results of tests on a number of short-wave re-
generative receiving sets. It is believed that the
methods followed and the examples given in these
reports will be of assistance to manufacturers in the
development of methods of testing and describing and
improving their products.

These letter circulars have been issued in mimeo-
graphed form, but a limited number of copies are avail-
able for distribution to testing laboratories, manufac-
turers, and others who can show that they are directly
concerned with the testing of receiving sets. Requests
should be addressed to the Bureau of Standards.

SOURCES OF RADIO INFORMATION

A considerable number of inquiries received at the
radio laboratory of the Bureau of Standards call for
similar elementary information regarding radio publi-
cations, radio laws and regulations, station and opera-
tor’s licenses, and call books. In order to facilitate the
handling of these inquiries, Circular No. 122 was pre-
pared and recently revised. The new edition gives the
more Important radio periodicals, lists the important
Government radio publications, and the radio books of
general interest issued by various publishers, gives a
brief summary statement regarding the radio laws and
regulations of the United States and Canada, and gives

a map showing the radio inspection districts. A copy

of the second edition of Bureau of Standards Circular
No. 122 may be purchased for 5 cents from the Superin-
tendent of Documents, Government Printing Office.




Waterwheel Construction and Governing
BY E. M. BREED

Pelton Water Wheel Co., San Francisco, Cal.

HE design and manufacture of hydraulic turbine
T equipment has been very considerably accelerated
within the past few years; more particularly
since the World War, as the lessons it taught us in
regard to diminishing fuel sources and the interruption
to fuel supply through labor disturbances, both directly
in fuel production and indirectly in its transportation,
have stimulated in a very decided manner the investi-
gation and development of the water powers of the
nation. The remarkable strides made in the long-
distance, high-tension transmission of power have
rendered economically available water power sources
formerly considered impossible and, particularly, in the
West where long distance power transmission and super
power zones have now become realities.

This very considerable increase in the actual and
prospective use of hydraulic prime movers has resulted
in the past few years in pronounced activity in study
and experimentation, to improve the design features of
existing types of hydraulic turbines and in the develop-
ment of new types. This progress is evidenced, not
only in the turbines themselves but in their auxiliary
equipment, as well as in the water conduits above and
below the turbine proper. The rather gratifying
results of this investigation and study have introduced
a new period in turbine design, characterized by a
desire to design the hydraulic equipment to fit the
physical conditions and load requirements existing,
rather than an attempt to modify the physical condi-
tions to suit certain recognized types of turbine design,
based on accepted “type characteristics.”

This present healthy condition in the field of turbine
design, gives the hydraulic engineer a very considerable
latitude in the choice of type and speed of turbine, and
in the general arrangement of the hydraulic equipment.
As a result, the collaboration of the turbine manufac-
turer and the power company engineers in the pre-
liminary study of any certain development becomes
more desirable than ever, thus emphasizing the com-
munity of interests between the manufacturer and the
power company. This broadening of the field of
pessible types and designs of turbines, becomes ap-
parent in three principal directions; a very considerable
Increase in speeds available for low and medium head
turbines; a considerable extension of the maximum
heads for which turbines can be designed, and an
increase in the capacity of unit considered economically
feasible.

The record, as far as size of unit is concerned, is set
by the Niagara Falls Power Company which placed
contracts last year for three single-runner vertical
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turbines each of 70,000 h. p. capacity. The engineering
fraternity is .nclined to expect such records to be set,
from time to time, at Niagara Falls as conditions are
such there as to warrant the installation of large units,
but there have been a number of other installations
throughout the country of large size turbine units, and
the time seems to have passed when turbine units of
less than 40,000 or 50,000 h. p. occasion any comment.
It is not too much to say that should the economics
warrant, the capacity of individual hydraulic turbine
units will reach 100,000 h. p. in the not distant future.

Under conditions where the operating heads are
moderate, that is to say 300 ft. or 350 ft., these large
size units do not produce design requirements differing
materially from those with which we are ordinarily
familiar. There are, of course, vast differences in the
physical sizes of component parts but, generally
speaking, large turbine units under these moderate
heads may be said to have been developed homologously
from designs of lesser capacity. The 70,000-h. p. units
referred to, will be of the same general design as the
55,000-h. p. units manufactured by the same company
for the Queenston Plant of the Hydraulic Power Com-
mission of Ontario, and as the 37,500-h.p. units
manufactured for Station No. 3 of the Niagara Falls
Power Co. They will operate at 107 rev. per min.
under 213.5 ft. head. Some idea of the physical
dimensions may be gained from the fact that the casing
inlets will be 14 ft. in diameter; the power water being
controlled by means of 21 ft. by 14 ft. Johnson needle-
type valves. The over-all diameter of the cast steel
spiral casing will be approximately 42 ft. and the
outside diameter of the cast steel runner will be
approximately 15 ft. 6 in.

In general, however, it may be said that size in a
unit is not an advantage in itself, as seems to be some-
times considered. The increase in efficiency, if any,
resulting from an increase in capacity beyond say,
30,000 h. p. to 35,000 h. p., is probably very small, and
the decrease in cost per h. p. in most installations of
extremely large size units is problematical when the
increase cost of foundations, super-structure and
auxiliary hydraulic equipment is considered. On the
other hand, there are probably only a few power systems
in the country where units of 50,000 h. p. or larger, can
be used to advantage and a very careful study should
certainly be made of the present and expected load
requirements, stream flow conditions and expected
shape of the efficiency curve below half load before
large capacity units are decided upon. In many cases
it will probably be found that large capacity units
would be operating a considerable percentage of the
time on a low part of the efficiency curve. This not
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only means inefficient use of the water resources, but
also rapid deterioration and, consequently, high up-keep
charges on the runner, wicket gates and adjacent parts,
with frequent removal of the unit from service.

The next most important forward step in turbine
construction as marking the progress of the art, is
found in the development on the Pacific Coast of
what may be termed high-head turbine design. Indeed,
from the viewpoint of engineering significance, the
high-head turbine should probably be named first as
the large number of high-head power sites available in
the Rocky Mountains and West, where some seventy
per cent of the total undeveloped power of the nation
exists, gives rise to the expectation that a considerable
proportion of turbine development in the future will
be of the high-head type. The development, at their
Kern River No. 3 Plant, by the Southern California
Edison Company pioneered the field of high-head
turbine construction with an installation consisting of
two, 25,000 h. p. vertical turbines operating under an
effective head of 810 ft. - Many problems not ordinarily
met in low-head turbine design required solution.
Since the plant has been successfully operating
for some three years, it may be definitely said
that the solution of the high-head turbine has been
proved.

The Portland Railway Light & Power Company has
at the present time under construction for its QOak
Grove Plant a high-head reaction turbine of 35,000
h. p. capacity to operate at 514 rev. per min. under an
efflective head of 850 ft. This plant when put into
operation will be the highest head turbine installation
known, this distinction at the present time being held
by the two turbines of the Southern California Edison
Co., previously described.

While in the larger low-head installations lignum-
vitae bearings, water-lubricated, are still extensively
used, the trend is nevertheless toward babbitt-lined
bearing, oil-lubricated, and in the high-head turbines
these have been used exclusively. It will be obvious
that in the high-head installations the clearance space
between the runner and the stationary parts of the
turbine casing must be kept at a minimum if the leakage
and consequent errosion of the high-velocity water is
to be properly controlled. It is customary, therefore,
to keep the high-head turbine runners rigidly in their
position of alinement and babbitt-lined bearings, in
which the space allowed for the maintenance of the
lubrieating ol film is kept as small as possible, are
essential. Coincident with the necessity for keeping
the runner clearanees at a minimum, is the requirement
for some kind of runner seal which with such close
clearances will not leak, seize, nor wear. These needs
have been met by the company, with which the writer
is connected, through the development of rubber seal
rings and several units have been in successful opera
tion for a couple of years under very difficult silt and
sand conditions, using this type of seal ring.
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A great deal of attention and study has been given
to the problems arising in high head turbine design,
due to the increased velocities in the water resulting
from operation under these higher heads. The utmost
care must be taken in the design of turbine casing,
speed ring, guide vanes, etc., to prevent as far as
possible, formation of eddies and disturbance of the
stream line flow. The volute casing is so designed that
the cross-sectional area of the volute passage will
decrease when passing around the circumference of the
turbine at a rate sufficient to provide a continually
increasing veloeity in the water, inversely proportional
to the radial distance from the axis of rotation of the
runner. This will deliver the power water to the guide
vanes under the same velocity and pressure head at all
points of the guide vane circle, and it is interesting to
note that the use of the Overn disk-type guide vanes,
as developed by one of the Eastern hydraulic manu-
facturers, tends to reduce hyvdraulic losses at this
point to a negligible quantity through the thin stream
line shape permitted by this design of vane.

With the increase in the size of turbine units, the
problem of governing has undergone very considerable
change. The greater capacities of single-turbine units
have come about to a considerable extent, from the
fact that they are being installed by companies which
are operating large systems and which can, therefore,
effectively absorb the output of these single high-
powered units en bloc, with the normal load fluctuations
of their systems being easily taken care of by other
units or plants of smaller capacity tied into the same
transmission net work. Therefore, from the viewpoint
of regulation, the governing problem on the larger units
is not severe. On the other hand, the importance of
perfection in the governing mechanism in these larger
units can very properly be considered by realizing the
responsibility placed upon it and its power to do
extreme damage if it fails to function properly. For
instance, the length of governor stroke on a large turbine
operating under moderate head may not be in excess of
9 in. to turn on the load from zero to maximum capacity.
Obviously, the rate with which this vast amount of
energy may be turned on or shut off must be absolutely
under control. These considerations alone have led to
studies in governor design that, without question, are
producing a much higher type of construction than in
the past. Facilities have been provided for changing
from governor control of the turbine unit to hand
control by the movement of a single lever. Governors
are also usually equipped with devices for automatic
emergency operation to close down the plant should
almost any unusual condition develop, either eleetrically
or mechanically. Complete switchboard or remote
control in the matter of synchronizing, limiting or
adjusting of load and emergency shut-down are now
included in the modern governor.

It has become quite general practise to install
individual oil-pressure sets faor each governor and
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turbine unit, as this gives an independence in operating
control and also largely helps to keep the physical size
of the pressure-oil units within such limits as will make
them fit harmoniously into the power house plan.
Advocates of the central oil-pressure systems usually
cross-connect the individual oil pressure sets by means
of suitable piping so that any one oil-pressure set may
be used for any turbine. Where conditions permit,
individual oil-pressure sets are made large enough not
only to provide pressure oil for their own turbines but
also to operate an adjacent turbine under emergency
conditions.

Pressure regulators, or relief valves, have undergone
considerable change of design by reason of the large
water quantities that now must be handled and on
occasion also because of the high heads under which
they must discharge. Mechanically-operated relief
valves which take their motion directly from the gate-
shifting mechanism on the turbine are essential and
the entire pressure regulator structure should be so
designed as to safely withstand the full effort of the
governor so that should an obstruction block the
opening of the relief valve, the turbine guide vanes will
be effectively prevented from any further closure, as
otherwise a serious ram or rise of pressure in the pipe
line would result. It is also essential that the pressure
regulator shall have a discharge characteristic which
will approach as closely as possible the discharge
characteristic of the turbine guide vanes, as otherwise
the inverse movement of the guide vanes and relief
valve will cause variations of the velocity of flow in the
pipe line which may result seriously.

Another development of importance in the turbine
field is the rapidly increasing use of the so-called high-
speed or propeller type runner. The Francis type
runner, which has been the standard for many years,
has been developed and perfected so that for low head
work, specific speeds as high as 80 or 85, in the English
system, can be gotten with fairly high efficiencies, but
as these appear to be about the limit to be expected, a
great deal of experimentation and study has been given
to the development of a new high-speed type of runner.
Some of the advantages gained by the use of the
propeller type or diagonal runner are:

Furst. A reduction in the first cost of the hydro-
electric unit, due to the smaller dimensions resulting
from the higher speed, and a reduction in the cost of
the super-structure of the power house, cranes, ete.
owing to the lighter weight of the rotating element and
other parts to be handled.

Second. The mechanical strength of the diagonal
runner is improved over that of the Francis type as the
overhang of the vanes is less and the connection between
runner hub and vane considerably longer, resulting in
smaller bending stresses in the vanes. As the vane is
unshrouded the construction permits of the use of
separate vanes which can be bolted to a central hub,
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allowing the replacing of a single vane, if accidentally
damaged.

Third. The design of the diagonal runner is much
simpler than that of an equivalent Francis runner,
thus eliminating to a very considerable extent the
possibility of erosion, cavitation, etc., and providing a
more direct passage for the water. The runner usually
consists of from four to eight vanes, in comparison with
the Francis type, having from fourteen to eighteen
vanes, so that the clear openings through the vanes are
considerably greater, preventing to a very consider-
able extent, the possibility of clogging with foreign
material.

A considerable number of these high-speed runner
units have been installed in the past two or three years
and very satisfactory results obtained. Numerous
tests have been made both of the model runners and of
complete units installed, and efficiencies of 88 per cent
to 90 per cent can reasonably be expected from this
type of runner when designed for specific speeds ranging
from 110 to 150, English system; the efficiency drop-
ping off somewhat as the upper range of specific speed
is reached. Possibly the most notable installation
thus far made with this type of runner, is that of the’
Manitoba Power Company, installed last year con-
sisting of three 28,000 h. p. vertical hydroelectric units
with propeller type turbines, designed to operate at
138.5 rev. per min. under a net effective head of 56 ft.
This corresponds to a specific speed of 153, English
system. The runners of these turbines contain six
blades and have an over-all diameter of approximately
16 ft. These units have indicated very clearly the
remarkable characteristics of this type of runner, in
particular, its ability to operate at normal speed under
greatly reduced heads, with a considerable power output,
the range of effective head being from 28 ft. to 56 ft.
It is interesting to note, in this connection, that the
runner of the Manitoba Power Company turbines is
within a few inches of the same diameter as the Francis
type runner of the turbines installed at the Cedars
Rapids Plant on the St. Lawrence River, which were
manufactured by the same company eight years
earlier, but that the specific speed of the Manitoba
turbines is practically twice that of the Cedars
Rapids units, notwithstanding the Cedars units rep-
resented the highest specific speed obtainable at
that time.

The subject of draft tube design is one which has
caused a great deal of discussion in recent years and on
which there is a considerable diversity of opinion.
Numerous tests have been conducted for the purpose of
determining the relative values of the different types,
but as most of these tests have been made with model
runners and tubes where slight variations in construc-
tion and setting of the tubes produced widely differing
results, there still exists a great difference of opinion as
to the most efficient form.
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Review of the Subject. — This paper deals wiltfy the general
problem of providing lony distance lelephone seruvice on lhe Pacific
Coaslt. A description of the present loll plang' ¢s given and the
applicalions which have been made of recent developments in lele-
phone practise are tllustrated. Reference is made lo the extensive
use which has been made of carrier telephone and lelegraph systems,
and the many special problems, such as lhe loading of long toll

The service to Calulina Island is described lo illustrale the changes
wohich are taking pluce in the communication arl. This service
was first provided by means of u radio link to which a privacy
system was laler added.  This radio system was later replaced by
lwo submarine cables between the island and the mainland. The
mechanical and eleclrical characleristics of lhese cables are given,
together with a descriplion of the work of laying, which was done
principally by the government cable ship, ‘' Dellwood.”’

entrance cables, which these systems introduce, are pointed oul.
ITHIN the last few years the extensive and
systematic research which has been carried on
by the Bell Telephone System has resulted in
developments in the art of Jong-distance telephony
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of facilities whereby the telephone service rendered the
public has been greatly extended and improved. Many
of these new developments have been ably described
in Mr. Osborne’s paper, and in others recently presented
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which are indeed remarkable and have placed at the
disposal of the Bell companies an ever increasing variety

Presented at the Pacific Coast Convention of the A. I. E. E.,
Del Monte, Cal., October 2-5, 1923.

before the Institute. It is the purpose of this paper to
point out the extensive use which has been made of
these newest facilities on the Pacific Coast and how the
various elements have been combined under the par-
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ticular conditions encountered here to form a coherent
toll plant.

To illustrate this, the accompanying map has been
prepared. Backbone routes extend north from San
Diego through Los Angeles, San Francisco, Portland
and Seattle, to the international boundary where con-
nection is made with the British Columbia Telephone
Company’s lines to Vancouver. Contact with the
territory to the east is effected by leads to Phoenix,
Salt Lake, Boise and Butte. The heavy lines on the
map represent leads on which carrier systems are in
operation. The medium weight lines represent, other
main leads not so equipped at present, while the light
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built up circuit exceeds the limit which has been set,
repeaters are inserted at the intermediate points to
preserve the necessary over-all efficiency.

To illustrate the manner in which the several types
of circuits may be combined, let us assume a connection
established between Avalon on Catalina Island and
Deer Park, Washington, a tributary of Spokane. The
circuit arrangement together with the comparative
power level at all points when the Avalon party is
speaking is shown in Fig. 2. Starting from the Avalon
end we encounter in succession, a deep sea submarine
cable, a long loaded toll cable, the 25-kilocycle channel
of a carrier telephone system operating over No. 12

AVALON — DEER PARK CIRCUIT DIAGRAM
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lines represent some of the more important branches.
Toll cables are represented by the short heavy lines in
the immediate vicinity of the larger cities. Future
carrier facilities for which plans are actively under
way are indicated by heavy dots on medium width
lines. Various types of repeaters are also shown.

In any telephone connection regardless of its length
the aim is to maintain a satisfactory equivalent or
standard of efficiency. All direct circuits hetween the
large cities and towns are designed to be well within
this equivalent. Where no direct connection exists,
two or more circuits joining intermediate points are
connected together. When the equivalent of such a

N. B. 8. gage wire (173 pounds.per wire mile), a trans-
bay lead-covered submarine cable, the 10-kilocycle
channel of a carrier system operating over No. 8§B.
w. g. wire (435 pounds per wire mile), a No. 8 gage
open-wire phantom and a No. 12 gage open-wire
crcuit. Two through line voice frequency repeaters
and seven carrier-frequency repeaters are employed.
Voice-frequency cord circuit repeaters are inserted at
Los Angeles to connect a toll cable with a carrier
system, at San Francisco to join two carrier channels,
and at Portland to connect a carrier channel with an
open-wire phantom cirecuit.

In addition to the various types of circuits and am-
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plifiers involved in this connection the power relations
are also of interest. Consider for example the condi-
tions at a time when the power delivered to the line in
question by the Avalon telephone is 1000 microwatts.
The over-all circuit efficiency is about 0.4 per cent (25
mile equivalent) so that four microwatts are delivered
to the Deer Park instrument. Were the cord circuit
repeaters omitted the power transmitted would be re-
duced to 0.02 microwatts. Should all the repeaters
including those in the carrier systems be omitted, the
received power would be 1.3 X 107'* microwatts.

Not only is it necessary to maintain a certain over-
all efficiency, but also is it required that the power be
kept within certain upper and lower limits at all points
along the way. Should the voice currents become too
great, overloading of the repeater tubes accompanied by
distortion of the speech waves will occur. If the cur-
rent becomes too weak, the circuit will be noisy or
experience excessive crosstalk from other lines. These
upper and lower limits make it necessary to amplify
the current at regular and fairly frequent intervals as

SLATTLE

", §

PORTLAND //
fheen e
/
T B-‘—-_ -
Q
] v
[ ]m.
P
T
it Y
BACRAMEINTO
[ ]sAu~As CODE
t= t—1 O CARRICR TELEPMONE TCRAMNA
[ :] rrrrrr 5 o AT By
L o
["j»” o D e—
1
t
[]
Femrum, LOS ANGELLED
o
o | \\\\
=
\\
\\\ Yum A
o _—— T
S
|
EA'ALON
Fic. 3

is done in the circuit shown. Were all the amplification
to be effected at the receiving end, the noise and cross-
talk would completely drown out the speech current.
In case the amplification were all applied at the sending
end the speech input power would have to be about
thirty billion kilowatts. Such a mode of operation is
of course impossible.

One of the most noteworthy things about the Pacific
Company’s toll plant is the extensive use which has
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already been made of carrier systems. This is due
largely to the fact that the great distances which sepa-
rate the main centers of population are suflicient to
justify the large cost of carrier terminal and interme-
diate repeater equipment, because of the resulting
saving in line wires. Fig. 3 shows the systems now in
use and those upon which work is progressing. At the
present time, there are in operation 6400 channel miles
(10,300 km.) of carrier telephone and 18,500 miles
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Fic. 4—TerMINaL EqQuirMENT OF Two CARRIER TELEPHONE
SYSTEMS AT OAKLAND

(29,800 km.) of carrier telegraph. These figures will
soon be raised to 8600 miles (13,800 km.) and 32,300
miles (52,000 km.) respectively. All of the eight San
Francisco-Los Angeles circuits now are carrier channels
as are the four San Francisco-Portland circuits. It
may be of interest to note that when the carrier systems
now contemplated are completed it is expected that
it will be possible to talk by carrier alone for practically
the entire distance from Avalon to Spokane, which is
more than sixteen hundred miles (2600 km.).

Among the special problems which the use of the
new facilities presents is that of bringing the toll
circuits into San Francisco. Those which enter from
the north and east must cross the bay in submarine
cables which are too long to be operated on a non-loaded
basis. Fortunately, Goat Island provides an inter-
mediate loading point between Oakland and San
Francisco for the circuits from the east, although the
minimum spacing which is obtained in this way Is
12,000 feet (3660 meters), or more than twice the
spacing which is used normally with cables associated
with open wire. Special coils have been developed to
meet this condition and are used on all the existing
submarine toll entrance cables, since the provision
of submarine loading coils would not have been as
economical.,

Although lines loaded in this special manner are
satisfactory for voice frequency circuits, they cannot
be used for carrier systems. It has therefore been
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necessary to make Oakland the carrier terminal point
for all such systems operating over wires which approach
the bay from the east, although the individual channels,
both telephone and telegraph, are extended across the
bay to San Francisco and terminated there.

Another special problem incident to the use of carrier
systems is the loading of long toll entrance cables.
Two of these, each about nine miles (14.5 km.) in length,
occur in this territory. One extends from the Los
Angeles office north to Cahuenga Pass and provides
entrance facilities for both the coast and valley leads.
This cable will soon be extended to Simi junction, an
increase of three miles (5 km.). The second cable
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extends from Oakland to San Leandro and serves the
valley circuits to Los Angeles. Both of these cables
have been loaded at frequent intervals with special
coils so as to render them suitable for use with carrier
systems. A third cable 12.5 miles (20 km.) in length
extending south from Seattle will also be loaded for
carrier operation in the near future. - Such loading is
quite expensive and has an important beaiing on the
question of carrier circuit economy.

One of the most difficult problems encountered in
this territory is to anticipate and provide for the rapid
increase in the long distance or toll business. The
extent of this growth is shown on Fig. 5, which gives
the total toll circuit mileage for the last ten years.
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For comparison the increase in population for this
period is also shown. In order to care for this increase
in business, extensions to the plant are constantly being
made. Mention has already been made of the several
carrier projects now under way. Toll cables are to be
placed between Seattle and Tacoma, between San
Francisco and San Jose and between Los Angeles and
Long Beach to supplement those now in use. A cable
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is soon to connect Los Angeles with Anaheim and
other Orange County points while another is now
being designed for use between San Francisco and
Sacramento.

New open-wire circuits are constantly being added
to the plant. A group of No. 8 gage wires (435 pounds
per wire mile) is being strung between San Francisco
and Los Angeles by way of the coast. These wires are
being specially transposed to facilitate carrier operation

and together with those already in place will provide
facilities for several new carrier systems over this
route. The new No. 8 gage circuits from Los Angeles
to Denver will furnish a new and much needed outlet
for eastern business and will also materially reduce the
possibility of total interruption to service between the
coast and eastern points.

No better illustration of the rapid advance in the
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art of communication or the application of new methods
to the telephone toll plant can be found than that
provided in our territory by the service to Catalina
Island.

In 1920 commercial telephone communication was
established between Pebbly Beach on Catalina Island
and Long Beach by means of a two-way radio system.
At the two ends the connection was extended to Avalon
and Los Angeles respectively hy means of wire circuits.
Soon after this a telegraph channel for handling com-
mercial messages was added. This is the first and
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Catalina talked to Havana by way of the radio and the
newly completed Key West-Havana submarine tele-
phone cable,—a total distance of about 5500 miles
(8800 km.).

One objection to the radio circuit was the lack of
secrecy, and the recent increase in the use of radio sets
for the reception of broadcasting rendered this in-
creasingly troublesome. In order to obviate this
difficulty a privacy device which was recently developed
by the Bell System was installed on this circuit. This
privacy system although it in no way impaired the
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perhaps the only instance in which radio has been used
as an integral part of a telephone toll system and oper-
ated under the same severe requirements as are imposed
on the wire circuits.

From the time of its installation, this circuit handled
a tremendous volume of business. That it was quite
efficient is proved by the fact that it was used in fre-
quent demonstrations such, for example, as the one in
1921 when a conversation was held by way of the
transcontinental telephone line between Catalina and
the S. S. Gloucester one hundred miles (160 km.) off
the Atlantic coast; and again in the same year when

quality or volume of the speech over the radio circuit,
rendered it unintelligible to anyone listening with a
radio receiving set of the usual type.

The radio system recently was replaced by two deep
sea cables between Avalon and the mainland. The
license of the radio “‘talk bridge” expired on August

}st and the Department of Commerce requested that
its operation be discontinued, making its wave lengths
available for broadcasting.

The capacity of the ether for radio messages is
distinctly limited and when such services as broad-
casting, ship-to-shore telegraphy and telephony, radio
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compasses, etc., which can be handled only by radio,
have been accommodated, the available wave lengths
of the ether are about exhausted. Consequently, the
change from radio to cable in a case like Catalina
Island, where the cable is not only feasible but more
economical than radio, was for the good of the service,
especially as the large volume of business which de-
veloped made it necessary to provide additional
facilities.

The submarine cables were manufactured by the
Western Electric Company at Hawthorne, Illinois,
and in their design have been incorporated many of
the most recent developments in submarine cable
construction. The approximate position of these two
cables is shown in Fig. 8. At the Avalon end they
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terminate directly in the new central office located
about 800 feet (240 meters) from the shore. At the
San Pedro end a small concrete hut was erected at the
hase of the breakwater in which to terminate the
cable and house the special terminal equipment. This
was selected as a landing point as the water in the cove
formed by the shore and the breakwater is compara-
tively quiet and at this point a small sandy beach has
heen formed. At all other points in the neighborhood
of Point Fermin the shore is very rocky and steep and
the water quite rough. The distance between Point
Fermin and Avalon is about twenty-three nautical
miles (6087 feet or 1856 meters per nautical mile).
Near the center of the channel the water reaches a
depth of slightly over 3000 feet (900 meters). For
the greater part of the distance the cables were laid
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about two miles (8.2 km.) apart. This separation
was maintained so as to give greater insurance against
simultaneous interruption and to render it easier to
pick up one cable without disturbing the other.

The cables themselves are of the deep sea type.
Such a cable provides but a single physical circuit
formed by the central insulated conductor as one side
and the sea water, armor wires, and copper tapes, all
in parallel, as the other side. The details of con-.
struction are shown in Fig. 9. In shallow water near

the shore where there is danger of injury from anchors
or abrasion due to tide and wave movement, large
armor wires are employed. In deep water where these
dangers are largely absent, the armor is formed of
smaller wires having a high tensile strength. Such
armoring provides a light and flexible yet strong cable,
suitable for withstanding the severe strains encountered
in laying or picking up the cable in deep water. For
the cable lying in water having a depth of between
600 and 1800 feet, (180 and 550 meters) an intermediate
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type of armoring employing medium size wires was
used.

The first part of each cable to be laid was the 2.5
mile (4 km.) shore end section on the Avalon side.
This was done from a barge equipped with a large
power-driven reel upon which the cable was first wound.
At the Avalon end the barge was anchored near shore
and the end of the cable pulled up through the under-
ground ducts and into the office by means of a tractor.
Following this the barge was towed out to sea, the
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cable being unwound from the reel. Prior to the
laying, marker buoys had been placed to indicate
approximately the location of the ends of these shore
end sections. To the end of the cable a section of
chain and a long rope was attached, the other end of
which was made fast to a buoy.

The main portion of the cable was laid by the
government cable ship “Dellwood.” This ship, which
has a length of 330 feet, (100 meters) is well provided
with the usual cable handling equipment.

In laying the main portion of the cable the ship was
first anchored about half a mile (about 1 km.) off the
San Pedro shore opposite the cable hut and the end of
the cable pulled ashore with the aid of the barge, tug,
and other small craft. The ship then started on its
course paying out first the shore end, then the inter-
mediate and finally the deep sea cable, all of which had
previously been spliced together. On reaching the
1800-foot (550 meter) depth line on the Avalon side,
the ship was stopped, the remainder of the deep-sea
cable cut off and the end spliced to the intermediate
type. Laying was resumed until the buoy fastened to
the shore end was reached. The ship was again
stopped, and the end of the cable previously laid was
hoisted on board. The intermediate cable was then
cut and spliced to the shore end, after which the com-
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pleted cable was dropped overboard. Both cables
were laid in essentially the same manner.

As the balance of the circuit from the cable hut to
Los Angeles had been provided in advance, it was
possible to communicate between the ship and shore
points as soon as the end of the cable was brought into
the hut and the connection established there.

While the cable was being laid, a number of conver-
sations were held between company officials on board
the ship and persons in and around Los Angeles and
San Francisco. As soon as the final core splice was
made communication was established between Avalon
and Los Angeles and two hours later a conversation
was held with American Telephone and Telegraph
officials in New York.

At present each cable provides one d-c. telegraph and
one voice-frequency telephone circuit, the ecircuit
arrangement being shown in Fig. 12. Figs. 13 and 14
show the impedance and attenuation respectively of
the East Cable.

Although not imposing as regards total length or
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depth of water encountered, the performance_a of this
cable will be watched with great interest as it marks
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an important forward step in the development of sub-
marine cable manufacture in this country.

While this discussion has covered only a few of the
outstanding applications of long distance tele-
phony on the Pacific Coast, it will serve to in-
dicate the way in which some of the most recent
advances in the art constantly developed by
the Bell System have been employed. It is
by means of such recently developed instru-
mentalities that the people of the Pacific Coast
now are able to talk to all sections of the
United States, bringing the inhabitants of this
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broad country into an intimate contact that cannot
fail to be of great commercial and social benefit.




Recent Developments in Carrier-Current Communication

BY LEONARD F. FULLER

Member, A. I. E. E.
Radio Engineering Department, General Electric Co., Schenectady, N. Y.

Review of the Subject.—Carrier-current communication over
transmission lines has been developed to a point where ils practic-
ability and value are thoroughly established.

This paper discusses several recent developments in apparalus
and methods of operation.

Carrier-frequency energy flow along the line is discussed briefly
to give a mental picture of the electromagnetic and electrostatic
conditions existing.

Standard 50 and 260-watt apparatus are shown in thetllustrations
and described briefly.
CONTENTS

Review of the Subject. (70 w.)
Introduction. (90 w.)

Recent Developments. (1070 w.)
Energy Transfer and Flow. (480 w.).
Station Apparatus. (390 ¥.)

Summary. (80 w.)

ARRIER-current communication over transmission
lines is being adopted rapidly not only as an auxil-
jary to existing wire telephones, but as the only

means of direct communication for some recently con-
structed lines.

As our accumulated experience has increased the
desirable frequencies and the range of sets of various
powers over lines and networks of different types have
become fairly well established.

Field experience to date has shown the practicability
of transmitting carrier current over power systems with
reliability and certainity. The method has been
proved basically sound.

RECENT DEVELOPMENTS

The next steps in development are improvements
in the apparatus, both mechanical and electrical,
including those features which give greater operating
convenience and flexibility.

Remote control of the apparatus is an example.
Early sets were designed for control distances up to
250 ft., which is sufficient for the usual conditions en-
countered when the operator and apparatus are in the
same building, but remote control attachments now
available increase this distance to several miles. Thus
a dispatcher in a city office building can control the
carrier-current set miles away in an outlying suburban
substation.

A modification of the foregoing is to retain the con-
trol of the carrier set at the station at which it is
installed, but to have it arranged so the operator at the
station can plug in the voice control on any one of a
number of the company’s wire phone lines. Such an
arrangement allows distant stations to communicate
directly with anyone in the main office.

Calling is accomplished on existing carrier-current
channels either by one or more gong bells operated by
a local relay, or by means of a loud speaker which per-
mits direct voice or howler calling. This method 1is
employed in the Great Western Power Company and
Pacific Gas and Electric Company equipments, while
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the relay and call bell method has been generally
employed in eastern installations.

Each method has its inherent advantages and dis-
advantages. The loud speaker cuts the time for short
dispatching orders almost in half when operators are
constantly within hearing distance. In such cases
calling and answering calls are dispensed with. The
dispatcher gives an order and the station to which it
was directed repeats it. The Great Western Power
Company has used this method for over a year and the
Pacific Gas and Electric Company has also found it
satisfactory.

If there are several carrier sets on a system, which
intercommunicate frequently, it is often annoying and
generally undesirable to have a loud speaker talking
when its station is not concerned with the conversation.
In one installation there was an objection to the loud
speaker, not because of undesired conversations which
did not exist in this case, but because of the line and
electric storm noises which were reproduced. Relay
and gong bell ringing is necessary in such cases.

Selective ringing is a further refinement which may
be employed when code ringing of the gong bell would
cause annoying and unnecessary disturbance at several
stations of which only one was desired.

Time limit attachments are often furnished with the
calling relay system to prevent electric storms and other
high-frequency disturbances from ringing the gong bell.
Code ringing is possible with such attachments, since
the time limit feature is automatically inoperative after
the first signal which must be a long dash. It may be
followed by any desired dot and dash combination.

An excellent calling system is a relay with time
limit attachments arranged to connect a loud speaker
in circuit at the end of the long dash above mentioned.
A gong bell may be added if desired. In this way the
loud speaker does not reproduce undesired noises, but
comes into service automatically for any speech or
code calling.

A selector system may be added to such a combina-
tion. In this case the loud speaker is connected in
circuit only when its station is called, but after being
connected, the message may follow immediately if
desired, with the resultant saving in time.
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We are thus able to utilize the desirable features of
the loud speaker system and remove those considered
detrimental.

The calling relays are quite reliable when equipped
with the time limit feature. They require very little
energy and will operate with less than is required for
satisfactory speech. Thus we can ring over any line
over which we can talk.

All our installations are simplex. That is, the opera-
tor throws a tumbler switch or operates a foot pedal to
connect the apparatus for talking or listening. This
method has met with success wherever installed. It
rarely takes an operator more than the first day to
become used to the scheme of things.

The writer once saw a laborer working about a
station called to the carrier phone set to receive a
personal message from a man he had known in the army
who happened to be visiting the station at the other end
of the line. After operating the talk-listen button for
him for the first few sentences no more assistance was
required and the conversation proceeded vigorously.

This was a case where men who had not talked with
each other for two years and who had never seen a carrier
phone set before, found simplex operation so easy that
they carried on an animated conversation over a 200-
mile line for some time.

Duplex operation, except over short distances with
sets of very low power, complicates the apparatus and
decreases its reliability out of all proportion to the
slight advantage gained. The users of this equipment
are mainly station operators who soon grow accustomed
to the man at the other end of the line and the semi-
routine character of a large portion of the traffic
handled.

Telegraphy is a valuable adjunct which may be
added to carrier-current sets. It may be by either inter-
rupted or continuous waves. The latter are preferable
in emergency work because they will permit telegraphic
communication under extremely severe line conditions.

The writer has received continuous wave telegraph
signals at Pit River from the Vaca-Dixon substation
202 miles distant with all 6 line conductors grounded
at several points although telephony and interrupted
wave telegraphy were altogether out of the question,
not a sound being heard in the phones.

For communicating over very noisy lines and during
bad electrical storms interrupted waves may be used,
but continuous wave heterodyne reception is probably
preferable.

In starting telegraphy on an existing carrier-current
telephone channel it is preferable to begin with a list
of code signals for the common oirders and use these
frequently while the operating personnel are learning
the telegraph code.

A speed of only 5 words per minute is of great value
in emergencies when all other forms of communication
may have failed. Most men can learn to send and
receive at this speed without great difficulty. The
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higher speeds used in commercial telegtaphy are
learned easily and well only by rather young men.

ENERGY TRANSFER AND FLOW

Irrespective of the use to which the carrier-current
energy 1s put at the receiving station, the method of
transferring it to and from the line is the same.

At the transmitting station a carrier-frequency cur-
rent is fed into the line. This results in a potential
difference either between all line conductors and earth
or between conductors. To date commercial installa-
tions have utilized the former method.

The electrostatic field due to this potential difference
expands or travels down the line toward the receiving
station at a velocity depending upon line constants.
Usually this is not far below that of light in free space.

If the carrier frequency is 30,000 cycles per second,
a half cycle will last 1/60,000 second and the static
field of one half-cycle will have extended for about 3
miles along the line before the reversal of polarity due
to a succeeding half-cycle commences.

If our eyes could see electrostatic fields and we stood
at any point along the line, while these things were
occurring, we would see nearly three miles of field
slide by at about the speed of light, with the line positive
with respect to earth, followed by an equal length in
which the polarities were reversed.

If the line is short enough to allow the static field
to travel to the receiving station while it is still being
formed at the transmitter, the load drawn by the
receiver will effect the power output of the transmitter.
That is, the input impedance of the line will be varied
by the receiver or load impedance.

This phenomenon, which is always observed at power
frequencies on lines of present day length, is rarely
observed at carrier frequencies. The lines are ob-
viously too long to permit it.

Thus the energy delivered to the line at the sending
station becomes wholly detached from the transmitter
and is either partly absorbed by the receiver or frittered
away entirely in line losses.

The most common method of charging the line at the
transmitter is to erect a “coupling wire’’ in the vicinity
of the line conductors. When this is raised to a given
carrier-frequency voltage with respect to earth the
conductors dssume a potential corresponding to their
relative positions in the static field.

Various types of coupling condensers have also been
employed with mica, porcelain, and other dielectrics.
Such condensers are connected between the carrier-
current transmitter and the line, the current passing
through them charging the line with respect to earth.

At the receiving station various arrangements ca-
pable of extracting energy from the electrostatic field
may be used. Coupling wires, large wireloops, coupling
condensers and combinations of them may be employed.
At the present time the coupling wire method is pref-
erable for both transmitting and receiving, due not only
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to its reliability, simplicity and ease of inspection, but
also to its low first cost.
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Fig. 1—TRANSMITTER-RECEIVER FOR 50-WaTT CARRIER-
. CurreENT TELEPHONE
The calling relays are mounted on the section at the right.
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Fig. 2—250-W AT CARRIER-CURRENT TRANSMITTER
Having master oscillator, power amplifier, voice amplifier and modulator
tubes.

STATION APPARATUS
The sending and receiving station apparatus is
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much like that used in commercial radio communica-
tion with such modifications as are desirable for power
system use.

Fig. 1 shows a typical carrier-current equipment
having a power output of 50 watts. The transmitter
is mounted at the left, the receiver at the right.

Power is supplied to the transmitting vacuum tubes
at 1000 volts d-c. by a small motor generator driven by
the station a-c. or d-c. supply as determined by local
conditions. The receiving tubes are operated from
storage batteries in the customary way.

AL St
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Tig. 3—250-WaTT CARRIER-CURRENT RECBIVER
Showing tuning adjustments and calling relays.

This equipment is used for telephony over the
shorter lines. Its actual range depends upon the
arrangement of the system. Transformers, taps, cables
and associated low-voltage lines all affect the situation.
Field experience has accumulated to such an extent
however, that the analysis of such networks is now
readily accomplished.

More powerful sets of 250 and 500 watts carrier
frequency power output are built for the longer and
more difficult lines. Communication by the 500-watt
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Pit River set of the Pacific Gas and Electric Company
has been received over 410 miles of line.

These equipments are built in several units.

The 250-watt set comprises:

(1) A power panel on which the motor gener-
ator starter, switches, fuses and instruments are
mounted.

(2) The transmitting apparatus, cabinet housing
all necessary vacuum tubes, instruments, coils, relays
ete.

(8) The receiver cabinet.

(4) The motor generator.

(8) Theoperator’s desk phone set and a loud speaker
when used.

Figs. 2 and 3 show portions ot this equipment.

Both the 250 and 500-watt sets are of the master
" oscillator type, that is, the carrier-frequency currents
are generated by a small tube used to excite a larger
one. The output of this power amplifier is modulated
in accordance with the voice by another or modulating
tube and then delivered to the coupling wire.

This method gives a substantially constant carrier
frequency irrespective of line conditions and maintains
a better voice quality than is possible with self-exciting
tubes when forced to operate under adverse conditions.

The sets of the Great Western Power Company and
Pacific Gas and Electric Company are not of the me-
chanical form shown in Figs. 2 and 3 having been
developed in cooperation with the power companies
prior to the design of the present standard equipments.

SUMMARY

In this paper I have attempted to outline briefly
and without irrelevent technical or descriptive detail,
the outstanding features of carrier-current work on
transmission systems as we know it today.

Our present technique has the background of the
older radio communication. Active commercial ex-
perience on high-voltage lines has been of shorter
duration, but amply sufficient to prove the method
technically and economically sound, and to demon-
strate a few of the many uses the future will find for it.

SUPER POWER SYSTEMS PROJECTED

In France the water-power possibilities of the moun-
tainous regions have been carefully studied and several
important new projects are taking form. In the north-
western portion of that country, where only steam
power is available, there has been much development
in the shape of steam plants tied together by high-ten-
sion transmission lines. The whole of France is work-
ing toward the ultimate tying together of power
undertakings in various parts of the country by ultra-
high-voltage transmission lines, as has been commented
upon in recent issues of Commerce Reports.

Both Italy and Spain are adding to their hydro-
electric capacity, as the money market makes it possible
for them to finance the undertakings on a satisfactory
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basis. Italy, especially, is active in utilizing its
water powers, and American interests will participate
in some of the financing.

Japan is continuing its rapid development of its
water-power resources and the tendency is toward a
few large operating companies serving the whole of the
nation. Of late there has been a proposal made by
certain interests to promote a privately owned super-
power scheme by a consolidation of the existing opera-
ting companies. It is not unlikely that in a few years’
time the number of hydroelectric projects in the main
island of Japan will feed into an ultra-high-voltage
trunk line running its whole length.

In Australia, New Zealand, Norway, Sweden, India,
and even Russia there is the same tendency to utilize
all feasible water powers and to concentrate in efficient
superpower steam stations the power supplies needed.
In Sweden and New Zealand the Governments are
developing what are really superpower schemes for these
respective countries. In Australia the State of Tas-
mania has a state-owned power system that is reaching
out to cover the whole island, and in the State of Vie-
toria the Morwell steam project, utilizing brown coal as
fuel, is broadening its plans to supply power to a con-
siderable area of that State. Russia is making progress
on a plan to build four large plants, partly hydroelectric
and partly steam, to serve areas in central and north-
western Russia.

UNITED STATES LEADS IN HIGH-
TENSION PRACTISE

American manufacturers through their experiences
in the home market have developed high-tension
designs and practises in voltages exceeding those to
which most foreign manufacturers are accustomed, and
this fact makes it possible for them to offer tried equip-
ment in the markets of the world with less competition
from foreign manufacturers than exists in many other
electrical lines.—Commerce Reports.

CENSUS OF ELECTRIC LIGHT AND
POWER STATIONS

The Department of Commerce presents preliminary

- figures relating to the kilowatt hours of electric current

generated by central electric light and power stations,
both commercial and municipal, and by electric rail-
ways, in 1922, as compared with 1917 and 1912. These
figures do not include the output of electric plants
operated by mines, factories, hotels, ete., which generate
for their own consumption, or those operated by the
Federal Government and state institutions.

The amount of current generated in 1922 aggregated
46,307,536,711 kilowatt hours, as compared with
32,678,806,061 kilowatt hoursin 1917 and 17,621,808,893
kilowatt hours in 1912, an increase of 38.6 per cent from
1917 to 1922, and of 157.1 per cent for the ten-year
period 1912 to 1922.




Some Experiences with a 202-Mile Carrier-Current

Telephone

BY E. A. CRELLIN

Member, A. I. E. E.
Pacific Gas & Electric Company, San Francisco, Calif.

N April 11th, 1923, the Pacific Gas and Electric
Company placed in operation a carrier-current
telephone system between Pit River Power

House No. 1 and Vaca-Dixon substation. This
system utilizes the twin-circuit 220,000-volt trans-
mission lines between the two points for a conducting
medium and is for use primarily by the operating
department in directing the operation of the power
houses in the Pit River development together with
the transmission lines which carry the energy south-
ward to the distribution center at Vaca-Dixon sub-
station. With the commencement of work on Pit
River Power House No. 3 an increasing volume of
messages is being received from the construction and
auditing departments for transmission to the general
offices of the company, and it is already apparent
that additional carrier-current telephone sets will be
required, one at the base of construction operations
for Power House No. 3 and one at Claremont substation
in Oakland to relieve the congestion on the wire line
between - Vaca-Dixon substation and the load dis-
patcher’s office.

During the six months from October 1922 to the
inauguration of the carrier-current telephone, the
operation of the Pit-Vaca transmission system was
directed by wire lines. In the absence of direct wire
communication between the load dispatcher’s office at
Oakland and the power houses in the Pit River system,
it was necessary to relay all messages one or more
times which introduced a considerable delay and was
subject to error, especially in view of the inductive
interference usually encountered on telephone lines
paralleling transmission iines. Since the carrier cur-
rent telephone was placed in operation in April it has
answered all dispatching requirements, and as the
operators become more and more familiar with the
peculiarities inherent in such a system its many ad-
vantages over the wire lines become more and more
apparent.

The system is coupled to the transmission line
through a single-wire antenna about 1800 feet long,
This wire is attached to the twin vertical circuit
transmission towers at a point on the center line of the
towers and at the elevation of the middle arm. The
main ground system for the station apparatus is also
used for the carrier-current telephone ground and no
counterpoise is used. The frequency adopted, after
a series of tests ranging between 12,500 cycles and
85,000 cycles was 50,000 cycles. This is free from all
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outside interference and gives the best combination
of signal strength and voice modulation.

The transmission equipment is similar to that
installed in several of the high-powered broadcasting
stations in some respects, and employs two 250-watt
oscillator tubes, two 250-watt modulator tubes and a
50-watt speech amplifier tube. It is appreciated that
this is a relatively high-powered transmitter and for
all normal conditions of operation such as an amount
of power is not necessary. However, communication
is more urgently needed during periods of abnormal
condition than at any other time and it is then that
this excess power is called upon to get the message
through.

Calling is accomplished by mounting a standard
telephone microphone in the horn of the loud speaker
which, when the calling circuit is compieted, will
oscillate and how! in much the same manner that the
ordinary telephone will howl when the receiver is
placed against the transmitter. This gives a very
loud note whose pitch will depend upon the natural
period of oscillation of the diaphragms and which is
clearly audible in all parts of the station. Ordinarily,
it is not necessary to use the calling system, as the
receivers are always in service and the operator near
the set so that the loud speaker simply talks at him
and he starts up his set and talks back.

The system is arranged for simplex operation and
all that is necessary is to operate a small telephone
switch which energizes a contactor to connect either
the transmitting or receiving set to the antenna, thus
permitting talking or listening. Some tests made with
a view to establishing the possibility of operating as
a duplex system are described further on in the paper.

Normal rating of the 250 watt tubes used is based
upnn a filament lighting supply of 11 volts and a plate
pressure of 2000 volts. With the transmission line
in operation and all conditions normal it is possible to
obtain an antenna radiation of 6.2 amperes with the
tubes operated at rated voltage. This gives a received
signal at the other end of the 202 mile transmission
line considerably louder than necessary. The re-
ceiver is a standard regenerative set using two stages
of audio frequency amplification to operate a loud
speaker, and speech can be heard all over the power
house when maximum amplification is employed. For
regular service, therefore, the filament lighting supply
on the transmitter is reduced to about 10.4 volts
and the plate pressure to 1600 volts, which gives an
antenna radiation of approximately 5.0 amperes.

The tubes are extremely sensitive to variation in
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filament voltage and it has been found by experience
that 10.4 volts is about as low as it is desirable to
operate. Below that point it is sometimes difficult
to start oscillation and sluggish operation means
delay in acknowledging receipt of a message. Com-
munication has been carried on with a radiation as
low as 2.5 amperes, but with poorer modulation.
With a 5-ampere radiation at the sending station the
receivers are set for minimum amplification and no
difficulty is experienced in handling messages.

To one unaccustomed to listening to a loud speaker,
the messages are often very hard to understand and
some difficulty was at first experienced by the operators
who had not had previousexperience with loud speakers.
However, this was easily overcome after a week
or so of operation of the phones and it is now rarely
necessary to repeat a message. Routine dispatching
1s carried on more easily with the carrier current
telephone than with the wire phone due to absence of
inductive interference. A considerable volume of
accounting and construction department messages is
handled over the carrier current telephone ‘and this
gave trouble in some instances when it was necessary
to transmit unfamiliar proper names. It usually
resulted in spelling and due to the difficulty in dis-
tinguishing between certain of the consonants which
are similar in sound, this did not solve the problem.
The method now generally used is to try the voice
once and if any difficulty is experienced the name
In question is transmitted by telegraph code. The
operators have been supplied with a chart on which the
Continental code is printed in large clear letters and
those who have not memorized the code simply pick
out a letter at a time and transmit it by means of the
calling key. This may sound slow but in reality it
1s quicker and more positive than several voice repeti-
tions of the letters composing the name in question.
Naturally more speed is attained by the operators
familiar with the code, and without exception all of
the operators are taking a very great interest in the
carrier current telephone and are practising with the
code during the shift between midnight and five
o’clock in the morning when other duties are at a
minimum. It is desirable that the operators become
used to the telegraph code and able to transmit five
or ten words a minute because certain forms of line
disturbance make voice transmission difficult and still
permit of distinguishing the letters of the telegraph
code which comes through as a high-pitched note of
constant tone, readily distinguished from other noises.
It is also possible to transmit the code when abnormal
conditions make it difficult to secure sufficient radiation
to give good voice modulation.

All operation of the carrier-current telephone to
date has been carried on with one of the 220-kv.
transmission lines still incomplete. The first work
was done with two transmission lines complete from
Vaca to Williams, a point about 50 miles north, and
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a single line from Williams to Pit, about 150 miles.
At Williams the two lines were tied solidly together,
The copper for the second line was strung in place
between Williams and Cottonwood, about 90 miles,
but men were constantly at work upon the line and
consequently it was solidly grounded at each tower
on which a man was at work. Grounding this parallel
line did not aflect ecommunication in any manner
on the other line.

At present two three-phase circuits are in operation
from Vaca to Cottonwood approximately 140 miles
with a single circuit from Cottonwood to Pit River
approximately 60 miles. The circuits are tied together
solidly at Cottonwood and men are now at work on
the second circuit between Cottonwood and Pit. A
special test was recently made with one three-phase
circuit solidiy grounded at Vaca and the other circuit
clear, both being tied together at Cottonwood, power,
of course, being off the lines. No appreciable difference
from usual operating conditions was noted in ability to
communicate between Pit and Vaca.

tecently one wire on the completed three-phase
circuit between Cottonwood and Pit River became
grounded due to failure of a piece of insulator-hardware
and resultant dropping of the wire on to the tower.
This left only two wires completely insulated be-
tween Pit and Vaca with a ground on the third,
but no difficulty was experienced in carrying on
communication.

Communication cannot be carried on with three-phase
grounds at either or both ends of the transmission line.
Also, all three wires were recently grounded at Hat Creek,
about three miles distant from Pit toward Vaca and
communication could not be carried on. At least one
wire, insulated from ground, between the two points
1s necessary for successful communication by carrier-
current telephone.

When the transmission line is dead and isolated by
opening the disconnecting switches at each end of the
line considerably more power output from the trans-
mitter is required than when the line is connected to

the transformers and energized at 60 cycles. This .

difference is probably due to the change in transmission
line constants by the removal of the reactance of the
transformers which in turn cuts down on the current
radiated from the antenna. When the transmission
line 1s thus isolated the station operators immediately
increase the power output of the -carrier-current
telephone transmitter to its maximum by raising plate
and filament voltages to 2000 and 11 volts respectively.
Communication is then carried on as usual and no
difficulty is experienced in directing operations.

In order to carry on duplex communication, that is,
to be able to send and receive at the same time, it is
necessary to employ two antennas, one for the trans-
mitter and one for the receiver. Some tests were
recently made to establish the effectiveness of various
types of receiving antennas. At Vaca it was possible
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to receive messages from Pit River when using a
bushing type current transformer on one of the 220-kv.
line oil switches as an antenna. The leads from this
current transformer are carried in lead covered cable
about 300 feet to the substation wall, thence in rubber-
covered wire in iron conduit to the switchboard, an
additional 40 feet. The receiver was hooked on to one
terminal of the line ammeter on the switchboard.
Only the reactance of the ammeter coils was between
the antenna and ground. The signals received were
clear, but weak. It was necessary to use the head
phones with all the amplification at hand to bring it
in strong enough to understand. Stronger signals
were received when using the secondaries of one of the
110-kv. potential transformers on the 110-kv. bus
but they were not considered strong enough for use by
the operators.. As a matter of interest, one test was
made using one side of the lighting circuit for an
antenna. Very weak signals were heard which might
have been brought in strong enough to be understood
had a couple of stages of radio frequency amplification
been available in addition to the two stages of audio
frequency amplification which were employed. This
reception was through three power transformers,
7. e., the main bank which steps down to 11,000 volts
for the synchronous condensers, the station bank
stepping from 11,000 to 440 volts and the lighting
bank stepping from 440 to 110-220 with the mid point
on the secondary grounded.

Finally a separate receiving antenna was strung at
Vaca and also at Pit. These antennas were each
about 250 feet long and placed in the most convenient
temporary location. Excellent reception was obtained
and the loud speaker could be operated at full volume
from the short auxiliary antenna. The transmitter at
Vaca was then lowered in frequency to about 30,000
cycles, with the Pit transmitter remaining at 50,000
cycles. With the Pit receiver tuned to 30,000 cycles
it was not possible to transmit at 50,000 cycles while
receiving because the transference of power between
the sending and receiving antennas was so great as to
blanket out the received signals. When duplex
operation was tried at Vaca, the transference of power
was sufficient to arc across the grid condenser which
is a 23-plate variable condenser in the receiver used.
It would seem that duplex transmission is not practical
with two antennas when using transmitting sets of the
power output necessary to successfully talk over a
202-mile transmission line, and accordingly no further
tests were undertaken.

During the initial installation of the Pit-Vaca
carrier-current telephone several tests were made
between the Vaca-Dixon substation and the Fourth
Avenue substation of the Great Western Power
Company in Qakland, where a similar carrier-current
telephone set is installed. There is no direct trans-
mission line hetween the two substations. The Great
Western feeds the Pacific Gas and Electric Company
through a 60-kv. transmission line which is carried for
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about three miles on the same steel tower line as the
110-kv. transmission line and on the same right of
way as the 110-kv. twin circuit Oakland-Big Bend
transmission line to which the carrier-current telephone
is coupled. The 60-kv. feeder goes into the Ridge
substation of the Pacific Gas and Electric Company,
and thence on to the Claremont substation. There
is a parallel of some three miles or so between the 60-kv.
Ridge-Claremont line and the 110-kv. Claremont-Vaca
line where the two circuits are on the same right of way.
At Claremont the 60-kv. and 110-kv. are tied together
through auto-transformers.

Conversation is readily carried on between Fourth
Avenue and Vaca, a distance of about 60 miles, and
during the initial tests between Pit and Vaca, the
Great Western operators were able to listen in and
understand what was being said at Pit. It is believed
that this is a record for distance for carrier-current
telephone transmission, somewhat over 260 miles
with no direct transmission lines connecting the last
60 miles to the transmitter.

The Pacific Gas and Electric Company is entirely
satisfied with the results of the carrier-current telephone
secured to date. Many conditions of operation have
been met and the carrier-current telephone has at all
times been ready to perform the duties required of it.
The principal difficulty to be overcome is that of
understanding the loud speaker which is simply a matter
of becoming accustomed to the voice as reproduced in
a loud speaker horn rather than in a telephone receiver.
The operators in general seem to prefer the loud speaker
to the head phones, and rely upon it at all times to
receive their messages.

As stated before, the volume of traffic over the
carrier-current telephone is steadily increasing and plans
are already being laid for the installation of additional
sets at Pit River Power House No. 3 and Claremont
substation. The last named set will be remote-
controlled from the dispatcher’s office in Oakland and
a relatively small investment in apparatus will obviate
the necessity of a 260-mile metallic telephone line to
handle the operation of plantsin the Pit River develop-
ment, and results achieved todate indicate thatit will be
equallyreliable and a much more quiet phone to talk over.

DANISH PEAT MAY SUPPLY
ELECTRICITY

Employment of dried-peat fuel instead of coal for
the production of electricity in Denmark is being pro-
moted by the local subsidiary of the German Siemens
Co. According to one of the leading Danish experts
on fuels, Denmark’s entire consumption of electricity,
both for lighting and industrial power purposes, could
be supplied by utilizing the country’s extensive peat
marshes. The city of Gudenas is said to be negotiating
with the Siemens Co. regarding the possible utiliza-
tion by the municipality of peat fuel for generating
electricity. (Minister John D. Prince, Copenhagen,
September 8.)




The Cooling of Electric Machines
Y GEORGE E. LUKE
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THE disposal of the heat resulting from the electrical
and mechanical losses in any electric machine is

always an important item to the designer as well
as to the operator of the machine. These losses
appearing all in the form of heat must be transferred
from their source with a temperature gradient not to
exceed the maximum safe operating temperatures.
These maximum temperatures are limited by the insula-
tion necessary to insulate the windings.

In the early days of machine design the generators,
being principally of the engine type, were slow in speed
and hence large in size. Due to the large surfaces, it
was comparatively easy to liberate the heat with a low
temperature rise. In fact with these old machines it
was usually unnecessary to provide for additional ven-
tilation other than that due to natural ventilation and
windage of the rotating element. The ratings on many
of these earlier machines were limited not by the tem-
perature rise but by the performance such as commuta-
tion or regulation.

The development of the high-speed turbo-generator
and the hydroelectric generator resulted in a machine
of greater rating, hence greater losses, with a physically
smaller machine than was used with the direct engine
drive. This concentration of losses in a smaller space
was possible only by greatly improving the ventilation.
Today the commutation and regulation limitations of a
machine have been practically removed so that the
temperature limitation is usually the dominating factor
in setting the maximum rating of electric machines.
Thus to design the most economical machine, full con-
sideration must be given to the temperature obtained
at its rating. A machine with temperatures above the
maximum permissible temperatures will not have a
long life; on the other hand, a machine with tempera-
tures too low mean an economic waste of material.

DisposaL oF THE HEAT LOSSES

The heat resulting from the internal losses of an
electric machine must eventually be transferred from
the machine to the air, water or the earth. This trans-
fer of heat may be accomplished by many means. A
direct system of cooling can be used such as the circula-
tion of air or water over the heated surfaces with the
heated air or water discharged at a point remote from
the intake supply. An indirect system is often used for
cooling a machine, such a system utilizes a fluid such as
air, oil or water to “ferry”’ the heat from the surfaces of
the machine to the outside supply of air or water. This
transfer of heat may be made in several stages. Thus
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In an oil-insulated water-cooled transformer the heat
“picked up”’ by the oil is transferred to the water in the
cooling coils. This water then carries away the heat
and distributes it either in the earth or in a bhody of
water.

The most common system of cooling used with elec-
trical apparatus is the direct air system. This system
1s especially adapted to rotating machines due to the
mobility of the air. For high-voltage apparatus, such
as transformers, oil is used for insulation purposes, so
that the indirect system of cooling must be used. The
oil merely acts as a “heat ferry’” and carries the heat to
the water-cooling coils in the case of a water-cooled
transformer or to the ventilating surfaces in the case of
a self-ventilated transformer.

Hence, one of the principal factors in the cooling of
electrical apparatus is the determination of the tempera-
ture differences necessary to transfer the heat from the
surfaces of the machine to thecooling fluidsand from one
fluid to another.  The purpose of this paper is to give a
summary of the various rates of heat transfer necessary
for the predetermination of the machines operating
temperature. Since air is the most common cooling
agent it 1s given the greater consideration. The data
given, unless noted to the contrary, are the results of
experimental tests under the writer’s direction and
much of the data have been hitherto unpublished.

COEFFIiCIENT OF HEAT TRANSFER

The rate at which heat is transferred between a sur-
face and a gas or liquid is called the coefficient of heat
transfer or the heat dissipation constant. Throughout
this paper the coefficient is defined in terms of watts per
square inch of surface per deg. cent. difference between
the surface and the fluid. This heat transfer constant
1s the same for a heat flow from a surface to the fluid or
from the fluid to the surface, the direction of flow being
dependent only upon the temperature gradient.

DISSIPATION OF HEAT BY NATURAL VENTILATION AND
RADIATION

The liberation of heat from electrical apparatus by
natural ventilation and radiation is always a factor in
limiting the operating temperatures. Many small
industrial machines are operated totally enclosed, in
which case all the heat must be dissipated by natural
ventilation and radiation, also transformers, wires,
cables and bearings are quite commonly cooled by this
same agency.

A. Radiation.

The law governing the heat loss from a hot body by
radiation has been thoroughly Investigated by many
authorities.
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The values of the heat loss radiated at various tem-
peratures are shown plotted on Fig. 1. These curves
show a considerable difference in the unit heat loss
depending upon the room wall temperatures, also the
rate of heat radiation increases considerably with
increase in temperature rise.

B. Natural Convection.

The liberation of heat from a hot surface by natural con-
vection is probably both by conduction and convection.
That is the heat for a short distance from the surface is
conducted through a thin layer of dead or stagnant air,
the outer surface of this air film is set into motion by the
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expansion of the heated air particles and from here on
the heat is ferried away by these convection currents.

Tests made by the English National Physical Labora-
tory* on the convection losses from a plane surface (3
ft. square) with different positions of the heated surface
are shown in Fig. 2.  As shown the heat loss by natural
convection is proportional to the 5/4 power of the
temperature rise ahove the ambient temperatures.
These tests were made on both smooth steel and alumi-
num plates with the same results as shown.

C. Radiation and Convection.

1. Plane Surfaces. The heat loss by radiation and
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convection from a plane vertical surface is given on
Fig. 3. This surface was 3 feet square and was painted
a dull black color. The heat loss from a 9-in. square
heater* is also shown on Fig. 3 for a black plate and a
brass plate.

9. Corrugated Surfaces: The use of corrugated
surfaces is quite common for oil-insulated transformer
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tanks. It is thus possible to increase the actual surface
several fold over that obtained with the plane tank
surface. The increased heat dissipating capacity due
to the corrugations is principally due to the action of
natural convection currents. The heat actually
radiated will not be appreciably increased by the
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co_rrugations. The eflective radiating surface is the
minimum enveloping surface and not the actual sur-
face. Thus the so-called “radiators” used for heating
a room or of a type used for cooling the oil in a self-
cooled transformer function mainly by convection and
not by radiation.

3. Cylindrical Surfaces: The dissipation of heat
from a cylindrical surface* by natural ventilation and
radiation is a function of the diameter of the cylinder
or wire.® This is shown on Fig. 4. These tests were
made with the wires or cylinders suspended horizontally
in free air in a large room and no attempt was made to
reduce the natural air convectioncurrentsfound. Thus
the smaller diameter wire can liberate the heat at a
greater rate per unit surface than the larger wire.

Di1sSIPATION OF HEAT BY FORCED AIR STREAMS

In order to improve the rating of electric machines,
it has long been the practise to use forced air ventila-
tion. Radiation plays very little part in dissipating
the heat frorn the internal motor surfaces. Most of
these surfaces are at the same temperatures, hence, the
heat interchanged by radiation will be small if any.
Thus the cooling action obtained with forced air
convection is due almost entirely to the transfer of
heat to the air by conduction and convection.

These forced air streams may be produced either
by the fanning action of the rotating parts ontherotor,
by an external fan or by a combination of the two.

A. AxiaL Ducts

The cooling of a machine by forcing air to flow
through axial ducts in the core is a type of ventilation
that is used in many machines especially in railway
motors and turbo-generators. Some advantages of
this system of ventilation are:

1. The heat may flow rapidly through the iron to
the ventilating surfaces without passing through the
laminations. This is an advantage since the resistance
to heat flow across the laminations is from 30 to 50
times that along the laminations.

2. The air flows through the ducts at a uniform
velocity since the cross-section is constant. This gives

minimum air préssure for a given averageairvelocity.

3. Due to the rough surface obtained, a high rate
of heat transfer is secured.

4. The core length of a machine will be a minimum
for a given magnetic flux.

Some disadvantages of the axial system of venti-
lation are:

1. A fan or blower is necessary to force the air
through the ducts.

2. The axial ducts must be placed in the core where
the loss per unit volume is a minimum. This willgive
a fairly long heat flow path from the tooth zone where

* The total surface is taken as m D L, where (D) is the
diameter and (L) the length in inches.
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3. Due to the space required by the ducts, the
over-all diameter of the core will be increased.
the maximum losses are found to the ventilating surfaces
of the ducts.

4. The maximum iron temperature will usually be
found adjacent to the hottest air, that is near the endof
the ducts.

The heat dissipated from the ventilating surfaces of
axial duets 1s influenced by the air velocity, size and
shape of ducts, and the roughness of the duect surface.

TESTS ON AXIAL Ducts

To determine the heat loss fromaxial ductsof various
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shapes and sizes tests were made upon an experimental
model shown on Fig."5.

REsuLTSs AND Discussion

(a) Circular ducts of various diameters, smooth
surface

The heat transfer constant (K) plotted against air
velqcity for smooth brass tubes, diameters 5/8 to
}% Inches, is shown on Fig. 6. There is little difference
in this value of (K) for the various diameters, except
fqr the higher velocities. The 7/8 inch duct gives the
highest values and the 134 inch duct the lowest.
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(b) Effect of change in shape of duct cross-section.
Fig. 7 gives the value of the heat transfer constant
for three different shapes of ducts. All three have the
same periphery. These curves show that the oblong
duct has a better heat transfer than the triangular or
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circular duct also the watts dissipated are more nearly
proportional to the air velocity.

(¢) Effect of change in air flow through duct.

A piece of 0.020-inch fullerboard, 114 inches wide
and 36 inches long, was placed in the 114 inch diameter
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duct and given a twist of two turns in its full length.
This twist forced the air to take a helical path through
the duct. Fig. 8 gives the results of this upon the
heat liberated. It shows that the air was forced to
mix more thoroughly and to scour the tube surface so as
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to give a greatly increased heat transfer over that
obtained with the smooth tube.

(d) Effect of change in nature of surface.

A?(ial ducts in machines are formed by stacking the
laminations in which holes are punched so as to form a
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continuous system of ducts through' the core. The
surface of such ducts will not be smooth, due to slight
variations in the punchings and in their stacking. To
study the effects of this upon the heat dissipated, a
series of tests was made with a laminated duct.

Fig. 9 gives the values of the heat transfer constant
for the smooth and laminated 1 14-In. diameter ducts.
The value of (K) for the laminated duct is appreciably
higher than that for the smooth surface duct and is
almost proportional to the air velocity. This shows
that a rough surface sets up eddies in the air stream,
disturbing the uniform air path found in the case of
the ducts with smooth surfaces. This tends to prevent
a flow of relatively cool air through the center of the
duet.

(e) Effect of dust deposits upon the dissipation of
heat.

Ventilated machines operating in dirty air will in
time have a layer of dust deposited upon the ventilating
surfaces. To show the detrimental effects of this dust
upon the heating of the machine, the 114-in. diameter
laminated duet was given a 0.030-in. coating of fine
coal dust. The coat of dust deposit, Fig. 10, shows a
very great reduction in the heat dissipated especially
at high air velocities.

The dust deposit introduced an additional tempera-
ture drop which is independent of the air velocity,
depending only upon the watts per square inch which
must be conducted through this deposit.

B. RapiaL DucTs

The most common method of cooling the cores of
rotating machines is with the use of radial air ducts.
Some advantages of the radial duct system are:

1. Radial ducts on the rotating element act as
blowers, hence are self-ventilating.

2. Maximum air velocities are found where the
losses are most concentrated; that is,in the tooth zone.

3. The air reaches the above tooth zone before it
has become appreciably heated and the maximum air
temperature is found where the iron losses per unit
volume are a minimum.

4. Parallel ventilation of the end windings and the
radial ducts is very simply accomplished.

Some of the disadvantages of the radial air duect
system are:

1. On rotors having low peripheral speed the
fanning action of the radial ducts is small, since the
volume of air forced through is directly proportional
to the peripheral speed for any given machine.

2. The majority of the heat due to the iron losses
inthe interior of theiron packet between two ventilating
ducts must be conducted to these ducts through the
intervening laminations. Since the resistance to the
flow of heat across the laminations is 30 to 50 times the
resistance to the heat flow along the laminations, it is
thus necessary to limit the length of the heat flow path
by close spacing of the radial ducts.

3. On high-speed machines especially induction
motors, the windage noise may be excessive for certain
applications.

4. On machines using small widths of teeth, the
duct opening may be too small for effective ventilation
and may become closed in service by duct and lint
deposits.

5. On small diameter machines the air intake to
the radial duets in the rotor spider 1s apt to be restricted.

6. The radial ducts increase the gross core length
and hence the distance between bearings.

DissipaTioN OF HEAT FROM RaADIAL Ducts

The experimental determination of the heat transfer
constants from the surfaces of radial duects is rather
difficult due to the erratic disturbance set up in the air
stream by the irregular separating spacers or fingers
and to the conductors traversing the air flow path.
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Also the cross-section of the air path is constantly
changing due to the changing diameter.

On machines of large diameter and shallow core
depth the air velocity does not change much in passing
through the main portion of the core. These conditions
can be imitated by two hot plates spaced a definite
distance apart with air forced through the separating
duct. This air duct varies from 1y to 15 in., the
average radial air duct being 3, 8 in. thick.

The results of tests made by the U. S. Bureau of
S.tandardsﬂ on copper plate type of radiators with three
dl‘fferent air separations between them are shown on
Fig. 11.  There is not a great difference between these
three curves and it is probable that the differences
shown for the low velocities are within the range of
experimental error.

Sqme preliminary testst made on two smooth parallel
hot-iron plates separated a distance of 7 16 in. are also

Journal A. I. E. E.




Dee. 1923

shown on Fig. 11. These values are lower than those
found above. It should be noted that in all these tests
the heat dissipation constant is almost directly propor-
tional to the average air velocity. Comparison of the
figures given for the 7/16-in. parallel duct with those
given in Fig. 6 for the circular axial ducts will show
almost the same values.

C. DISSIPATION OF HEAT FROM A ROTATING ELEMENT

The tests previously given show that for all practical
purposes the transfer of heat from the surfaces of axial
or radial ducts is almost proportional to the average air
velocity forced through these ducts. Experience,
however, on the removal of heat from a rotating
armature, for example, does not exactly agree with the
above observed law. Also no definite data were avail-
able regarding effects of forced air convection cur-
rents along the surface of a rotating element. For
these reasons this phase of the cooling problem was
experimentally investigated on a model rotor.

TESTS ON THE HEAT LOSS FROM A ROTOR

The heat loss from a rotating eylinder was determined
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on an experimental model shown on Fig. 12. This was
arranged so that tests could be made with the rotor
self-ventilated by removing the housing.

DISCUSSION OF RESULTS

Fig. 13 gives the rate at which heat is dissipated for
self-ventilation and forced ventilation.

The curve with self-ventilation bends over with high
rotor speeds. This indicates that some of the hot air is
carried around with the rotor. With forced ventilation,
however, the air is forced to pass through the duct.
The dissipation of heat is proportional to the number of
air molecules passing a given surface and to the tempera-
ture difference between the surface and those air mole-
cules. This is shown by the dissipation constant being
-roughly proportional to the air velocity with forced
ventilation.

The curve obtained with forced ventilation and drum
stationary agrees very closely with the curves shown on
Fig. 9 which gives the corresponding values for an
axial duct through punchings.
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Curves given on Fig. 14 were all obtained with forced
ventilation and the drum rotating at various speeds
including the stationary run.

It is seen that with a high rotor speed (1300 rev.
per min.) the heat dissipation constant is practically
constant for air velocities ranging from 2000 to 6000ft./
min. Conversely it is seen that with the rotor station-
ary this dissipation constant is practically proportional
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to the air velocity through the air gap. With a rotor
speed of 600 rev. per min. an intermediate condition is
shown.

It has been explained before that the curve on Fig. 13
found with natural ventilation indicates that particles
of hot air are carried around the rotor when under
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rotation which causes the curve to bend over with high
rotor speeds. This same condition happens with the
drum rotating in a stator and with forced ventilation
through the air gap. In addition to this the rotating
surface of the drum at high speeds with its film of
rotating air particles offers a very high resistance to
the axial flow of air through the air gap.

HEAT rroM END WINDINGS

The designer of rotating electric machines tries
to reduce the length of the heat flow path in the wind-
ings to a minimum. Thus the end windings of these
machines are usually ventilated so that the copper loss
can be liberated after having been conducted through
the insulating material. Due to the great surface
available in these ventilated end windings their tem-
peratures are usually lower than the imbedded windings,
in fact many short core machines can be cooled almost
entirely by these ventilated windings.® The tests
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described below were made for the purpose of investi-
gating the rate of heat transfer from these windings as
affected by air velocities and coil arrangement.

(a) Description of Experimental Apparatus: For
Investigating the cooling of a rotating end winding due
to 1ts own fanning action an experimental rotor was
made as shown on Fig. 15.

The determination of the heat transfer constants
from such a winding was subject to difficulties due to
the irregular air flow through the windings. The
irregularity was due to the unevenness of the coil
separations also part of the coils, on the diamond
portion, crossed each other forming a checker-board
effect, while the remainder of the coil sides were parallel
to each other. For these reasons tests were made
on this model with self-ventilation only.

TESTS AND DISCUSSION

The results of the tests obtained are shown on Fig. 16.
The ventilation surface of the end coil was taken at its
mean length of turn times the outside periphery.
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Tests were also made with the winding non-ventilated,
that is, withtheintakeair cutofl. Thegreat differences
shown by the two curves bring out clearly the imipor
tance of ventilating the winding. These two curves
given for the insulated windings show a bending over
of the curves with increasing speed due to the thermal

drop through the insulation.
The similarity of the curves given for the ventilated
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winding to that given on Fig. 138 for the heat transfer
from a rotating cylinder in free air should be noted.

. (b) Test with Separate Ventilation. In order to
Investigate more fully the ventilation of end windings,
an experimental mode! was made as shown in Fig. 17.
Two frames containing the sample coils were used.
These could be arranged with the coils parallel and in
line with each other, or by rotating one frame 90 deg.
the coils in the two separate frames would cross each
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other, forming the checker-board eftect such as is formed
on the diamond portion of the end windings.

TESTS AND DISCUSSION

The results of these tests are shown on Fig. 18. The
values given for the 1/8-in. and }4-in. alr spaces are a
mean value for all the curves. This one curve is not
only common for both of these ventilating spaces_but
is also common for both coil arrangements. _

That is, the heat transfer coefficient is the same with
the coil axes parallel and at right angles to each other.
The values given for the 3/8-in. and 14-in. air spaces
with the coils parallel lie below this mean curve while
the values for these spacing with the coils at right angles
are above the mean curve. It should be noted that the
rate of increase of the heat transfer per 1000 foot air
velocity is practically the same as that given for the
laminated axial ducts, Fig. 9. The curves for the
end windings do not pass through zero for zero air
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velocity. This ordinate represents the heat dissipated
by natural convection and radiation.

oF HeEAT FROM CYLINDRICAL

SURFACES

E. DISSIPATION

(a) Plwwn Cylindrical Surfaces. The current capac-
ity of wires or cables either bare or insulated placed in
a given air velocity stream will depend upon the rate
of heat liberation from the ventilating surface. Tubular
type of air coolers are also used for cooling the ventila-
ting air in the closed circuit system of ventilation.
Another application where heat is transferred from
cylindrical surfaces is in the tubular type of air-oil
coolers,

The transfer of heat from cylindrical surfaces with
force(.l air convection at right angles to the cylinder
axis is much greater than the coefficient previously
given.

Hughes' tests on the heat transfer from the outside
surfaces ol copper tubes by forced air convections
currents at right angles to the tubes are plotted on Fig.
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94. These tests show a great variation of the constants
with the tube diameter.

(b) Cylindrical Surfaces with Fins. In the tubular
type of cooler or heat interchanger where a liquid is
forced through the tube bore and the air flow is external
at right angles to the tube, it will be found that the
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]imiting resistance to the heat flow will be on the air
syle, due to the high rate of heat transfer on the liquid
side. Hence it is usually advisable to increase the
effective air-ventilating surface by fastening metal
’fins on the outside of the tube. In this way the eflect-
1ve ventilating surfaces can be increased several fold.
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Tests on such a cooler with 5/8 in. outside diameter
copper tubes, equipped with 5 fins per inch of tube, are
shown on Fig. 20. The heat transfer given is figured
on the basis of the total ventilating surfaces composed
of the outside tube surface and the total fin surfaces.
The fin surface was six times the outside tubular sur-
face yet the average heat transfer coeflicient is much
higher than that found with a uniform air flow through
axial ducts.

WATTS PER SQ. IN. PER DEG. CENT

T
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FiG. 21-—CoEFFICIENT OF HEAT TRANSFER BETWEEN A METAL-
LIC SURFACE AND A [FORCED WATER STREAM

DISSIPATION OF HEAT BY LIQUIDS

A. Water. Some special motors and generators
are cooled by forcing water through suitable pipes or
ducts. Many oil-insulated transformers are also cooled
by the same means. Water is especially adapted as
an efficient cooling agent due to its high thermal
capacity per unit volume and to the ease at which heat
can be interchanged between it and the surrounding
surfaces. The equation giving the relation between the
water temperature rise, loss and water flow is approxi-
mately

0.00375 W
G

where 7', = deg. cent. temperature rise of water.

W = wattsloss absorbed by water.

G = gal. of water per minute (25 deg. cent.).
The heat transfer between a moving water column in
a tube and the tube surface as found by Richter,
McAdams and Frost'?is shown on Fig. 21. This rate
of heat transfer is enormous compared to that obtained
with air.

T, =

Journal A1 1. 1

The values shown for zero water velocity are due to
natural convection currents, these particular values
vary considerably and in practise may he incremsed
several times.

B. (nl. The use of oil as a “heat ferry’ is quite
common in transformers and bearings. The viscosity
of oil is higher than that of water also its specific heat
and coeflicient of thermal conductivity are lower than
the corresponding values for water. All of these
factors have the effect of giving oil a lower rate of heat
transfer than is obtained with water.

Data calculated from results obtained by Derby'* on
the rate of heat transfer with oil are shown on Fig. 22.
The oil tested had a Saybolt viscosity of 50 seconds
which is equivalent to common transformer oil at about
50 deg. cent. The heat transfer is shown to be con-
siderably lower than those values given for water.

The equation connecting the oil temperature rise,
rate of flow and watts loss absorbed for transformer oil
at 50 deg. cent. is approximately

0.0095 W
G
where T, = deg. cent. oil temperature rise.

W = watts absorbed by the oil.
G oil flow in gal. per min.
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The above data as given are by no means complete,
The writer has attempted to give a summary of some
of the principal factors to be considered in the cooling
of electric apparatus, especially means for predetermin-
ing the rate of heat transfer from the heated surfaces.
Problems encountered in the measurement of heat flow
are especially difficult. No simple instruments of
measurement are available such as are used for the
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measurement of electrical energy. For this reason
tests on the rate of heat transfer by separate experi-
menters may vary considerably due to different methods
used.

The constants found for the cooling of a machine
vary appreciably for different parts of the machine.
Approximate results may be obtained by taking an
average effective value of the cooling constant* and
applying this to the total ventilating surfaces.
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Discussion

C. J. Fechheimer: I think you have heard enough already
to impress upon you the difficulties of the temperature problem,
in electrical machinery; in fact, in any case where heat problems
arise, we are confronted with difficulties such as the electrical
engineer encounters perhaps in no other line of work. In fact,
these difficullies are so great that for many years the electrical
engineer would not spend much time on the consideration of how
best the temperature should be computed. He simply passed
it on and would say, “Oh, well, temperatures can’t be figured
anyhow; what’s the use?”” And I think nearly every electric
designer has in the past met with results at times which came
as complete surprises to him. It wasn’t infrequent for him to
find machines in test which heated, say, fifty per ceal more or
less than he estimmated, and if in any other line of work the
electric engineer couldn’t caleulate hetter than fifty, per cent he
would lose his job quickly.

These two papers are an index of the fact that we are going
ahead; we are getting away from rule-of-thumb methods on
the question of heating of electric machinery, getting them on
a more scientific hagis. It is high time that we are doing more;
it is high time that a few devote their undivided attention to
this very important problem.

I think perhaps one reason why the electrical engineer did not
advance more rapidly in his study of the heating problem was
hecause he tried to consider the subject as a whole. He took
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his final results from tests and endeavored to analyze them
and found it was quite impossible. He got so many inconsis-
tencies that he didn’t know where he was. Now, the only way,
after all, that we can make progress is by attacking the elements
of a complicated problem. That is what the authors are doing.
1 know that in Mr. Luke’s paper he has given the results of
investigation on particular elements that go into the heating
problem.

Especially in connection with the ventilation of machinery
we are going ahead quite rapidly. We are realizing that there
is a distinet connection, for instance, between the character of
flow of water and that of air, and since we use air .almost ex-
clusively for cooling, we can take the results of the work of
hydraulic engineers, or apply them ‘directly to some of our
problems in conaection with the flow of air.

For the most part the engineer who has worked with air
problems has considered air to be highly compressible whereas
water is not, and therefore air could not be considered in the
same manner as water. Now, as a matter of fact, the compres-
sion to which air is subjected in electric machinery is ordinarily
of the order of one or two per cent or even less of the total
pressure. Atmospheric pressure corresponds to approximately
407 inches of water, and it is se}dom we run more than ten or
twelve inches, which is less than three per cent.

Now, considering that very fact means that we can take
the work of the hydraunlic engineers and use their formulas for
computation of such things as pressure drops in our machines,
when they can be applied. We can use their method of attack
in many cases and build up models of parts of machines and
cause air to flow through them (or water, if it can be more
readily used), and determine our constants, so we are hetter
able to compute the air pressure drops as we can compute the
electric pressure drops in our external networks, although, of
course, the computation is far more difficult in the case of the air
cireuit than in the electric cireuit. Then if we determine
experimentally the characteristics of the generator of pressure,
that is the fan, we have solved a very large part of the ventilating
problem, if the air circuit is in an enclosed chamber such as in
the high-speed turhine generators. Once we have determined
how the air flows through the machine, and the volume and
pressure, we have gone a long ways toward solving this very
complex problem.

One more thing in connection with Mr. Riee’s paper; clec-
trical engineers have seldom used the method of dimensions for
solving their problems. It is a method which is quite foreign to
most of their methods of attack. I might suggest that they look
into that a little further, but in using that method of dimensions
great caution must he observed because some item might be
overlooked and the solution will in consequence be entirely in
error.

V. M. Montsinger: In Fig. 6 Mr. Luke gives some curves
for the dissipation of total loss from large vertical plates. Ac-
cording to these curves and from 0 to 120 deg. cent. rise the loss
varies approximately as the temperature rise raised to the powers
of 1.3 and 1.36. IFor temperature rises used in practise I have
found that the exponent is somewhat less than these values.

Suppose we consider rises {rom 20 to 70 deg. cent. and calculate
the exponent considering both radiation and convection. If we
differentiate the radiation formula we can calculate the exponen-
tial values for different values of rises for any given room tem-
perature as follows:

kAT — 1) = (T2 — TY" ke
log (T2 — T\ +log kb = nlog (T2 — T1) + log k
Differentiating, we get
4 T23

(T + 7)) (T2 + T

n = -
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The following gives the values of n for a room temperature
of 20 deg. cent. (7', = 293 deg.)

(T:— 1)) n

10 1.051
20 1.104
30 1.150
40 1.200
50 1.245
60 1.292
70 1.339

Average 1.197

Since approximately one-half the loss from a plain black surface -

Is dissipated by convection and the other half by radiation and
since the exponent is 1.25 for convection the general average
exponential value should be about 1.225. This I find checks
fairly closely with test results within this range of rises.

In second column on the fourth page, Mr. Luke gives'a formula
for the total loss from an irregular surface. For corrugated sur-
faces I have found that it is necessary to introduce a correction
factor, say R, in the convection part of the formula to take care
of restricted air circulation in deep corrugations. For instance,
if we should have a corrugation 12 in. deep and with an air space
1in. wide the value of R is about 0.5. In other words the con-
vectionis only about one-half as effective within this corrugation
as for a plain surface. This reduction is a function of the width
divided by the depth of the air space in the corrugation.

I hope to publish in the near future an article dealing with
dissipation of loss by radiation and eonveection from plain and
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irregular surfaces and in which will bo givon a formula that will
hold for any reasonable shape of corrugation, etc.

G. E. Luke: Mr. Montsinger has given some data indicating
that the dissipation of heat from large vertical plates by radiation
and convection should vary approximately as the temperature
rise raised to the 1.225 power or W = a TV%%0 where (W) is
walts loss per square inch of surface and (a) is a constant.

This equation is approximate for a given temperature range.
The values of 1.30 to 1.36 given in the paper were averages for
a temperature rise of 20 to 120 deg. cent. 'T'he exponents of
(T') based on temperature rises of 20 to 70 deg. cent. would be
reduced and would not differ materially from the above value
given by Mr. Montsinger.

The exact value of this exponent is not well established, for
example, Frank and Stephens' give data which result in a value
of approximately 1.31 for this exponent based on a temperature
rise up to 70 deg. cent. To determine the exact value of this
equation will require exceedingly accurate tests and will probably
be dependent upon the conditions of test such as size and posi-
tion of plate and upon the natural air eonvection currents found
in the room used for the tests.

There is no doubt but that the lieat loss from a unit surface
of a radiator or corrugated surface by natural convection will
be less than that found from a plane surface so that a factor (R)
as suggested by Mr. Montsinger would he desirable in the general
heat loss equation from such surfaces. This constant will not
only vary with the depth of the corrugations but will depend
upon the height of the vertical surfaces and also upon the degree
of freedom the air has in flowing through the radiator.

1. “"Heat Dissipation from Self Cooled Oil Filled Transformers", by
J. J. Frank and H. O. Stephens, A. I. E. E., 1911.

Free and Forced Convection of Heat

i Gases and Liquids
BY CHESTER W. RICE

Associate, A. I. E. E.
Research Laboratory, General Electric Co.

HE general problem of heat transfer requires a
knowledge of the laws of conduction, radiation and
convection. In1822, Fouriergaveus thefirst thor-

oughly scientific definition of conductivity and reduced
the problem of heat conduction to an exact science, with
a power and completeness which left little room for
extension or improvement even to the present day.
The law of radiation was first suggested by Stefan in
1879 as a result of an analysis of some experiments made
by Tyndall. In 1884 Boltzman deduced the law
theoretically from the principles of thermo-dynamics
and electromagnetics. Thus the laws of conduction
and radiation have heen accurately known for a long
time, while the problem of convection has received
relatively little study. This fact is surprising when we
consider the important part played by convection in
almost all cases of heat transfer. A complete mathe-
matical solution of a convection problem would require
a knowledge of the hydrodynamiec laws of viscous fluids

Abridgement of paper presented at the Annual Convention of

the A. I. E. E., Swampscott, Mass., June 27, 1923. Complete
paper available without charge to members on request.

for stream line and turbulent motion, combined with
the Fourier equations of heat conduction in a moving
medium. At present our lack of the hydrodynamic
laws for turbulent motion renders a rigorous solution
impossible. Therefore in most of the theoretical work
so far attempted the simplifying assumption of an in-
viseid fluid has been found necessary. The theoretical
results obtained when viscosity is neglected are in
general far from the experimental facts. Langmuir’s
study of the problem showed that the viscosity is a factor
of first importance which cannot 'be neglected. He
therefore adopted a film theory as an approximation.
The reason for the existence of a film around a hot body
may be seen as follows: Consider a horizontal wire
maintained at a given temperature in a fluid, the fluid
adjacent to the wire will become heated and rise while
the cooler fluid of greater density will flow into its place.
Thus a convection current is set up by the difference in
density between the hot and cold fluid. This condition
1s usually referred to as free convection. At the surface
of the wire the fluid is stationary due to viscosity. As
we proceed from the surface of the wire the velocity of
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the convection currents increase until a distance is
reached at which the critical velocity conditions in the
Auid are exceeded and the stream line flows bursts into
turbulent motion. The discontinuity between the
stream line and turbulent motion constitutes the outer
boundary of the film. At the inner boundary the fluid
has the temperature of the hot surface and at the outer
boundary the temperature of the ambient fluid. The
actual configuration of the outer boundary is unknown.
As an approximation we might assume that it was an
eccentric ellipse or cylinder, etc., and determine the size
and eccentricity so as to best fit the experimental re-
sults. For ease of calculation Langmuir adopted the
simplest approximation and assumed that the outer
boundary of the relatively stagnant film was a cylinder
concentric with the wire. He thus reduced the hope-
lessly complex problem of convection to one of con-
duction in the steady state.

The question of how the film thickness varies with
the size and shape of the body and properties of the
ambient fluid is determined by the method of dimen-
sions plus experiments. Raleigh has frequently pointed
out the great power of the method of dimensions in
obtaining the solution of physical problems. He says—
“Tt often happens that simple reasoning founded upon
this principle tells us nearly all that is to be learned
from even a successful mathematical investigation, and
in numerous cases where such a mathematical investi-
gation is beyond our powers, the principle gives us
information of the utmost importance.” As already
stated the problem of convection is at present beyond
our reach and therefore we have to be content with the
information which we can obhtain from the method of
dimensions.

Recently Davis has attacked the problem by dimen-
sional methods starting from certain general hydro-
dynamic considerations which do not take into con-
sideration the existence of a film. In the present
papers on Free and Forced Convection Langmuir’s film
theory has been extended by dimensional analysis and
it is felt that the results obtained give a clearer insight
into the mechanism of convection, as well as more use-
ful equations. An attempt has also been made to
bring together the available data and correlate them as
far as possible. A striking example of the practical
results which may be expected from a thorough under-
standing of the laws of conduction, radiation and con-
vection is found in Langmuir’s gas filled lamps. His
study and application of these laws allowed him to more
than double the efficiency of the incandescent lamp.

Discussion

V. M. Montsinger: 1 think I am safe in making the stute-
ment that there is no other problern which offers any more
difficulties than does that of heating and eooling. This is
especially so in investigaling free convection. In fact there
are usually so many factors 1o be taken into eonsideration that
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it is practically impossible to arrive at any simple rule or formula
that will hold for all the conditions met with in practise. I
think one of the most important points to be considered in
deriving a formula for free conveetion is that of the size of the
area, that is, whether the heated surface is concentrated in a
small area or whether it covers a large area several feet in height.
Mr. Rice has considered this within a certain range of sizes.
Another’ important point is the range in temperature used.

As most of the data used by Mr. Rice were obtained either
from relatively small areas or at fairly high temperatures, that
is, above 100 deg. cent. rise and as a contributing part to this com-
pendium, I would like therefore to give in brief some of the
results of my experience covering a period of several years in
cooling mostly by free convection, of large areas at relatively
low temperature rises, less than 100 deg. cent. rise. This
lower region of temperature rise is a very important one from a
practical standpoint for the reason that the limiting temperature
of all class A insulating materials used so extensively in electrical
apparatus comes within this range.

First, in reference to the question of the film of inactive air
next to the heated surface I think perhaps it may be of interest
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if I give in a very general way the results of a recently conducted
experimental observation which confirms very conclusively the
existence of & film of apparently stationary gas on the heated
surface.

The experiment consisted in cooling by free convection a
gseries of vertical transformer coils separated by various duets
of different sizes in, (1), a light gas of hydrogen, (2), in a heavy
gas of nitrogen and (3), in a mixture of the two gases.

For the larger sizes of coil ducts used around }3 in. to 34 in.,
the relative heat transfer or convected losses for a given tem-
perature rise for the two gases checked fairly elosely the values
caleulated by Mr. Rice’s formula in which the logs varies directly
with the product of heat conductively and the square root of the
gag density and inversely with the square root of the viseosity.

But for the smallest coil duet used around #/;¢ in., it was found
that there was praectically no dilference in the cooling by either
of the gases when under 200 pounds absolute pressure. What
appeared at first to he somewhat puzzling oceurred when
mixtures of these gases wore used varying from 100 per cent
nitrogen o 100 per cent hydrogen by volume. Tor instance,
with a 50-50 mixture, the loss dissipated fov a given rise was
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approxinutely 50 per ocent gronter than foy either of the pure
gu.ses, and this difference in oooling with the pure gases wnd their
mixtwres gradually decreased as the mixture appronched either
one of the pure gases.

This hump in the efficiency ourve gradually disappewred
(as the coils with larger duets were used by moving over in the
direction of the %, in. duots and, of eourse, us the duots became
larger tho cooling beeame better and botter for the hydrogen
Bus, as compared with nitrogen. This is illustrated in g, 1.

The important point however is this: what was the cause of
it?  According to Mr. Rice's formula, nitrogen has a thin
tihn of inactive gas on the surface and hydrogen gas has u rela-
tively thick film—about 2.6 times greater than that of nitrogen
at 50 deg. cent. and at 200 pounds pressure. Naturally then for
small constricted paths the thick hydrogen fiin was clogging
the circulation whereas the thin film of nitrogen allowed a mueh
more free circulation and it so happened for this particular
size of duet that the cooling was about equal, whereas for un-
restricted ecirculation the cooling of hydrogen ranges from 2 to 3
times as great as that of the nitrogen.

Beginning with hydrogen as the cooling medium and as
nitrogen was gradually added, thus forming a mixture, the gain
due to decreasing the film thicknoss was up to a certain point
more than the loss due to the addition of the poor cooling gas
(and consequently loss of equal amount of hydrogen) but
finally at approximately 50-50 mixture the conditions of gain
and loss reversed themselves and the cooling again decreased.
This phenomena proves conclusively the existence of a gas film
upon whieh Mr. Riee’s lormulas are based.

Second, in reference to the question of the variation of free
convection loss with temperature rise as given by Mr. Rice’s
equation (126), I wish to make the following comments: if we
choose some definite ambient temperature, say 30 deg. cent., the
equation expresses the loss as a Iunetion of the average of the
absolute temperatures of the heated surface and ambient raised
to the 0.754 power multiplied by the temperature difference in
degrees cent. If we calculate the loss by this equation and plot
loss as ordinates and temperature rise as abseissa on double-log
paper we find that the loss varies up to 100 deg. almost exactly
as the temperature railed to the 1.06 power. But as Mr. Rice
states in the paper from 100 to 500 deg. the average exponential
value is around 1.25. For example the following tabulation
gives the values of the exponent between each 100 deg. rise up to
500 deg. cent. as calculated from his formula.

Loss varies approx. as
temperature rise raised
to power of:

— —

For temperature rise
Between limits of:

0-100 deg. cent. 1.06
100-200 deg. cent. 1.14
200-300 deg. cent. 1.24
300-400 deg. cent. 1.265
400-500 deg. cent. 1.37

Average from 100 to 500 deg. cent. = 1.254.

However, I have found as I pointed out in my article in June
1916 proceedings that the exponent of 1.25 holds from O to 100
deg. and I am quite certain that loss by convection for large
areas does not vary even approximately as the first power of the
temperature rise as given by equation (126).

I have been using for over ten years this value of the exponent,
namely 1.25, in connection with the cooling of large selfcooled
transformers having tanks with irregular surface where the
greater part of the heat is dissipated by conveection and I find
that it always checks very closely with the test results. The
difference between the loss calculated on the basis of using an
exponent of 1.06 and one of 1.25 is quite an appreciable amount.
For instance, if the constant is so chosen that the lines eross at
10 deg. rise the difference in loss at 100 deg. rise is in the ratio of

about 1 to 1.5.

Journnt AT, 18,1

To obtaiu laboratory uceurnsy on tho loss of hent by free
sonveotion from rather tall vertionl surfuces 1 recently made
a series of tests on v cust iron plate nbhout 3.15 in long by 13.1 in,
wide by 1'/14 in. in thickness. In the plats were imbedded
sheath wire units of eyunl resislunce about 2 in. upnrt ko as to
obtain a uniform tempernturs throughout the whole aren in-
cluding both sides of the plate. I'his oliminated the HECORKILY
of makiog corrections for struy losses in easo one side of the plute
had been blanketed, ax is sometimes donoe in investigat ions of
this kind.

The plate was suspendod in a vortical position in the air in
an open room having a constant tempoerature.  Wifteen thermo-
couples were soldersd in holes in the surface on one side und five
on the other side of the plate, the five beiug used merely as o
check to see 1 both sides wero at the same tomporature. Direet
current was used to supply the loss.  All readings of volts and
amperes and thermocouples wore taken with a patentiometer.
For convection, the air was used as the ambient. For rudiation
the temiperature of the walls of the room ubout 10 feet distance
was used for the ambient although the air and wall tomperulures
were usually the same.

Three series of runs were made with both sides of the hot plate
under the same conditions, namel

(1) painted a lamp black; (2) nickel plated and polished,
and (3) with the surfaces partly oxidized and set permanently
at about 325 deg. cent. hetore niaking any test.

For the first condition the paint began to scale off when the
temperature reached approximately 100 deg. cent. or about

0.32
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72 deg. rise and the test had to be discontinued. Up to this
point the loss by conveetion was taken as the difference hetween
the total loss and the loss calculated by the standard radiation
law and assuming that the emissivity factor was 0.9 that of a
perfect black body. The radiation constant used was 3.68 X 10711

The conveection loss points fell on a straight line on double-log

paper the equation of the line being

We=1.40 X 10 ~3 g 1-265 1)
in which W, is the watts per square inch of surface and ¢ is the
temperature rise in deg. cent. 'The loss is plotted against tem-
perature rise raised Lo the 5/4 power in Fig. 2.

For the other two conditions of the plate surface the emissivity
factor for radiation was assumed to be that obtained by sub-
tracting from the total loss for a given rise around 50 or 60 deg.
cent. the convection loss according to equation (1,. The
resulting value of emissivity was used throughout the range of
test temperatures in determining the convection loss points.

According to the above method of procedure the emissivity
factor for the nickel plated and polished surface was 0.07.

Up to about 150 deg. cent. rise the convection loss points fell
in a straight line on double-log paper, the slope of the line being
about 1.26. From 150 to 300 rise the points gradually drew
away from the straight line and at 300 deg. rise the loss was
about 25 per cent higher than the straight line. Fig. 3 shows the
loss plotted against temperature rise raised to 5/4 power.

At first it was thought that this departure from a straight
line on double-log paper was due to g change in the law but
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(as will be seen later where tests were made with the surfaces
partly oxidized did not show this departure), it was apparently
due to a gradual oxidation of the surface which at first was not
discernable to the eye but which gradually increased the emis-
sivity factor. At about 300 deg. rise the surface became so
tarnished that the tests were discontinued.

For the last set of tests the surfaces were painted black and
then subjected to a temperature of 325 deg. cent., for about a
day, so as to let it get “set” before making any test. Some of
the paint came off and what remained turned a brownish eolor.

Tests were taken first with the temperature decreasing and

~
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second with an increasing temperature. The enissivity factor,
determined as deseribed before. was 0.52. The convection loss
where plotted vs. temperature rise on double-log paper fell
practically on a straight line up to 2% deg. cent. rise—as far
as the temperature was taken—with a slope of the line of 1.25.
This is shown in Fig. 4.

As stated before. the results above approximately 100 deg.
rise agree fairly well with Mr. Rice’s formula and 1 do not think
that because they disagree below 100 deg. rise they contradiet
the film theory. As I stated in the beginning of the discussion
the conditions of coolivg a large plate are so radieally different
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from that of cooling a small area where the heat s concentrated
and especially at low temperature differences that possibly the
same equations would not be expected to hold for both conditions.

The point which I wish to emphasize is that for a large vertical
surface and for temperature rises used in most electrical ap-
paratus the loss can be expressed close enough for praectical
purposes by a simple exponential eqnation in which the loss
varies as the 5/4 power of the temperature rise. This agrees
with the results found by Messrs. Ezer, Griffiths and A. H. Davis
conducted under the auspices of the Department of Scientific
and Industrial Research, and shown in their Special Report
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No. 9 issued last year on “The Transmission of Heat by Radia-
tion and Coavection.”” This was for temperature rises up to
100 deg. eent. and for vertical planes up to approximately 35 in.
in height. For heights of 69 and 104 in. the values of the ex-
ponent were 1.3 and 1.34 respectively. The coustant in their
formula was the same (1.28 X 10%) for all heights ahove 12 in.
(30 cm.). For smaller heights than 12 in. they found that the
constant increased. The constant [ found from the tests on the
hot plate was ].4 X 10° or about 9 per cent higher than Griffiths
aud Davis' valoe. for corresponding heights.

Chester W. Rice: In the above discussion Mr. Moutsinger
ealled my attention to the fact that the frec convection from
vertical plane surfaces varies as the 5/4 power of the temperature
difference whereas my equations make the convection vary
approximately as the first power of the lemperature rise for
small temperature differences.  In view of this lack of agreement
between the theory and experiment for low temperature dif-
ferences, it seemed desirable to reexamine the av ailable data
on the basis of a more general expression for the film thickness
0 as to obtain, if possible, a single expression which would be
inversely application for both large and small temperature
differences. In a subsequent paper it will be shown that the
desired universal expression can be readily found and that it
leads to the following econeclusions.

(1) The more genera! expression for the elfective film thick-
ness, here developed, is seen to be superijor to the simpler expres-
sion of the previous paper since the resulting equations account
accurately for the convection from large and small bodies at
both high and low temperature differenoes.

(2) The general expression for the eflective film thickness
obtained by the method of dimensions for free convection is

B =KDW$k/acp)? ¥ (aga ) D¥?" em. (1)
where K = Experimental constant depending on the system
of similar bodies under consideration
D = Characteristie linear dimension of body in em.
¢ = Heat conduectivity at average temperature watt

em. ™ deg. cent, !

; Viscosity of fluid at average temperature cm.”
gramsec. !

Specifie heat at eonstant pressure for average

temperature Joule gram™ deg. cent.”!

p = Experimental exponent

u/p = Kinematic viscosity of fluid for average

temperature cm.®sec.”!

a = Coef.of density ehange per deg.cent. for average tem-

perature in deg. cent.™!, for ideal gases « =1/273

¢ = Acceleration of gravity = 980 em. see.?
At = Difference between surface and ambient tempera-

ture deg. cent.

Experimental exponent for the system of similar
bodies under consideration.

(3) When dealing with tdeal gases, the first factor in equation
(1) ean be neglected sinee it does not vary greatly from one gas
to another. Under these conditions we write the effective film
thickness

B = K,D[V/(aga)/? DV" em. (2)

(4) The free convection from long horizonial cylindersin

gases and liquids is given by

W. =27 Lag/loge| (2B + D)/D]
where L = Length of ¢ylinder in cm.

A ¢ = Thermal conduection in watts per cm.

D = Diameter of cylinder in cm.

B = Film thickness in em. from Eq. (1).
A sufficiently close approximation is usually obtained by taking
n=1/2; K =212 and p = 1/4 in equation (1).

(5) The free convection from long vertical cylinders in gases
is given by equation (3) and the film thickness by equation (2).
The meager available data give n = 2/3 and K; = 8.65.

T

watt (3)
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(6) The free convection from spheres in gases is given by
Woe =2maA o/[1/D ~ 1/(2B + D) | walts  (4)
and the film thickness by equation (2) in which n = 1/2 and
K, =202
(7) TFor large surfaces the film thickness will usually be
small compared with the film thickness and the shape con-
ductance will then take the simple form S = A/B. ¥or moder-
ate temperature differences we may also take A ¢ = kg, At
Under these conditions, our general expression for free convection
becomes
We = (AkAt/K D) (u cp/B) [(ag At)/2 DY2/p"
watts (8)
For ideal gases we may omit the first factor without great error
and obtain
We = (AkAt/K\ D) [(agat)/? D32/ p] ™ watt (6)
(8) For large long horizonial cylinders in gases and liquids
we take K =2.12; n = 1/2 and p = 1/4 1 equation (5).
For the convection in air we obtain
W. = 0.000785 4 (1/D)1/4 pv/2 (/T apy.) 123 A 18/4

watt (7)
where A = T DL = Area in square cm.
D = Cyl. diam. ip em.
L = Length of long cylinder in em.
P = Air pressure in atmosphere
Tawy. = Average of cyl. and amb. absolute

temperature deg. K
Al = Temperature difference deg. cent.

(9)  For large long vertical cylinders in gases, we take n = 2/3
and K, = 8.65 in equation (6). For air we obtain the following
approximation

W. = 0.00166 A p/? (1/Tqy,.) 15 A t4/3 watt  (8)

(10) TFor large spheres in gases we take n = 1/2 and K,
= 2.0 in equation (6). TFor air we then obtain the following
approximation.

W. = 0.00088 A (1/D)Y/4 pV? (1/T gy,.) 12 A ¢5/+4
watt (9)

(11) For a long thin vertical plane surface (ribbon surface)

in gases we may take as an approximation n = 1/2 and K,
= 1.46 in equation (6). We also take D equal to the vertical
height H in em. TFor air we then obtain

We = 0.00121 A (1/H)Y4 p/2 (1/Tay,.) 2 A t5/1 watt (10)

(12)  The more general theory of the present paper shows that
free convection tests can not be used as a primary method of obtain-
ing heat conductivities. The method, however, is still of interest
where an approximation value of the heat conductivity already
exists. Below, the heat conductivities have been recalculated
by".this method.

No. 12 Transil Oil=0.0017 (1— 0.0026 ¢)watt cm. ! deg.cent.™!

Toluene = 0.0015 (1— 0.0029¢) °

Glycerine = 0.0033 (1— 0.0038¢) * « “
Aniline = 0.0020 (1— 0.0018¢) “ «  «
CClL =0.0012 (1— 0.0038¢) « « a

Olive Oil = 0.0016 (1+0.0055¢) «  «  «

The value for olive oil should not be given much weight due to
the large uncertainty concerning the viscosity. The present
method gives, excepting olive oil, negative temperature coeffi-
cients whereas, the method of the previous paper gave positive
values.

An oversight was made in Section V under Effect of Ambient
Temperature. Here the experiments were tested by calculating
the film thickness for the high and low ambient temperatures
from the observed convection. These calculations showed that
the film thickness increased with increasing ambient tempera-
ture as was required by the theory and therefore the agreement
was considered satisfactory. Now the heat conductivity in-
creases with the temperature, but not quite as fast as the film
thickness increases and therefore the convection per degree
cent. should decrease with increasing ambient temperature,
whereas the experiments show an inereased conveection per
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deg. cent. for the high ambient temperature. 'T'hus the oven
tests are contrary to the theory of the paper as well us the more
general theory outlined ahove. It is probable that conveetion
currents were the cause of the trouble.

In Section VII of the paper, we used Compan’s data on free
convection from spheres to determine the constants in the
convection laws. In the course of the recent work, I have re-
examined Compan’s data and compared it with the work of
Pelot (Traité de la Chalewr, Thivd Edition, Vol. 111, pp. 418-481)
and M’Farlane (Proc. Royal Soc. London, Vol. 20, p. 90, 1871
and 1872) with the result that Compan’s experiments do not
agree at all with the others. It seems probable that the trouble
with Compan’s work is due to the use of a small sphere coversd
with a thick coat of lamp black. In the above surmnmary of the
recent worlc Compan’s data have therefore heen ncglected.
His data on forced convection have likewise heen neglected
in the following discussion on foreced convection.

A recent study of a fund of valuable data on the heat transfer
to liquids flowing in pipes, which has come to the writer's
attention, showed that here also a more general expression, for
the film thickness is necessary to properly correlate the heat
transfer in liquids with that in gases. In a subsequent paper
the new data will be presented and the following conclusions
reached.

(1) The more general expression for the effective film thiclk-
ness, here developed, is superior to the expression of the previous
paper in that it allows us to correlate the heat transfer in gases
and liquids.

(2) The general expression for the effective film thickness
obtained by the method of dimensions is

B KoD (B/uCp)? (u/p D v)* em. (11)
where K, = Experimental constant depending on the system
of similar bodies under consideration
D = Characteristic linear dimension of body in em.

k = Heat conductivity at average temperature watt
em.”! deg. cent.™!

u = Viscosity of fluid at average temperature cm.™!
gram sec.” !

C, = Specific heat at constant pressure for average
temperature Joule gram—! deg. cent™!

p = Experimental exponent

p = Density of fluid at average temperature gram
cm. ?

v = Mean velocity of fluid relative to the surface cm.
see. ™!

z = Experimental exponent

(3) When dealing with ideal gases the first factor in equation
(11) can be neglected since it does not vary greatly from one
gas to another. Under these conditions we obtain

B =KD (u/pDuv)* cm. (12)
which is the expression assumed for both gases and liquids in
the previous paper.

(4) For thin films and moderate temperature differences we
obtain for gases and liquids.

We = (Akat/kD) (uCp/R)? (o Dv/u)*! watt (13)
where A = Area of surface cm.?
At = Temperature difference deg. cent.

(5)  For ideal gases the factor (u Cp/k)? may be neglected with

sufficient approximation so that

W.=(AkaAat/K D) (p Dv/p)* watt (14)
This relation was tested over g wide range of eonditions in
different gases in the previous paper with good agreement.

(6) For smooth pipes well above the eritieal veloeity, the
available data in gases and liguids is approximately satisfied
by taking p = 1/2, z = 5/6 and Ko = 60 in equation (13).

(7) The film theory naturally suggests a relation between
the mechanical resistance to flow and the heat transfer. A
study of the heat transfer and mechanical resistance for pipes
leads to the following relation:

We=(AkAatR/y 1) (uCp/k)? watt  (15)

A ——
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where R = mechanical resistance dynes cm.™?
(8) We may write equation (15) in the following form
We=(ACpAtR/v) (B/uCp)? watt (16)
which is seen to conform to Reynolds Law as given by Stanton.
(9) If we substitute Lees equation for the resistance to flow
in smooth pipes in equation (16), and assume p = 1/2 we obtain
for gasea and liquids.
W, = (B/uCp)/2 A pCpv At[0.0009
4+ 0.0763/(v D p/ )% watt (17)
This equation takes into account the variation of the resistance
with the degree of turbulence and therefore should be applicable
over the entire range above the critical velocity.
For ideal gases we may take with sufficient approximation
W, =1.16 4 p Cpv At[0.0009 + 0.0763/(v D p/ 1)
watt (18)
For air equation (18) becomes approximately
W, = (0.417 A p v A t/Tayp.) [0.0009

4+ 0.0012 Tavg.-81%/(v D p} %] watt (19)
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where p = absolute air pressure in atmospheres
Tasg. = Average of surface and ambient absolute tempera~
ture
(10) For rough ptpes (fine sand paper) we will assume z = ¥,
p = 1/2 and K, = 136 in equation (13).
For ideal gases we then obtain

We.=10.006354 pvkAt/u watt (20)
For air we have .
W, = 0.0031 A pv At/Tau. watt (21)

(11) For cylinders in ideal gases the values obtained in the

previous paper still hold. We therefore take z = 1/2 and
K = 2.2 in equation (14) and obtain for thin films
W.=(AkAt/2.2D) (p Do/p)/? watt (22)
where D = Diameter of cylinder in cm.
For air we obtain
W, =0.0018L v p DvAt/Tay % watt (23)

where = Length of cylinder in cm.
(12) The heat transfer in gaseous mixtures are covered by
the general equations which apply to liquids and gases.

Artificial Transmission Lines With Distributed Constants
F. S. DELLENBAUGH, JR.

Member, A. I. E. E.
Seccretary, Research Div. Electrical Eng. Dept., Mass. Inst. of Technology.

HE theory of the transmission of electricity has
been materially advanced through the use of
artificial transmission lines in the laboratory.

Artificial lines of various types have been in use for
about thirty years, one of the first investigations being
in connection with submarine signaling and later Pupin
developed artificial equivalents in connection with his
work upon loaded telephone lines. At the present time
these artificial equivalents are used extensively in tele-
phone and telegraph work for balancing circuits, or as
standards of transmission distance, while a large number
are used for educational purposes in the laboratories of
engineering schools. In a few cases power companies
have built equivalents of a portion of their system for
investigations of the power distribution.

The usual construction involves the use of lumped
constants, or in other words, a coil having the desired
values of resistance and inductance is connected in the
proper manner to one or more condensers of the correct
value of capacity, the group being equivalent to a sec-
tion of line of definite length. These units may be
connected in either star or delta combinations, and are
usually referred to as a T or 7 section. If the equiva-
lent section of line is short the values of the total
inductance, capacity and resistance per section in the
actual line and its artificial equivalent may be made
identical without introducing more than a negligible
error. If the equivalent section is long, however, cor-
rection factors must be used.

While this type of construction is in many ways satis-
factory and useful it has certain very definite limita-

Abridgement of paper presented al the A. I. E. E. Annual
Convention, Swampscoll, Mass., June 28, 1923. Complele paper
available without charge lo members.

tions which prevent the experimental development of
transmission theory along certain lines. At present
the most important of these is the investigation of
transient phenomena. The lumpy type of line loses its
equivalence to the actual line when the flow of current
is not a repeating function, since the constants behave
as separate units towards the wave fronts set up in
changing from one state of flow to another, resulting in
very large reflections from the inductance lump and
very large conduction by the capacity lump. If the
inductance were entirely free from distributed capacity
then a vertical wave front would be completely reflected.
However, the inductance coil must always contain a
certain amount of distributed capacity and therefore
the reflection of a wave front will depend upon the ratio
of the inductance to the distributed capacity that
actually exists.

DEVELOPMENT OF THE ARTIFICIAL LINE WITH
DISTRIBUTED CONSTANTS

This type of line is referred to as a “smooth’ line in
distinction from the more usual lumpy line. From
time to time attempts have been made to produce such
a smooth line for the study of transient or other con-
ditions. Taylor & Muirhead, Pupin and Union
College were all successful in doing this to a certain
extent.

The Research Division of the Electrical Engineering
Department of the Massachusetts Institute of Tech-
nology started an investigation of the possibilities of
making a satisfactory smooth artificial line in the fall
of 1920. The work has been done largely by graduate
students and research assistants. Mr. L. H. Becker
began the first attempts at making coils with distributed
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constants, and the first tests were carried out by
Messrs. M. F. Gardner and E. J. Arnold, all of these
being research assistants. The design of the single-
phase line was carried out by the author, and the more
extensive tests, which are to be described in another
paper, were carried out by Messrs. Scott, Van Ness and
Jackson, graduate students, under the supervision of
Mr. S. M. Jones, research assistant. The design of the
three-phase line was done as a graduate thesis by Messrs.
P. T. Coffin and L. O. Buckner, and the test work upon
this line is now under way by a group of graduate

DISLIGTRIC

ZiMroIL

TLAE WINpLUS

Fi¢. 1—CRross-SectioN oF Rounp Wire TYPE OF SMo0TH
ArtrFiciaL Line CoIL
The arrangement with rectangular wire is the same, but usually some-
what longer compared to the diameter.

L/2 + L/2
m IL:{;"—""—C“:"EN
| ¢/ ] c/2 ~C [+
L/2, L/2
(a) )

~ c/3
L/2 L/2
(d) (e)
Fig. 2
(a) Circuir EQUIVALENT OF A SINGLE-PHASE TRANSMISSION
Ling,

(8) TaE Same CircuiT as (o) BROKEXN UP TOo SHOW T'wo WIRE-
MILE EQUIVALENT SECTIONS COMBINED TO REPRESENT THE LINE
(c) THE SaAME SEcTiON LENGTH AS (B) WiTH THE CONSTANTS
LomPED TO GIvE A Loop-MILE SECTION
(p) A THREE-pHASE TRANSMISSION LINE REPRESENTED BY
LuMpEp CONSTANTS
() THE SaMmeE Circuit as (p) witH THE Caracities Con-
NECTED IN STAR INSTEAD OF DELTA

(The values of the constants in all the different sections are marked to
show the values giving the same nominal length of section for each type
of circuit). It will be noted that (e) is the same as three of the wire-mile
sections used in (b).

students. After considerable experimenting it was
decided to develop the Pupin type of coil. The final
type of construction consists of a multilayer coil wound
with bare, or enamel insulated, copper wire of rec-
tangular or circular cross section. Between each
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layer of winding, and also on the inside and outside of
the coil, is wound a layer of tinfoil, insulated from the
conductor by impregnated condenser paper. EKach
layer of tinfoil projects at one end so that all the layers
may be soldered together. "There must also be a break
in each layer along the same radial line, so that the
tinfoil does not make a short-circuited secondary for
the main winding. This results in a coil having the
capacity uniformly distributed with respect to the
conductor. The leakage is also uniformly distributed,
but there is a certain periodicity of constants due to the
existence of mutual inductance between turns in each
coil. This does not appear to interfere with its equiva-
lence to an actual line, as shown from tests made upon
the lines. One important facility contributing largely
to the success of this construction is the availability of
three electrode vacuum tube amplifiers for use in making
tests. The operation of the usual type of metering
equipment and oscillographs requires so much power
that if they are directlv connected to the line the

18 foot
.6 foot
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. Equivaloent diamotor of transmission 00nductor, intnes
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| | J
1 1 i

o 0.01 0.02 0.03 0.04 0.05
r', Dlametor 0f wire in artificial linme ir incaes

Fia. 3—CurvE SHowINGg THE RELATIONS BETWEEN THE
DisaMETER OF WIRE WOUND IN THE SM00TH ArTIFICIAL LINE
CoiL sxD THE EQUIVALENT DIAMETER OF TraxsyissioN LINE
CoNDUCTOR REPRESENTED

The upper curve is for a wire spacing of 18 ft. (5.5 m.) and the :ottom
curve is for a spacing of 6 ft. (1.83 m.). The equivalent length of section
varies from 2 to 40 miles (3.2—64 km.). increasing with the diameter of
wire in coil. The length of wire in the coil varies from 5000 to 50,000 cm.
(164-1,640 ft.), also increasing with the diameter of wire. The design
constants were taken as follows:

K =25 vy =1.5

H =06 x10-3 4 = 0.0025in.
rgsultant equivalent load is very large and distorts the
line condition seriously. Such equipment can only be
connected to the end of the line which is attached to
the power supply without introducing serious errors.
. Owing to the interdependence of the various constants
in the coil the design is somewhat complicated. A
change in any one dimension affects all the other con-
stants and cut-and-try methods are very laborious and
wasteful. Therefore a method of design has been
Workgd out which will give reasonably accurate results.
It Introduces of necessity several design constants
whlch have to be more closely determined by a sample
cgll, but usually one or two samples will suffice to pre-
dict the results within five to ten per cent, which is as
close as coils of this sort can be manufactured com-
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mercially. If greater accuracy is necessary the coils
must be wound slightly oversize and then unwound
until they fit the required constants. Since the capac-
ity reduces directly with the first power, and the
inductance approximately proportionately to the square
of the turns unwound, it is always possible to unwind

Size of wire in artificial Iinec coil.B and S gage.
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Fig. 4—CHarT SHOWING THE RELATIONS BETWEEN THE
VaRrIoUS DIMENSIONS AND EQUIVALENTS oF ROUND WIRE
SymooTr LINE Loop-MILE SECTIONS

Vralues are calculated for a fixed value of dielectric thickness of 0.0025 in.
(0.00635 cm.) Since they are all interdependent they can all be plotted
to the same coordinates. For example. 20,000 cm. of No. 22 B & S wire
will result in a section having an equivalent length of 10 miles with equiva-
lent spacing of ten feet, and the ratio 2 §/d = 700, thus the equivalent
conductor diameter is 0.34 in. The curves are plotted for average values
of desigr constants and therefore give approximate results only.

F16. 5—SeEVERAL TyrEs oF SmoorH ARrTIFICIAL LiNne CoIiLs

Upper left is lattice wound embedded in Wood's Alloy. Upper right
is round wire single-phase 8 loop-mile section. Lower left is experimental
three-phase coil, and lower right the final three-phase coil of 20 wire miles
per section.

an oversize coil to a point where the desired ratios are
obtained. The equivalent size of conductor represented
by the artificial line is roughly proportional to the size
of conductoractually used in winding the coil, and varies
but very slightly for a small change in the number of
turns. Thus unwinding the coils changes the equiva-
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Fic. 6—TuE 1000 MILE SINGLE-PHASE SMOOTH LINE ASSEM-
BLED IN Boxks. ONE Box 1s OPENED TO SHOW ARRANGEMENT
or CoirLs

Fic. 7—TueE DIrecT-CURRENT TRANSIENT AT THE HoOME
EnDp orF 992 MILES OF THE SINGLE-PHASE ARTIFICIAL TRANS-
missioN LiNg, tHE Far Enxp Bemine Oren

F16. S—THE DirecT-CURRENT TrRANSIENT AT THE HoME END
oF 992 MILES OF THE SINGLE-PHASE ARTIFICIAL TRANSMISSION
Ling, THE Far EnD BeiNG SHORT-CIRCUITED

Fic. 9—Tue 400-MiLe THREE-PHASE Smoorn LINE, as IT
STANDS IN THE LaBORATORY, IN USE FOR TRANSIENT INVESTI-
GATIONS

Spacing cribs are placed between boxes .to reduce mutual inductance,
vertically.
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lent spacing rapidly, the equivalent length of line slowly,
and the equivalent conductor size remains practically
constant.

TABLE 1
SINGLE-PHASE ROUND WIRE COILS
Loop Mile Equivalent

FINAL COIL SPECIFICATIONS

Wiresize. ...... ... . . . ..No. 23 B&S enamel covered
Diameter of winding mandrel .. .. 18 inches. (4.57 em.)
Total number of turns. . . 00792

Turns per layer. .. .. . 36

Number of layers. . ... . . 22

Thickness of dielectric, one sheet. . . .0.002 inches.
Thickness of tinfoil ... .. .. . . . 0.003 inches.

(0.0051 em.)
(0.0076 em.)

Gapin tinfoil .. .. ... . . ..0.25 inches. (0.6 em.)
A nd
+39%
Tolerance.................. . L/C = 640
—59,

FINAL COIL DIMENSIONS

126 coils of this type were manufactured re presenting approx-
imately 1000 miles of single-phase line. The average results
are:
Weight of comnplete coil . . . o
Outside diameter... ... . ... .. ... . .  35inches (8.9 cm.
Inside diameter.. ... .. ... ... . . .. . 1.75inches (4.45 em.
Winding length. .. ... ... .. .. . . 1'/16 inches (2.7 em.)
Coil length over insulation...... ... . . 1.5inches (3.81 cm.)
Coil length over tinfoil, total ... .. .. . .2.0 inches (5.08 em.)
Winding depth....... .. .. . .. Zginches (2.22 em.)

. -1.88 pounds (0.858 kg.)

FINAL COIL CONSTANTS AND EQUIVALENT VALUES

Equivalent per coil 126 coils

Resistance . . 7.9 996. 4 ohms
Inductance . . ... .. 0.0326 4.112 Henries
Capacity....... .. 0.0565 7.116 DMicro-farads
Leakance. ... . .. 0.465 58.7 Micro-mhos.
Equivalent length

of ine. ... .. ... 7.87 miles (12.6 km.) 992.1 Miles (1590 km.)
Equivalent spacing 8 ft. 9 in. 8ft. 9in. (2.67 m.)

Equivalent eon-

duector....... .. No. 00 B&S* No. 00 B&S (9.2mm.)

TABLE 11
THREE-PHASE RECTANGULAR WIRE COILS
Wire Mile Equivalent
FINAL COIL SPECIFICATIONS

Wire Size, No. 28 B& S tinned | - (wigth 0.104 in. (0.264 em.)
bare (Rectangular)........ (Thickness 0.013 in. (0.033 em.)

Inside Diameter......... .. .. ..4.16in. (10.6 cm.)
Outside Diameter. .. .. ....... ..550in. (14.0em.)
Total number of turns.. .. ... ..725
Turns perlayer............ .... 29
Number of layers........ .. 25

Thickness of dielectric, two | 0.003 in. (0.0076 em.)
sheets,each. .. .. ......... { 0.006 in. total (0.015 em.)
Width of dielectric. .. ........ .. 5in. (12.7 em.)
Thickness of tinfoil. ... ... ...0.002 in. (0.0057 em.)
Width of tinfoil ... ... ... ..61n. (15.2 cm.)
Gapin tinfoil .. ................0.3751n. (0.95 e¢m.)
Length of layer................4.0in. (10.2ecm.)
Corelength....................5.00in. (12.7 cm.)

Overalllength.................55in. (14.0 cm.)
Tolerance. .................... L/C = 160 % 10 per cent
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60 coils of this type were manufactured, representing
approximately 400 miles of three-phase line. The
average results are:
Weight of ecomplete coil,

approximately
Outside diameter

7.5 pounds, (3.4 kg.)

Varies from 5.5 to 5.8 in.
(14 to 15 em.

4.1251n. (10.5 c¢m.)

Approximately 5.5 in. (14 ¢m)

Varies from 0.69 to 0.87 in.
(17510 2.2 em.)

Inside diameter
Over all length
Winding depth

FINAL COIL CONSTANTS AND EQUIVALENT VALUES

Per coil Total average, per wire
Resistance .....5.51 to6.02ohms 114.0 ohms
Inductance. . ...0.041 t0 0.043 0.84 henries
Capacity ...0.251 to0 0.312 5.25 microfarads

482.75 miles (613 km.)
144 inches (3.56 m.)

Equivalent length of line19.1 miles (30.5 km.)
Equivalent spacing . ... . 144 inches (3.56 m.)
Equivalent conductor di-

ameter..............0.426in. (1.08 cm.) 0.426 in. (1.08 cm.)

Both sets of lines were manufactured by the General
Radio Company of Cambridge, Mass.

CONCLUSIONS

Artificial transmission lines can be successfully
built with distributed constants, which will in the main
duplicate the behavior of actual transmission lines,
not only under steady state conditions but also under
transient conditions. Certain properties of the materi-
als used in the coils introduce effects in the artificial
line which are not present in the actual line, and the
change in dimensions causes some of the effects present
in the actual line to be absent in the artificial line.
However, as shown by the correspondence between the
experimental work and the theory for relatively simple
cases, the results of these divergences from exact
equivalence are very small, since the discrepancies are
of secondary nature, and a great deal of information
can be obtained by the use of such artificial lines in
studying transient and other cond:tions. Single-
phase lines can be easily and accurately duplicated.
Three-phase lines require more complexity of ecircuit,
particularly where special configurations of line or
special load conditions are to be represented, but the
method of design and construction 1s sufficiently
flexible to allow of this being accomplished. The
accurate introduction of the ground plane effects and
mutual inductance between wires require further
analysis and study and the possibilities of duplicating
networks will be developed with further experimental
work. Complete transmission systems can be repre-
sented by such coils, but in order to be fully useful the
effect of terminal apparatus must be introduced by
artificial equivalents as well, and this is the subject
of separate investigations at the present time. From
the economical standpoint this type of transmission
line is cheap, compact and rugged.

D —




The Influence of Gaseous lonization and Spark

Discharge on Fibrous Insulating Materials and on Mica
By J. B. WHITEHEAD

Fellow, A. I. E. E. | . )
Dean, School of Engineering, Johns Hopkins University, Baltimore, Md.

Review of the Subject.—It has been suspected for along time
that gaseous sonization in air layers and pockets inside of composite
insulation results in deterioration and shortening of the life of the
insulation. Experimenis described in the paper show that within
a very short time fibrous insulation exposed to such ionization
rapidly loses its mechanical and electrical properlies. Mica 1s
shown to be practically immune from this lype of deterioration.

The outer paper wrappers of the armature bars of high-voltage
generators frequently show after operation, the presence of numerous
small holes in those portions within the slot.  These holes apparently
do not penetrate beyond the first layer of mica. Experiments are
performed ipdicating that these holes are due to the slow oxidation
of the most vulnerable fibers in the insulation, due to the presence of
ionization of the air layer between tooth and coil side. The expert-
ments indicate methods for limiting the volume and exlent of such
pitting.

The influence of ionization and spark discharge on mica 1
studied qualitatively in some detail, and the results indicate that mica
is practically immune from uniform layers of ionization in a thin

air film. The most dangerous condition for mica is a spark
discharge playing over its surface. Such sparks fasten on any
surface flaws, leading to splintering and ultimate breakdown.
The worst condition for mica is the presence of an 1solated discharge
point on onc side in relation to a fairly wide conducting area on the
other side of the insulation containing the mica. Under such
circumstances mica is completely disintegrated within a short time
at voltages in the neighborhood of 40 kilovolts with air gaps in the
neighborhood of a 0.5 millimeler.

CONTENTS
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1. The Influence of Gaseous Ionization on.

Fibrous Insulating Materials

HE presence of ionization, or continuous break-

down and recombination, of air in thin layers is

easily observed with two pieces of plate glass, a
tinfoil electrode on the lower side of one, and a water
electrode on the top side of the other, as used by Dubsky*
and others. With mica on other spacers between the
plates, and voltage on the electrodes, when viewed in
a dark room luminous ionization appears at a sharply
marked definite value of voltage. The use of plate
glass is important as otherwise the film is not of uniform
thickness, and the luminous ionization occurs in
patches.

This arrangement appears very suitable for studying
the influence of ionization in thin films, on insulating
materials. As a preliminary test a sheet of horn fiber
was put between the glass plates, and an air layer
introduced next the horn fiber by means of several
small spacers of the same material, 0.012 in. thick.
Sufficient voltage (22,000 volts) was applied to fill the
air layer with bright luminosity. The bright layer was
broken by dark patches where the fiber was apparently
bent or kinked and so touching the lower side of the
upper glass plate. One of the separators was intention-
ally made quite large, filling about one quarter of the
entire field. Over this piece also light corona patches
of low intensity and small area were seen, showing
imperfect contact with the glass, notwithstanding the
considerable weight of the latter with its water elec-
trode. After six hours’ operation the appearance of
the discharge had changed considerably, streaks of

1. Trans. A. 1. E. E., XXXVIII, 1919, p. 537.

increased brightness and a number of points of high
intensity appearing. The run was continued for a
week with voltage on for nine hours a day. On remov-
ing the sample it was found that the gum or varnish of
the original surface was soft and sticky, and had drawn
up into a series of humps or drops, leaving intervening
areas exposed and with a dry appearance. Under the
microscope the tops of the varnish drops appear slightly
pitted, and after further prolongation of the test, small
white crystals appear, suggesting some process of dis-
integration or chemical change. After the first day
of voltage application the sample if removed, emits an
acrid smell suggesting a mixture of ozone and some other
product of chemical action—the odor is still present
after standing in the open for ten hours. After a week’s
run under voltage, the original light brown shade of the
sample is noticeably darker.

In order to study the matter further a large appara-
tus was prepared consisting of a sheet of untreated
cardboard 0.042 in. thick into which six (6) windows
each 2 in. square were cut. These windows were closed
on one side by samples of (1) oiled horn fiber (0.012 in.),
(2) japanned press board (0.0095 in.), (3) shellaced
express paper (0.007 in.), (4) yellow varnished cambric
(0.010 in.), (5) black varnished cambric (0.0136 in.),
(6) varnished express paper (0.0045 in.). The varying
thicknesses were brought to the same value by paper
fillers back of the several samples. The assembled
samples and cardboard were then laid, windows up,
on a piece of 14-in. plate glass, and a second piece of
1s-in. plate glass laid over the upper face of the card-
board. A brass plate beneath and a water electrode
on the upper plate completed the set up. A run of
50 hours, starting with bright corona in the six win-
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dows, produced changes in the appearances of all the
surfaces, either in the form of white patches, or a
blurring of the original glossy finish. At the end of the
run an effort was made to compare the insulation resist-
ance of fresh samples with those that had been exposed
to corona. A Weston high-sensitivity galvanometer
(1.5 X 10 ampere = 1 mm. of scale) and 20 volts
d-c. were used, the testing electrodes being provided
with the usual guard rings. The electrodes were of tin
foil, carefully smoothed, backed with blotting paper,
and a 10-1b. weight on top. Owing to the small size
of the samples, and to the difficulty of obtaining uni-
form electrode contacts, no accurate determinations
of resistance were possible. However, observations
repeated many times and with careful effort to eliminate
the influence of variations in the contact conditions,
showed beyond question, that the insulation resistances
of the exposed samples were definitely lower than the
values for fresh samples. The average ratios of final
to initial resistances were:

Black varnished cambric 0.6
Varnished express paper . .0 to 0.03
Yellow varnished cambric. . 0.2
Japanned press board . 1.0 .25

It appears that owing to the variations in the surface
contacts of electrodes, insulation resistance cannot be
used as a certain indication of the deterioration caused
by corona. For the same reason it would appear that
all electrical tests, on small samples, or single layers,
are open to question in the matter of accuracy. The
results, though roughly qualitative only, are quite
definite and indicate that even with brief applications,
fibrous insulation suffers deterioration in the presence
of gaseous ionization.

It appeared desirable also to study the influence of
lonization on the mechanical structures of the various
samples. The endurance tests were, therefore, ex-
tended with this aim in view. The various types of
insulation referred to, with two samples of clear white
mica added, were subjected continuously for a long
time to the corona or ionization in an adjacent air
layer. Except for occasional brief interruptions, the
test was run for fifteen hours out of each day for eight
months. At the end of that time all of the fibrous
materials were in bad condition. The thinner papers
were perforated with numerous small holes, the polish
of calendered materials, such as fullerboard, had
disappeared, and all of the fibrous materials including
the treated cloth, had completely lost their tensile and
tearing strength, being brittle and erumbly, and in some
cases darker in color. Several of the samples had the
dark and dry appearance which results from prolonged
high temperature. During the tests, however, there
was no apparent elevation of temperature above that
of the atmosphere, the whole set up remaining cool.
It is known from other tests that the losses in the air
films are not great, and would, therefore, not raise the
temperature appreciably. The changes in the mate-
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rials, therefore, are apparently due to chemical processes
attendant upon the active ionization of the air. The
samples of mica had on them a few cloudy patches.
These were apparently oxides of the adjacent materials,
as they could be readily wiped off. The mica itself was
apparently unaffected, remaining clear and with bright
surfaces.

Some attempt was made to determine the most active
chemical agent arising in the process of ionization in air.
A polished brass plate separated from a sheet of glass
by an air layer and with voltage terminals above and
below, the whole open to the surrounding air, takes on
first a black appearance and finally near the edges or
regions of high electric intensity, deposits of green and
white appear. The test was varied by overlapping in
echelon form a number of thin sheets of brass, thus
providing air layers of different thickness. In this
case the black oxide is deposited in decreasing thickness
inward from the edges of the sheets, 7. e., over the sur-
faces of the successive steps, and apparently with great
un.formity, as regular interference color films are seen,
the lines of the various colors showing clearly the
distribution of the electric Intensity.

If the air space in which the ionization oceurs is
shut off from the surrounding air a quite different
result is observed. A window 3 in. by 8in. was cut
In a piece of thin sheet bakelite which was then sealed
with wax between a polished brass plate and a piece
of plate glass; a water electrode was mounted on the
top side of the glass. Voltage causing copious ioniza-
tion in the air space was applied between the brass
plate and water electrode. After a day a very thin
layer of black oxide, scarcely dimming the brass surface,
had formed, but thereafter there was no further deposit,
although the test was extended over many days. More-
over the luminous corona had changed in appearance.
Instead of the uniform glow pertaining to the first stages
of lonization in thin films, on close observation it was
seen that the whole field was filled with points or sparks
of breakdown; not fixed but in a state of violent dis-
turbance or motion, as though under mutual repulsion.

It is suggested from the foregoing, that active oxygen
or ozone is the first and most copious product of the
lonization of air. That in regions of very high intensity
nitric oxides may also be formed. That in closed air
layers the amount of oxygen so liberated is limited and
a state of equilibrium is reached in which the residual
gas Is in a state of continuous lonization and recom-
bination. The amount of ozone and nitric oxtdes
which may exist in equilibrium with air under electrie
discharge varies with the temperature. According
to Almand (Electrochemistry practically no nitric
oxides are present at temperature under 1000 deg. cent.,
while ozone in amounts up to 10 per cent may occur
at ordinary temperatures. It appears certain, there-
fore, that the principal agent in the destruction of
insulation by contact with lonized gas is oxygen or
ozone, In a nascent or highly active state.
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A further interesting feature of this ozone is that it,
or its gaseous products, are absorbed by fibrous insu-
lations, and these latter will give them off for some time.
A piece of treated cloth was exposed for a day to active
fonization with several portions of it screened. On
removing and laying the cloth on a piece of polished
brass the latter became blackened with oxide under the
portion which had been exposed, but remained clear
and polished under the portions which had been
screened. These after-effects of ionization and ab-
sorbed gases could be traced over several days.

The relative resisting powers of different materials
to the products of gaseous ionization is a question of
great importance. Although the foregoing tests are
qualitative rather than quantitative in character, they
do show that a rather wide variety of standard fibrous
insulation is subject to a rapid deterioration, while mica
has a resisting power immeasurably greater. More-
over, it appears fair to conclude that the vulnerability
of different materials follows approximately the degree
of susceptibility to oxidation.

II. The Influence of Gaseous lonization
and Spark Discharge on Mica

The following experiments were undertaken with
the aim to determine the conditions surrounding the
failure of mica as it occurs in built-up insulation. It
is known that such insulation often contains layers of
entrapped air in which gaseous ionization is present.
The influence of this ionization on the structure of mica,
however, has apparently not been studied. Further,
it has frequently been noticed that the outer paper
cells of the armature conductors of high-voltage alter-
nating generators are perforated after prolonged opera-
tion with numerous small holes, apparently originating
at the points of contact between the armature coil and
the iron laminations at the side of the slot. These
perforations are apparently stopped by the underlying
mica. However, the limits of this apparent resistance
to small spark discharges are also unknown.

The influence of gaseous ionization in air in thin
layers adjacent to clear white mica was studied by
placing two samples back of two windows cut in a
sheet of japanned press board 0.0096 inches thick, the
combination being placed between two sheets of plate
glags laid flat on a lower brass electrode. A water
electrode was formed on the upper glass plate permitting
visual observation of conditions in the air layer and
on the surface of the mica. With this arrangement the
mica was subjected to a bright luminous layer of
ionization for fifteen hours out of each day over a period
of eight months with occasional interruptions for inspec-
tion. At the end of that time the samples of mica had
on them a few cloudy patches. These presumably
were oxides of the adjacent materials as they could be
readily wiped off. The mica was apparently unaf-
fected, remaining clear and with bright surfaces, and
showing under the microscope no differences from fresh
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samples of mica. Samples of other fibrous insulation,
in adjacent cells, were badly perforated and had lost
their tensile strength, elasticity and other mechanical
properties. Mica, therefore, is highly resistant to the
action of gaseous ionization and is probably not injured
by such ionization as occurs in standard insulation.

Turning to the study of the influence of spark dis-
charge, a large number of observations were made
with various types of point, and other forms of discharge
electrode. In all of these tests conclusions are based
on the study of the mica structure as shown under a
high-power microscope. Since even the most perfect
pieces of mica rarely offer areas of more than 1 or 2
sq. em. which are free from flaws or irregularities, it is
difficult to find two samples approximately alike, and
electrical tests of the state of the mica after exposure
are impossible. Moreover, quantitative results as
regards the relation between applied voltage andthe
resulting state of the mica, are also very difficult for
the same reason. It is, therefore, possible to draw only
very general conclusions from these tests.

The principal spark gap consisted of from one to four
steel or brass rods, 0.125 in. diameter each, 2 in. long,
and tapered to a fine point at one end. These were
mounted by screw threads in a brass plate 3in. by
4 in., supported on hard rubber pillars at the corners.
This was placed on a glass plate 1 mm. thick, which
rested on a grounded brass electrode below. The
0.001 in. mica was placed between the point and the
upper surface of the glass, and voltage applied between
the upper and lower brass electrodes. The glass is
necessary to prevent direct puncture or flash around
the edges of the mica. With gaps 0.5 mm. long, and
10,000 volts, effective, brilliant discharges play over the
surface of the mica. Neglecting the voltage over the
spark itself, this corresponds to a gradient of about
140 kv. per em. in glass and mica. This discharge
was continued on a sample of 0.001in. clear white
mica for 15 hours a day for eight days. At the end of
that period the mica was found to be unaffected save
for a surface deposit, apparently of oxides of the mate-
rial of the points, since it could be readily wiped ofl.
The steel points are better than brass as giving less
deposit and better retaining their points.

Using this arrangement the voltage was then pro-
gressively raised and maintained for brief periods at
each value, with microscopic examination of the surface
of the mica at each step. As the surface sparking from
the central point becomes very copious and bright,
and as these streaming sparks have an effect of their
own, the use of a single point permits more definite
conclusions as to the action over different portions of the
surface.

After a run of 10 kv. the surface was found to have a
thin white deposit, which under the microscope appears
to consist of small white transparent crystals. The
deposit is usually not immediately under the point
but begins a few millimefers away, spreading radially
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outward for a few millimeters. The deposit can be
rubbed off, though with some difficulty. The small
particles look like chips of mica, but there is no evidence
that the surface is broken.

With a fresh sample of mica, at 15 kv. long thin radial
surface sparks set in. The surface deposit ocecurs as
above, and may be wiped off.

At 20 kv. the long radial sparks are frequently fat
and white. After 134 hours, there is a brown and white
deposit around the point, the former apparently being
the oxide from the point. The deposit was rubbed off,
and under the microscope there was some evidence of
surface destruction in the form of small splintered spots.
In view of the subsequent observations it is not certain
that these spots were not fragments on top of the sur-
face, rather than breaks.

With a fresh sample, at 25 kv. for one hour, the white
deposit is now entirely absent, and there is a wide
space all around the point clear and apparently un-
affected. On the outer edges of the mica white patches
appear, which under the microscope are seen to be the
result of the cracking and splintering of the surface.
After one hour further at 25 kv., on the same sample,
the central clear area is reduced in size but is still clear.
and unaffected. The outer patches are greatly in-
creased in number and extend over the outer area in
small groups, each of which is seen to have as a focus
a small puncture through the mica sheet. This focus
is always nearest the central discharge point, the white
patches radiating out from it. Raising the voltage to
30 kv. on the same sample, after two hours it appears
that the white patches seem to mark the points where
the charging current to the electrode below passes over
thesurface as sparks, into the spaces between the layers
of mica, or througha puncture oraflaw to the glass below.
The whole area beyond the puncture which forms the
focusof the patch, isbadly splintered up in the planes of
the layers, resulting in interference color films, wide air
spaces, etc. Afterthisrun, the white patches are drawn
in, holes and perforations with burned edges form in the
outer regions, but there is no clear evidence that the
area under the point has suffered disintegration. There
is some slight surface deposit and some suggestion of
color films, but the surface itself is apparently still
intact.

Using a fresh sample, at 33 kv. the outer area around
the discharge point shows the characteristic chipping
of the surface after 1-2 hours, at which time the mica
and 3/321in. glass beneath it both punctured. It
appears that the disintegration starts where the surface
spark passes to a local imperfection, there working
through to the glass below, or into air spaces between
layers of mica. The suggestion, therefore, is that the
mica breaks down under the effects of surface leakage,
rather than under direct puncture.

With a further fresh sample of mica, presenting about
5 sq. cm. apparently entirely free from flaws, backed
up by two pieces of M4-in. plate glass, 18 in. square,
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33 kv. was applied over the same steel point and gap.
After one hour with copious surface sparking the
usual thin white deposit was seen around the point.
On removing it by rubbing with chamois skin, the sur-
face was found to be apparently unaflected. Continu-
ing the run at 40 kv. for another hour, the mica pre-
sented the same appearance around the center but there
were many pronounced white areas at a distance from
the point. Under the microscope these were seen as
before, to be of stream shape away from the spark
point, to start from a hole or flaw, and to be due to the
splintering of the surface of the miea. This splintering
was now found to he on the lower side of the miea next
to the glass. It is thus caused by spark over the top
surface of the mica, through the holes, and heyond
this between mica layers and between mica and glass.
Continuing this run for a further five hours, the white
deposit around the central point was rubbed ofl with
some difficulty, and was found to consist of the chipping
of a stray splinter of mica adhering to the surface near
the point. In this run this splinter, noticed under the
microscope before starting, was thought to be a surface
flaw, and it was placed immediately below the point to
see 1f it would cause failure. The spark, however, only
chipped the edges, causing the deposit. On rubbing,
the latter, together with the original splinter, dis-
appeared, and the surface was found to be unaffected.
The voltage was now raised to 42.5 kv. and after 214
hours the whole mica sheet of area about 10 sq. in.
was completely disintegrated. There remained only
a few splintered and whitened chips. Similar chips of
mica were found around the outer edges of the glass
plate well beyond the sparking area. This destruction
of mica is apparently a continuation of the splintering
process originating in the passage of sparks through
small flaws and imperfections. It was found, for
example, that although whitened and splintered, there
remained, immediately under the point, a small area
which gave evidence that the surface was still intact.
From these experiments, therefore, it is suggested
that in the presence of spark discharge, the region
around the point becomes ionized and conducting,
thus in effect increasing the area of application of the
voltage. This extension may pick up a local imperfec-
tion, but always leads to copious sparking over the
surface, and results in splintering and ultimate failure.
Mica thus has a much higher resistance to direct punc-
ture than it has to the influence of sparks passing over
its surface. It is known that the surface leakage resist-
ance of mica is not high, consequently, if the mica is
backed up by a wide area of dielectrie, the point dis-
charge on its surface must have a tendency to deliver
charging current over the surface, to the dielectric
below. These charging sparks naturally fasten on any
local imperfections in their path, and then either by
temperature or other action, lead to progressive destruc-
tion of the mica. It appears, therefore, of great im-
portance in built-up insulation, to prevent this side
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flashing or surface sparking whenever mica is used.
This can best be done by the elimination of voids or
air spaces next to the mica, that is by intimate contact
between the mica and adjacent insulating material.

BREAKDOWN VOLTAGE ON THIN SHEETS OF MICA
UNDER SPARK DISCHARGE

The following experiments were conducted with the
2im to eliminate the surface sparks referred to above,
to concentrate as much of the spark as possible on a
perfect area of mica surface directly under the discharge
point, and to develop a method by which the behavior
of different materials under spark discharge might be
studied. In the foregoing experiments there was much
brush discharge and ionization from various parts of
the gap structure which probably increased the surface
leakage. Therefore, the point was made sharper, and
fused through the closed end of a glass tube exposing
only one or two millimeters of length. Also a second
similar point was placed on the underside of the mica,
removing the glass plate about one inch below; in
this way the surface sparks are greatly reduced. The
arrangement was as shown in Fig. 1. The points were
of platinum tapered down from No. 20 B & § wire, and
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were 0.8 mm. apart. The mica was supported mid-
way between the points, not touching either. The
lower point was mounted on a brass plate, and
then below, a sheet of glass and the lower grounded
electrode. In this way the spark carried practically
the entire charging current of the condenser formed
by the glass and two brass plates. Since the
resistance of the spark in this arrangement is prob-
ably quite low it may be assumed that practically
the entire voltage is concentrated on the mica. The
tests, therefore, give approximately the electric or
puncture strength of mica of the particular thickness
studied, in the presence of spark discharge. The
method, therefore, does not test the mica under the
conditions under which it is used in practise, but pro-
vides means for introducing the time element into the
failure of mica under the action of the spark. A piece
of clear white mica 0.001in. thick will apparently
stand up indefinitely in this gap under the bright crack-
ling discharge at 5000 volts, 60 cycles. Puncture occurs
between 6000 and 7000 volts, after intervals of several
minutes. Somewhat more uniform conditions obtain
in a sphere gap, and for most of these experiments 0.5
cm. diameter spheres, 0.13 cm. apart, were substituted
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for the points. A large number of observations were
made with this gap of the time during which various
samples of mica would stand up under sparks at dif-
ferent values of voltage. Following is a typical set of
observations on best selected white mica, rated at 0.001
in. thickness. In all cases the sample was chosen so
that a clear area free from flaws was placed in the gap.
It was rarely possible to find such areas larger than 4
sq. cm. Table I shows the time of application of suc-
cessively increasing values of voltage up to the instant
of puncture;

TABLE I
Volts | No. 1 | No. 2 | No. 3 ‘ No. 4
thickness 0.0007 in. [ 0.0006in. | 0.0006 in. 0.00065 in.

6250 1 min. 1 min. l 1 min. 1 min.
7500 1 min. | 1 min. 1 min. 1 min.
8750 40 sec.* | 50 sec.® 1 min. 1 min.
9375 ’ | ? ' 15 sec. t
10000 | 2 sec*

*Breakdown under spheres
tBreakdown at imperfections at distances from spheres

It will be noted that in several of the above cases the
first breakdown occurred at an imperfection at a
distance from the center line of the gap. This type of
rupture was quite common, and if the spark was
allowed to continue, playing over the surface and
through the distant puncture, the mica soon broke down
on the center line. Several specimens were removed
before the puncture had passed from the outlying defect
to the center line of the gap. In these the surface, when
examined under the microscope, was found to be blis-
tered, or splintered and blackened. ~ Thin white mica
has the same properties as the thicker grade, but amber
mica will not stand up at all under the action of the
sparks. Using amber mica in the above gap, 3750 volts
was the lowest value at which the air in the gap would
break down, and puncture of the amber mica follows
simultaneously.

Table II gives a summary of further tests of the in-
fluence of the spark between spheres. In these the
length of the spark gap was varied, the mica being

TABLE II
Spark Voltages to Puncture Mica between 0.5 cm. Spheres
Clear Mica
Thickness. . | 0.001—0.0012 cm. 0.002—0.0026 cm.
Gap. cm.. . .. 1.25 0.25 0.37 0.125 0.25
k. 8 7 9.5 9 11
6 7 9.5 10 12
8 11 10 11 10
10 8.5 12 12 11
8 11 13 11 g
9 9.5 9.5 13 10
7 8.5 9.5 10
9 7 9.5 10.5
7 7 9.5 10
7 8 9.5 11.5
9 9 9.5 9
9.5 9
9.5 11.56
11
Av, kv. 8 8.8 10 11 10.4
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placed midway between the spheres. The voltage was
raised by steps of 500 volts of 1 minute duration each.
The readings give the values at which failure occurred
after less than one minute of application.

Owing to the uncertainty as to the drop of voltage in
the body of the spark, approximate conclusions only,
may be drawn from these tests. If the voltage drop
in the spark is negligible, the breakdown voltages with
the short gaps indicate a dielectrie strength about the
same as that of mica of the same thickness placed
directly between spheres, and, therefore, that the spark

does not lower the breakdown voltage appreciably. -

However, the results for longer gaps, give, on the same
assumption, higher values than normal for dielectric
strength. Hence we have the conclusion that there is
some voltage drop in the sparks, and that these do not
lower the breakdown voltage appreciably, certainly
not by more than the voltage drop in the spark.

INFLUENCE OF DISCHARGES FROM IRON LAMINATIONS

In order to study the influence of a large number of
small point discharges such as occur between the iron
laminations and the surface of an armature coil, an
electrode was constructed consisting of a number of iron
laminations placed side by side. In this way an elec-
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trode 5 em. square was made, the flat surface of which
consisted of the edges of the laminations. In order to
accentuate the sparking effect of laminations, before
assembling all were given a number of small tooth
indentations. The general arrangement is shown in
Fig. 2.

The above electrode was placed 0.5 mm. above a
plece of clear mica about 4 by 4 em. which was thus
completely covered. In this arrangement the mica
is entirely free from the surface discharge from the
edges of the electrode, but is exposed to the discharges
from the points of the laminations, and also to the
gaseous 1onization within the gap. At 40 kv. there
was a copious surface discharge from the edges of the
electrode and over the glass. The region under the
electrode appeared to be free from localized sparks but
was filled with a violet glow. The run was continued
for twelve hours a day over a period of nine days.
Although before the test the mica was not entirely free
from surface scratches, at the end of the run there was
no evidence of deterioration of the mica. At the end
of this run the electrode was allowed to rest on the
surface of the mica. After twelve hours a slight deposit
or iron oxide was found on the surface of the mica.

Journul A. 1. . I,

This, however, was easily rubbed ofl and there was no
evidence of deterioration of the surface.

Gray fullerboard was next tested under the Jaminated
electrode with the electrode flat on the fullerboard and
about two pounds weight to hold it in position. After
eight hours at 37 kv. the projecting edges of the fuller-
board were plentifully punctured by the sparks dis-
charged from the edges of the electrode. The surface
of the fullerboard under the electrode was slightly
marked by the teeth of the laminations and possibly
with the oxide, but there was no other evidence of
structural deterioration. This run was continued for
four days longer, after which time it was found that
while in appearance the fullerboard was little changed,
it had lost the greater part of its elastic flexibility.
On bending it cracked much more readily than a fresh
sample.

A second sample of fullerboard was next tested with
a 0.5-mm. air gap between the fullerboard and eleec-
trode. The aim was to provide a more copious layer
of lonization. After five days at 37 kilovolts it was
found that the fullerboard was perforated where its
edges projected beyond the electrode, these perforations
being due to the sparks leaving the outer edges of the
electrode. Under the electrode the polish of the surface
was gone and there were a number of spots of brown
oxide and there were several clearly marked perfora-
tions. There was no evidence of burning, that is, there
was no blackening, but the perforations appeared as
though they had eaten their way through slowly. They
are thus similar to the holes which have been noticed
in the outer paper cells of armature coils.

From the foregoing it appears that an air gap between
the iron laminations and the coil is more dangerous to
fibrous insulation than when there is a close fit between
slot and coil. This bears out the conclusion from the
tests on mica, indicating that it is the volume of the
spark that is especially dangerous. When there is an
alr gap between slot side and coil and a prominent point
on the laminations, the point discharges to a relatively
wide area on the coil give a fat spark and surface dis-
charge. When there is no gap or a very narrow one,
neighboring points come into play thus reducing the
volume of discharge per point. The action due to
these small sparks is slow. They may after a long time
eat through fibrous material but are usually stopped by
mica. If, however, there is an air layer between paper
and mica the spark is likely to increase in volume, giving
a surface discharge over the mica to which the latter
may yield in time.

FURTHER TESTS WITH SURFACE SPARKS

In order to study the influence of sparks passing over
the surface of mica, the apparatus shown in Fig. 3 was
constructed. Sparks passed between the smooth
rounded edges of the electrodes 4 and C coverthesurface
of the mica placed between them. The distance be-
tween A and C was 2 em. At 35 kv. there was a band

.
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of snappy sparks across the full 5 cm. width of A and C.
After some time the sparks concentrated on one p

on the lower edge of A which fused slightly, depositing
a film of brown oxides very hard to rub off. After
about 8 hours run at 85 kv. there was no certain evi-
dence that the surface was affected. Rounding and
polishing the edges of A and C, another run was started
at 40 kilovolts, and after some time the bulk of the
sparks appeared to concentrate in one region, but now
this region is apparently determined by the mica and
not by the electrode. The brown deposit was absent.
Continuing this run for eight hours a day for six days,
the spark concentrates in one general region, though
playing over some slight width of surface. Failure first
starts in the form of a slight blister appearing near one
electrode. There is a gradual growth or extension of
this blister and then a definite concentration of the
spark in a short length reaching towards the other
electrode. On examination of the mica it was found
that under the line of this spark there was a sharp
cleavage of the mica. This cut, or straight crack,
extends further with the further application of voltage,
and finally its edges crack and blister. Under the
microscope the crack is seen to work back towards the
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electrodes and to a point where the sparks join the mica
surface over the electrode. The most serious deteriora-
tion, however, sets in at a greater distance from the
electrode. With further time this sharp crack develops
small spark holes with burnt edges at irregular intervals.
The spark now passing though these holes and over the
lower surface of the mica as well as the uvper surface.
After a run of forty hours at 40 kv., the surface spark
in this test begins to split the mica. After sixty hours,
the mica is splintered and punctured in a number of
places.
CONCLUSIONS

1. Fibrous insulating materials rapidly lose their
electrical and mechanical properties in the presence
of internal ionization of adjoining air layers. They
become brittle, lose their tensile and tearing strength
and their smooth calendered surfaces rapidly disappear.

2. From studies of ionization in thin films next to
metal surfaces, it appears probable that the active agent
affecting insulation is oxygen, or ozone in a nascent or
highly active state. In regions of very high elegtric
intensity, resulting in bright sparks, nitric oxides may
also be formed. In the closed air layers within insula-
tion the amount of oxygen or ozone liberated is limited,
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and a state of equilibrium is reached in which the
residual gas is in a state of continuous ionization and
re-combination. It is certain, however, that few, if
any, nitric oxides are present and that the principal
agent in the destruction of insulation by contact with
jonized gas is ozone, which may be present in amounts
up to 10 per cent at ordinary temperatures.

3. The small perforations in the layers of fibrous
insulating materials, frequently noticed in the outer
surface of armature insulations next to the iron lamina-
tions, are due to the slow oxidation of the more vulner-
able fibers, due to gaseous ionization or low-intensity
spark discharge. The phenomenon has been observed
in the case of single sheets of insulating material exposed
to ionization of an adjacent air film. The action is
quite slow even in the presence of copious ionization,
if no point discharges are present. The penetration of
these holes is usually stopped by mica.

4. While no direct experiments on the dielectric
puncture strength of mica have been attempted, the
results of tests between points and small spheres are in
conformity with the observations of Rayner which are
the basis of the figures given in the Standardization
Rules, A. 1. E. E.

5. Copious gaseous ionization in thin air layers
between the smooth surface of mica and glass has no
effect on the mica, after a practically continuous run
of ten hours out of every twenty-four, over a period of
eight months.

6. Under spark discharge from a sharp point
through a gap of 1 to 2 millimeters to the surface of
mica, the mica begins to splinter and crack at from 35
to 40 kilovolts. This failure, however, does not take
place in the region under or immediately around the
metal point but at distances of 14 to 2 centimeters
away from the point. Discharge from several metal
points in parallel and close to each other leave mica
immediately under the points unaffected, but splinter-
ing and failure take place at from 35 to 40 kv., 1n
regions at some distance from the points.

7. Mica placed close to an electrode made up of iron
laminations laid side by side and subjected to voltage,
is not affected, after prolonged runs, in the region under
the electrode. This immunity holds whether the elec-
trode is separated from the surface of the mica by a
layer of air 14mm. thick, or whether the electrode
and mica are in contact with each other. Under the
same conditions of voltage and spacing gray fullerboard
loses its elastic flexibility and its polished surface, if an
air layer is present, although to a lesser extent when the
electrode and insulation are in contact.

8. Mica soon begins to splinter and split under the
action of a bright spark discharge playing between elec-
trodes over the surface of the mica.

9. The general conclusions are that mica i1s most
vulnerable to sparks playing over its surface. The
discharge from neighboring metallic points ionizes
the air in the immediate neighborhood of the points,
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rendering the air to some extent conducting. From this
condupting region the charging current to the adjacent
capaplty of the solid insulation takes the form of sparks
playing over the surface of the mica. These sparks
attac.k local imperfections in the mica leading to pro-
gressive splintering which gradually works radially
Inward toward the central point. Below 30 kv. these
phenomena take place very slowly; at voltages between
35 and 40 kv. splintering and progressive failure set in
after a few hours.

An air gap between the electrode, consisting of iron
laminations, and the insulation of a coil is more dan-
gerous to the solid insulation than when there is a, close
fit between slot and coil. Itisthe volume of a discharge
spark that is dangerous. When there is an air gap and
prominent points on the laminations, discharges
from any metallic point through the gap to a relatively
wide area on the coil produce a fat spark, whereas with
a very thin air gap adjacent metal points come into
play, thereby reducing the volume of discharge per
point.

10. The small perforations frequently found in the
outer fibrous layers of mica folium armature insulation,
next to the iron laminations, are due to slow oxidation
by ozone which is produced by the ionization or spark
discharge. Mica stops this penetration owing to the
low intensity of the lonization, to the close proximity
of adjacent perforations, and to the absence of surface
discharge over the mica. Danger to the mica would
arise from a high point on the laminations, in conjunc-
tion with a separation of the outer fibrous paper layers
from the surface of the underlying mica.
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The U. 8. S. Colorado the latest dreadnaught of the
U. 8. Navy which is now having her fire control appara-
tus installed at the Brooklyn Navy Yard, was removed
to Pier 86 next to the Leviathan for visitation by the
Marine Congress representatives and the general
public for two days. Hundreds of prominent marine
engineers who visited the Colorado were shown the
marine features of the Westinghouse electric drive.
About 15,000 people in addition were escorted around
the upper decks.
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STATE RESPONSIBILITY FOR
SUPERPOWER*

That water powers are a natural resource, and that
whenever owned or controlled by public agencies that
ownership and control should be permanently retained,
Is a fundamental principle of the Federal policy. There
appears no good reason why it should not be equally a
principle of State policy to the full extent that the States
have ownership or control, either concurrently with or
independently of the Federal Government. The princi-
ple that values inherent in a public resource developed
and used in the performance of an essential public serv-
ice, by an agency created by law for that purpose,
shall not be capitalized in excess of amounts actually
expended in acquisition, is also a fundamental feature
of the Federal policy, applicable in all cases where power
sites are licensed under the Federal law. This principle
applies not only to the site itself, but to all structures
and equipment, erected or used on the site or in con-
nection therewith. Whether our water powers have
great value or not, the public fear that their values will
be capitalized at the expense of the rate payer is ground-
less as far as sites under Federal ownership or control are
concerned, and these sites involve 85 per cent of the
total water powers of the United States. This provision
of the Federal law is not hindering in any degree the
financing and construction of water powers under
Federal control, and a similar provision would not hin-
der the development of the remaining 15 per cent
subject to exclusive State control.

STATE AND NATIONAL COOPERATION

Since water powers will form an essential part of any
comprehensive superpower system, the controversies
concerning them require early solution in order that the
way be cleared for carrying out the general program.
This program will be much wider than the territory or
the authority of any individual State. State interests
must nevertheless be harmonized in g policy and
program which will be to the common interests of them
all.  This will require cooperative action and reasonable
uniformity of legislation. There must be no State
barriers against the interchange of energy, and no type
of development that cannot become an Integral opera-
ting part of the combined system. Legislation which
interferes with the program should be repealed or
modified; necessary affirmative legislation should be
had; public officials of both State and Nation should
lend the program their support; and, finally, the indus-
try 1tself should harmonize its own conflicting interests.
It should no longer be permissible for any utility to
draw plans for future extension except in such manner
that interconnections may be readily effected whenever

its territory merges with the territory of any other
utility.

*Erom the third annual report of the Federal Power
Commission.
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Review of the Subject-—The purpose of the investigation
was to study the form of the voltage-time and curreni-lime curves,
existing in a permeamcler circuit, and lo reduce the time required
for the reversal of the magnetizing current.  The permeamelers usged
in the investigation were of the U-shaped yoke type. Oscillograms
were taken of the current and of the induced voltage during the
opening and also during the reversal of the magnetizsng currenl.

The permeameter, with which the investigaiion was slarted, was
fitled with brass end pieccs to support the magnelizing coil. The
oscillograms showed that the flux change lagged behind the mag-
nelizing current. In fact, the sccondary e. n . f. continued for about
one second after the current change was completed. The cause of
this lag was found to be due to eddy currents sel up in the short-
circuited paths provided by the brass end pieces. After these were

HE purpose of the investigation was to study the
Tform of the voltage-time and current-time curves
in a permeameter, and to reduce the time occupied
by the current reversal to a minimum. '
One of the reasons for undertaking the investigation
was the fact that a permeameter of the U-shaped yoke
type, that had been constructed at the Johns Hopkins
University, had never given satisfactory results. This
instrument read too low in flux density, B, for a given
magnetizing force, H. Another reason was that a
search through the literature disclosed no publications
showing the form of the secondary e. m.f{. curve in a
permeameter.
PERMEAMETERS

Thepermeameter, mentioned above, was of the ['-shape
type. The magnetizing coil consisted of 1935 turns
of No. 16 B and S wire wound on a cast-iron core 5.08
cm. square. The ends of the spool supporting the coil
were of lg in. (about 0.3 cm.) sheet brass. The total
length of the magnetic circuit including the specimen
was approximately 65 em.

During the investigation two other permeameters
were constructed. The cores of these were of high-
grade silicon tranformer steel. One was fitted with a
solid core of silicon steel 6 em. by 6 em. square and the
other with a core of 0.012 (0.0305 cm.) thick laminated
silicon steel of the same dimensions. The cross-sec-
tional area of the solid core was 36 ecm. square and that
of laminated core, allowing the customary 10 per cent
stacking factor, was 82.4 em. square. The ends of the
spools supporting the windings in these two perme-
ameters were of bakelite. These two permeameters
were wound with the same number of turns, and were
also of the yoke type.

To be presented at the Midwinter Convention of the A. I. E. E.,
Philadelphia, Pa., February 4-8, 1924.

removed oscillograms showed that the lag in flux behind the mag-
netizing current was negligible. Thts brought out clearly the fact
that short-circuited paths in which eddy currents may be induced
should be avoided in permeameter construction.

Two new permeamelers were then constructed of the same type;
one of these was made with a solid core of silicon steel and the other
with a laminated core of the same material. Tests of these showed
that use of the laminated core materially reduced the time requir 7
for the rerersal of the current.

Several different types of swilches were used for opening and
reversing the magnetizing current. The oscillograms showed clearly
that a quick-break snap switch operabing wnder oil is superior lo
other types of swilches.

[ - . -

CIRCUIT

The diagram of the connections used in the test are
shown in Fig. 1. The current supply was taken from
a storage battery, and the value of the magnetizing
current measured by the ammeter A. A number of
different tvpes of switches were used for reversing the
current and opening the circuit. In some cases auto-
matic control was used for operating the switch and the
oscillograph shutter simultaneously. In some of the
tests condensers were placed in parallel with the primary

Search
Coil

Oscillograph
Fi6. 1—Diacgraym oF CONNECTIONS

winding of the permeameter, and in others, extra in-
ductance was placed in the circuit. These conditions
are described below.

The shunt used in the magnetizing current circuit was
non-inductive. The search coil consisted of 28 turns
of No. 18 wire wound over the magnetizing coil of the
permeameter. The e.m.f. induced in this search
coil was measured by the oscillograph and the shape of
this voltage curve shows the form of the e. m. f. that is
induced in the secondary circuit of the permeameter.

TESTS

Tests were made both of the opening and of the re-
versal of the'magnetizing current.
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OPENING THE CURRENT

Two oscillograms were taken using a carbon break
mggnetic blow-out circuit breaker to open the magnet-
1zIng current of the permeameter with the cast-iron
core. The circuit breaker was automatically tripped
In this test. The results are shown in oscillograms 1
and 2, which are reproduced in Fig. 2. The magnet-
izing current was 7.5 amperes in both cases and in
1 Second Oscillogram No.1

Current
7.5 Amperes

Permeameter - Cast Iron
Carbon Circuit Breaker
Magnetic Circuit Open

Oscillogram No.2

Current
7.5 Amperes

Permeameter - Cast Iron
Carbon Circuit Breaker
Magnetic Circuit Closed

Fia. 2

oscillogram 1 the magnetic circuit was open, while in
2 1t was closed with a soft iron specimen. As would be
expected the time necessary to interrupt the current
was greater in 2 than in 1. Oscillogram 1 shows that
1t required 1.25 seconds to reduce the current to zero
and in 2 it took 1.68 seconds to accomplish the same
thing. A study of the oscillograms show that the
secondary e. m. f. has two pronounced peaks; one when

Current
7.5 Amperes

Qacillogram No.3

1 Second

Permeameter - Cast Iron
Oil Snap Switch

Magnetic Circuit Open

‘ywe

Current
7.5 Amperes

Oscillogram No.4

Permeameter- Cast Iron
Oil Snap Switch
Magnetic Circuit Closed

Fic. 3

the current starts to fall, and the other when it dies to
zero; also that the e. m. f. in the secondary continues
for some time after the magnetizing current has been
reduced tozero. The explanation of this is given below.

Ballistic galvanometer readings were taken simul-
taneously with oscillograms 1 and 2, and were very
erratic, as would be expected from the shape of the
secondary voltage curve.

KOUWENWOVEN AND BEXRRY: PERMEAMETER CIRCUIT
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It was clearly evident that the circuit breaker did not
give a quick clean break, and a 20-ampere snap switch
immersed under oil was tried. The results with this
switch are shown in Fig. 3, oscillograms 3 and 4.
In 3 the magnetic circuit was open and in 4 it was
closed. The time of interrupting the circuit was
nearly the same in the two cases, 3 requiring (.23
seconds and 4, 0 24 seconds. In oscillograms 8 and 4
there is only one pronounced peak of secondary e. m. f.,
but the secondary voltage rises to this peak in an irregu-
lar way. A study of these oscillograms shows also that
the secondary e. m. f. continues to exist after the current
has been interrupted. In fact, this continuation of

1 Second

Permeameter - Cast Iron
Oil Snap Switch
Magnetic Circuit Closed

Current
0.66 Amperes

Fie. 4

e. m. f. after the cessation of the current lasts for about
one second in all of the four oscillograms shown in
Figs. 2 and 3.

In Fig. 4 oscillogram 5 is reproduced. This ocillo-
gram was taken with a magnetizing current of 0 66
ampere through the solenoid of the cast-iron perme-
ameter with a closed magnetic circuit and using the
oil-break switch. It shows that the current is inter-
rupted in about 0.02 seconds and also that the second-
ary e.m. f. continues for about one second after the
magnetizing current ceases to flow. In other words,
the secondary e.m.f. is maintained for about the
same length of time irrespective of the current opened
as found in oscillograms 1 to 4 inclusjve.

Oscillogram No.6
0.1 Second
p— = DECOI
Permeameter-Cast Iron
Oil Snap Switch
Magnetic Circuit Open

Current

7.5 Amperes
e.m.f.

After Removal of the
Brass Rings

Fic. 5

These five oscillograms all show that the flux lags
behind the magnetizing current that produces it. This
lag was found to be due to the presence of eddy currents
induced in the brass rings forming the ends of the
spool supporting the magnetizing solenoid. This is
conclusively proved by oscillogram 6, shown in Fig. 5.
This oscillogram is taken with the cast-iron core
permeameter with the brass rings removed. The oil-
snap switch was used to break the magnetizing current
and the magnetizing circuit was open. A study of the
the oscillogram shows that the secondary voltage and
current sink to zero practically simultaneously. The
secondary e. m. f. builds up to a peak in an irregular
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' manner as before and then falls rapidly to zero. The
total time that the secondary voltages continues is
0.02 seconds.

This series of six oscillograms brings out clearly the
necessity of avoiding the presence of short-circuited
paths in which eddy currents may be induced in
permeameters. It also shows the superiority of the
quick break switch operating under oil over the circuit
breaker for opening the magnetizing current. The
oil-break snap will open the circuit in less than 1/5 of
the time required by the circuit breaker.

Two oscillograms were taken of opening the circuit
under the same conditions except that in one the current
was supplied by a 120-volt storage battery and in the
other by a 10-volt battery. These oscillograms are
very nearly identical. They show that it took a small
fraction of a second longer, about one thousandth of a
second as nearly as can be determined from comparing
the oscillograms, to open 120-volt supply than the 10-
volt supply.

REVERSAL OF THE CURRENT

Before removing the brass ends from the cast-iron
core permeameter, the problem of the reversal of the
magnetizing current was investigated. . In
this work an ordinary double-pole, double-
throw reversing switch, a special reversing
switch that makes contact in the opposite

KOUWENHOVEN AND BERRY: PERMEAMETER CIRCUIT
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has a throw of only about 15 degrees, shows clearly its
superiority over the 180 deg. throw switch. The oil
switch gave a much quicker break than the others,gas
expected. There is only one peak of secondary in-
duced e. m. f. for both the special and the oil-reversing
switches. All three oscillograms show the gradual
building up of the current in the cast-iron core perme-
ameter after its reversal. In all cases the secondary
e. m. f. continues for several seconds before it sinks to a
negligible value, for the special switch the time was 5
seconds and for the oil switch 3.9 seconds.

It is a well known fact that the theory of a ballistic
galvanometer assumes that all of the charge passes
through the galvanometer before it commences to de-
flect. Professor Laws has shown Laws-Electrical
Measurements) that accurate results are possible
with a ballistic galvanometer, provided the duration
of the discharge is less than one twentieth of the gal-
vanometer period.

It is apparent from oscillograms 7, 8, 9 and 10 that the
largest factor influencing the time of reversal is the
growth of the current. The use of a quick-break switch
operating under oil will effectually solve the problem
of opening the circuit in a very short interval of time.

Oscillogram No.7 I

direction before it opens the first circuit, and
an oil-immersed snap reversing switch were
tried. The special switch in its mid po-
sition short-circuits both the supply circuit

I- 0?66 Amperes Current | Make

Break

Oscillogram No.8 1
Special Switch =
m.f i

and the permeameter winding. The oil- T Make Break
. . 0 1-0.66 Amperes Current |
immersed reversing switch was a standard .
four-way snap switch such as is used in ,
. o . o o Oscillogram No.9 1
electric lighting circuits. 0il Switeh
In the previous work the speed of a quick . — Bréak
1- 0.66 {xmperes Current ! Make

break under oil had been clearly demon- -

strated for opening the circuit in a very short

space of time. It was, of course, realized that

the problem involved in the reversal of the
magnetizing current included the make as well as the
break. It is, therefore, a question of the time constant
of the circuit to a large degree. It was felt that this
permeameter with the heavy damping, caused by the
brass rings, was ideal to experiment with.

The results obtained with the three reversing switches
are shown in Fig. 6. The current used was 0.66
amperes, and the magnetic circuit was closed. Osecillo-
grams 7, 8 and 9 are for the double-pole, double-throw
switch, the special switch, and the oil-reversing switch
respectively. Oscillogram 7 shows that it takes con-
siderable time to operate an ordinary double-pole,
double-throw reversing switch of 180 deg. throw. The
secondary e. m. f. sank to zero before contact was made
in the opposite direction. Efforts to manually operate
this switch at a high rate of speed were not successful.
This type of switch is clearly unsuited for magnetic
testing. Oscillograms 8 for the special switch, which

Cast [ron Permeameter With Brass Rings
Magmetic Circuit Closed

Fig. 6

1 Second

Therefore, efforts were made to reduce the time constant
of the circuit and to shorten the time required for the
current to reestablish itself in the reverse direction. A
number of schemes were tried.

Among these the effect of introducing a break in the
iron of the magnetic circuit upon the time of reversal of
the current was tried. Fig. 7, oscillogram 10, shows the
effect produced by the introduction of two 1/16-in. gaps
in the iron of the magnetic circuit. This oscillogram
was taken with the special switch and 0.66 amperes of
magnetizing current with the cast iron permeameter.
In this case the secondary e. m. f. disappeared in 3.2
seconds as against 5 seconds without the gaps. With an
open magnetic circuit the time fell to 1.8 seconds.

Another scheme of shortening the time of reversal
of the current that was tried was to place condensers in
parallel with the magnetizing solenoid of the perme-
ameter, and neutralize theself induction of the winding.
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Several arrangements were tried without success due to
the production of current oscillotations in the circuit.

The method that met with the most success was to
placing large inductances in series in the line between
the source of supply and the special reversing switch,
which does not open the initial eircuit through the
permeameter until it has closed the ecircuit in the
opposite direction. As stated above, this special
switch in its mid position short-circuits both,the supply
circuit and the permeameter winding. The low-voltage
windings of a transformer were used for the inductance.
Using this special reversing switch, the method reduced

Oscillogram No.10

Permeameter- Cast Iron

Special Reversing Switch

Two Y¢ Gaps in Magnetic Cireuit
Brass Rings in Place

*
1=0.66 Amperes
Y.

Current |

1 Second
Fic. 7

the time of reversal about 40 per cent. The reason for
this is that the inductance in the line tends to maintain
the line current constant, and that the special reversing
switch does not interrupt the line current, but simply
reverses the current through the permeameter. The
method of course failed to reduce the time of reversal
when any type of switch was used that opened the first
circuit; that is it opened the line current; before it
closed the circuit in the opposite direction. This is due
to the fact that in this case the extra inductance placed
in the circuit is added to that of the permeameter wind-
ings and increases the time constant of the circuit.

Oscillogram No.11

Permeameter-Cast Iron
Oil Reversing Switch
Magnetic Circuit Closed
Brass Rings Removed

f
I-0.66 Amperes
i Cuwrent 1

1 Second
Fic. 8

In Fig. 8 oscillogram 11 shows the effect upon the time
of reversal produced by removing the brass ends of the
coils. Oscillogram 11 was taken with the magnetic
circuit of the permeameter closed, and a magnetizing
current of 0.66 amperes. The oil-reversing switch was
used in taking this oscillogram. A study of this oscillo-
gram shows that the secondary e. m. f. continues for
1.7 second, as against 3.9 seconds, shown in oscillogram
9, Fig. 6, taken under identical conditions, except as to
the ends of the brass spool.

The investigation of the reversal of the current also
brings out the importance of avoiding short-circuited
paths in which eddy currents may be set up by the
reversal of the magnetic flux.

KOUWENHOVEN AND BERRY: PERMEAMETER CIRCUIT
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SILICON STEEL PERMEAMETERS

A number of tests were made with these two perme-
ameters. Two of the oscillograms, 12 and 13, which
were taken under the same conditions are reproduced
in Fig. 9. Oscillogram 12 is for the solid silicon steel
core permeameter and 13 for the laminated silicon steel
core. A study of these shows that it required 0.23
seconds to reverse the current in the solid core per-
meameter compared to 0. 08 seconds to reverse the
same number of ampere turns in the laminated-core
permeameter. The oil-reversing switch was used in
both cases and the magnetic circuits were closed. In
both cases the secondary e. m. f. dropped to a negligible
value by the time the reversal of the current was
completed. This test brings out the superiority of the
laminated-core permeameter as far as the time of re-
versal of the magnetizing current is concerned.

Oscillogram No.12

Permeameter-Solid Silicon Steel
Oil Reversing Switch

|

Magnetic Circuit Closed )ﬂ 126.0f Amperes
eI }
T :
I
Current 1
- 0.5Second F

Oscillogram No.13
Permeameter-Laminated SI. Steel
Oil Reversing Switch T

Magnetic Circuit Closed ¢ I-6.0 Ar;nperes
0. t

t J
I
y
Current I

Fig. 9

CONCLUSIONS

The results of this investigation bring out clearly:
Farst, the necessity of avoiding the presence of any
unnecessary short-circuited path, which is cut by the
flux of a permeameter. The frame upon which the coil
for measuring the flux through the specimen is wound
should be of such construction as to prevent the flow
of eddy currents.

Second, that the use of a switch operating under oil
will shorten the time of breaking the current.

Third, that the laminated-core type of permeameter
will materially reduce the time required for the reversal
of the current and thereby make the use of a short
period ballistic galvanometer possible in magnetic
testing. This will reduce the time required for a test.

The authors wish to thank Mr. H. C. Willis and Mr.
W. C.. Ball, postgraduate students in Electrical En-
gineering at The Johns Hopkins University, for their
assistance in preparing this paper.




The Economic Development of a Step-by-Step

Automatic Telephone Equipment
BY PAUL G. ANDRES
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Research Engineer, Automatic Electric Co., Chicago, 111,

Review of the Subject.—Since Campbell published his paper
in 1910, modifications have been made on the step-by-step telephone
equipment. This paper covers a review of the economic develop-
ment of this system with particular emphasis on the technical
development in general. The material is grouped under develop~
ment of circuits and trunking, mechanical design, manufacturing

methods, maintenance improvements and possible future develop-
ments. Saving in equipment and trunks is considered under the
switching selector repeater, director and frequency selecting con-
nector while the reduction in mainlenance cost is shown by the
reduced number of troubles per line per month when comparing the
newer developments with equipment installed fifteen years ago.

industry undergone a tremendous development

within the last fifteen years. The rapid advances
made in electrical materials, the study and analysis of
methods and means of manufacture and the contribu-
tions of pure science are finding application in the
industry.

Since the inception of the telephone in 1876 the sub-
scriber’s needs and operating demands have increased
constantly and definitely, tending to complicate the
apparatus. Particularly is this true in the case of
automatic telephony where the subscriber, because of
the nature of the system, expects to obtain an answer
from a called party in a minimum time and with the
least mental and manual effort. On the other hand the

I I \ELEPHONY has together with the electric power

Fic. 1—SIMPLE STEP-BY-STEP SYSTEM

manufacturer has by the most approved and latest
methods tried to improve the quality of the product and
at the same time tried to make it more economical.
Briefly stated the situation resolves itself into two main
Issues: (a) the increasing needs of the subscriber and
operating company and (b) the reduction of cost of the
equipment.

Without regard to the changed economic conditions
of the country the subscriber’s increasing needs from
the start have forced the cost of the egquipment up faster
than the manufacturer could reduce the cost by re-
design and methods. At the present time these needs
are still of prime importance and still slightly over-
balance the gain made by improvements and develop-
ments.

Because of its unit structure the step-by-step tele-
phone system lends itself readily to an analysis of how

To be presented al the Midwinter Convention of the A. 1. E. E.,
Pliladelphia, Pa., February 4-8, 1924.

the needs of the subscriber and operating company are
met economically by the use of the latest developments.
Each unit performs a definite function practically
independently of the other units and consequently may
be studied with regard to cost, performance, mainte-
nance, life, and so forth without involving the rest of the
equipment.

Inherently the system consists of a series of line
switches, selectors, repeaters and connectors operated
by a dial at the subscribers station. Campbell* in 1910
outlined the major parts and functions of the elementary
step by step system. Fig. 1 shows the parts that
constitute this system assigning to each part its proper
place in the chain of equipment.

In order to consider the various phases of the develop-
ment and the result obtained the subject will be con-
sidered with regard to the developments in design of
circuits and trunking which represent the ideas to be
carried into practise, mechanical design and materials
which crystallize these ideas in actual mechanisms,
manufacturing methods producing the mechanism
in quantities, maintenance improvements or the per-
formance in practise and possible future economic
developments.

Developments in Design of Circuits and
Trunking

During the past thirty years that the step-by-step
system has been in use various developments have been
made on the original idea advanced by Strowger.
Naturally some of the early work was revolutionary
during the time the apparatus was serving its apprentice-
ship. These changes may well be reviewed as early
developments while the more recent progress is con-
sidered under the subject of later developments.

EARLY DEVELOPMENTS

All early exchanges were operated on the three-wire
system, which in reality consisted of a two-wire system
plus the ground circuit. The change from three-wire
to a straight two-wire system, first introduced in 1907

1. A Modern Automatic Telephone Apparatus.
Campbell, Trans. A. I. Ti. E., 1910, Vol. 29, p. 55.

W. Lee
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came about largely by the possibilities offered by the
two-wire system for purposes of station metering, pay
station control, supervision and the like, besides simpli-
fying the telephone wiring with resulting lower mainte-
nance costs. Among other ailments, the three-wire
system had the disadvantage of premature release in
certain conditions in party line service. It required a
good ground connection in the circuit when setting up a
call. While in many cases an excellent, ground connec-
tion is maintained, at every subscriber’s station at the
present time, be it manual or automatie, this is used for
burposesof signaling and protection whereas early auto-
matic stations used such a ground primarily for dialing.

The two-wire system was made possible largely by
the adaptation of slow release relays. This type of
relay has gradually been developed until it now finds a
place on nearly all switches used in the system.

Machine ringing, although first used in manual ex-
changes, was applied to automatic service because its use
resulted in shorter holding time of trunks besides re-
lieving the subscriber from the additional burden of
ringing the called subscriber’s bell.

Later Developments

Mixed Number Systems. Although mixed number
systems had been used in special cases the Columbus,
Ohio installation illustrates the advisability of using
such a system resulting in an economy of equipment.
As mentioned in the introduction the simple system
required a major switch for every digit dialed. In the

Line
Switch

=

Connector

= 100
=— | Lines

To Other
Connectors

100
ines

i £

=l
=— | tines

—{ 100
—— | Lines
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for Other
Connectors

—_— } Available

case of the exchange mentioned a four-digit system
was used until the growth of the system required
additional equipment. By the addition of third select-
ors as required the system was expanded gradually.
Fig. 2 indicates how the simple step-by-step system
lends itself to future growth by the addition of but
small amounts of equipment and no rearrangement of
subscriber’s numbers. If a proper traffic study has
been made and the traffic development can be forecast
with a fair measure of certainty, then the installation
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of the mixed number system is a real economie advan-
tage; if, however, this information cannot he obtained
the possible rearrangement of certain groups in case the
system is in