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A paper presented at the 35th annual convention
of the American Institute of Electrscal Engi-
neers, Atlantic City, N. J., June 30, 1908..

Copyright 1908. By AILEE.

HIGH VOLTAGE MEASUREMENTS AT NIAGARA

BY RALPH D. MERSHON

In the autumn of 1896, the writer of this paper undertook an
investigation of the phenomena existing when transmission line
conductors are subjected to high alternating voltages. The work
was carried on near Telluride, Colorado, and extended over a
period of about a year. The zesults of this work were embodied
in a report made by the writer in 1897.*

Through lack of the necessary facilities at Telluride, the work
was not carried as far as seemed desirable and, after its dis-
continuance, I looked forward to taking it up again and
obtaining additional data. This opportunity offered in 1903,
and in the autumn of 1904, after the necessary apparatus had
been obtained, the work was resumed at Niagara Falls, and the
observations carried on more or less continuously until the
summer of 1907.

In the meanwhile, Professor Harris J. Ryant read before the
Institute his paper bearing on this subject and embodying the
results of investigations made by him of some of the points I
had intended to cover, and a number of others which my
facilities would not admit of closely investigating.

The present paper has mainly to do with the results of the

*The investigation was undertaken for the joint interests of the
Telluride Power Transmission Company and the Westinghouse Electric
and Manufacturing Company. Part of the matter of the report was
embodied in a paper read at the Fifteenth General Meeting of the
American Institute of Electrical Engineers, June 30, 1898, by Mr.
Chas. F. Scott, entitled *‘ High Voltage Power Transmission.’

t See paper entitled * The Conductivity of the Atmosphere at High
Voltages,” read at the 184th meeting of the American Institute of
Electrical Engineers, Feb. 26, 1904.
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846 MERSHON: HIGH VOLTAGE TESTS [June 30

work carried on at Niagara Falls, but in the treatment of these
results, the work at Telluride and that of Professor Ryan will
necessarily be referred to and discussed.

The work at Niagara was made possible, in the first instance,
by the generosity of three men; Mr. J. E. Aldred, Mr. Frederic
Nicholls, and Mr. James Ross. Later, further support to the
work was contributed by Mr. George Westinghouse, and by the
African Concessions Syndicate of London. The major portion
of the expenses of the work at Niagara was defrayed by the
above contributors.

I desire to express my appreciation not only of the generosity
of these contributors, but also of the completeness with which
they entrusted the expenditures to my judgment and the kindly
patience with which they have awaited results so long deferred
by reason of the tedious, intricate, and often discouraging nature
of the work. It is to be wished that engineering investigation
might be more encouraged in a like manner and spirit. I hope
the results obtained will appear to justify the contributors in
this instance.

For convenience of treatment, the matter of this paper is
arranged under the following heads: Equipment; Results of
Measurements; Discussion of Results; Résumé and Conclusions.

EQUIPMENT

The line experimented upon at Niagara had a total length of
2000 feet, although, generally, only half its length was used. It
was supported upon wooden poles, spaced about 140 feet apart.
At first, the line wires were supported upon insulators, but it
was found that the loss over the insulators was so great, as
compared with the air losses, and so variable that if any
reliable results were to be obtained, it would be necessary to
find some other way of supporting the line conductors.
Finally, the line wires were suspended by means of paraffined
cords attached to the necks of the insulators. As long as
these cords were clean, the loss over them was negligible.
As soon as they became dirty, they were replaced by clean cords.
A portion of the line with the suspending cords is shown in Fig. 1.
This line will hereafter be referred to as the ‘ Experimental
Line ”.

In addition to the experimental line, use was made of a num-
- ber of cross-arms equipped with pins and insulators, similar to
those used on the experimental line. This miniature line had
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a total length of only a few feet, so that the air loss between its
conductors was negligible, the loss upon it being due to the
insulators only. This miniature line will be designated here-
after as the ** Dummy Line . It is shown in Fig. 2.

The following conductors were used.

ALumiNux CONDUCTORS

Circular mils Nm& m:x:d dohun"gdt:r

inch inch

10500 1 0.1025 0.1025
20740 1 0.144 0.144
34600 1 0.186 0.186
51529 1 0.227 - 0.227

41800 19 0.0469 0.2345

42910 7 0.0783 0.2349

41750 37 0.0336 0.2352

103850 7 0.1219 0.3657

208200 7 0.1728 0.5184

CopPER CONDUCTORS
10420 1 0.1021 0.1021

The various types of insulators with which experiments were
made are shown in Fig. 3 and will be referred to hereafter by
the letters designating them in the ‘illustration.

Two single-phase, 100,000-volt transformers were used, each
having a capacity of 10 kilowatts. The endeavor was made
to have the iron of these two transformers as nearly as possible
identical as to loss, etc., for reasons which will be apparent from
the description of the method of measurement employed. The
two transformers were immersed in oil in the same boiler iron
tank. They were of the core type, and had ground shields
between the high-tension and the low-tension windings. The
windings had taps for connecting the transformers, when de-
sired, for polyphase transformation. The transformers had a
number of special low-voltage coils, the use of which is explained
below.

The power for the measurements was obtained from a surface-
wound, single-phase alternator of the old 133-cycle type, belted
to an induction motor and driven at about one-half speed.
This machine gave very nearly a sine wave under almost all
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conditions. The intention was to run it at 60 cycles, but
instead it was run usually at about 73 cycles.
The wattmeter made use of was one especially constructed

Fic. 1

for this purpose. It is shown in Fig. 4. It consisted of the
regular Weston wattmeter movement and shunt resistance
enclosed in a suitable wooden box, and an external field coil
which could be slid over the wattmeter movement or away from
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it, so as to give an instrument of considerable range. The field
coil was enclosed in a suitable wooden frame. This field coil
consisted of two identical windings, the wires being wound
side by side, so that the magnetic axes of the two windings
would as nearly as possible coincide. In addition there was
supplied with the wattmeter an extra field coil exactly like the
one used with the wattmeter. This extra field coil was used as
an air transformer, as described later on.

The type of barometer, thermometer, and sling psychrometer
recommended by the United States Weather Bureau for the
measurements of barometric pressure, temperature, and relative

Fic. 2

humidity, respectively, were made use of in observing the
corresponding weather quantities. '

In addition the various necessary voltmeters, ammeters, etc.,
as indicated in Fig. 5 were employed. One of the ammeters
was used in the high-tension circuit. It was mounted on an
insulator and its movement was shielded from electrostatic
action by a tin-foil shield inside the case and attached to one
terminal.

In addition to the above apparatus, we had for a while, the
use of an oscillograph. Voltage curves were obtained by
connecting the oscillograph to the D test coil in place of the
voltmeter of Fig. 5.



850 MERSHON: HIGH VOLTAGE TESTS [June 30

The apparatus was all housed in a cheap- building of corru-
gated iron, the outside of which is shown in Fig. 2.

The method of measurement employed was that devised by
me and used at Telluride. In it the iron-loss of one transformer
is balanced against the iron-loss of both transformers in such a
manner that no iron-loss reading appears on the wattmeter,
with the result that the wattmét_,er records only the losses in the

B

Dy

el

high-voltage circuit of the transformecr feeding the line. By
this method of measurement the only correction which it is
necessary to make in the wattmeter reading is to subtract from
such reading the I? R loss in the high-tension coil of the trans-
former feeding the line.

The diagram of connections is shown in Fig. 5. One of the
transformers, designated as the ‘ Power Transformer " is used tc
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feed the line in the usual way; the other, designated as the
“Balancing Transformer” is idle except as to its use for balancing
purposes. As will be seen from the diagram each transformer has,
in addition to its regular low-tension and high-tension windings,
two auxiliary coils, designated as C test coil and D test coil; from
the D test coil are brought off a number of leads. The voltmeter
and the voltage circuit of the wattmeter are connected to the
leads of the D test coil of the power transformer. The D test
coii is so located as to give, as nearly as possible, a voltage read-
ing which will be always proportional to the voltage across the
high voltage terminals. In the case of the balancing transformer,
the D test coil is idle. The C test coils of the two transformers

Fig. 4

are connected in series with a small auto transformer between
them. With this method of connection, it will be apparent that,
provided the auto-transformer does not have an appreciable vol-
tage across its terminals, the magnetization wave of the balancing
transformer will, if the iron of the two transformers is the same, be
exactly identical with the magnetization wave of the power
transformer; for, since the C test coil of both of the trans-
formers is close to the iron, the voltage induced in the C test
coil of the power transformer will be one dependent only upon
the flux wave in the iron of this transformer, and will be inde-
pendent of any reactions which there may be in any of the wind-
ings of the transformer. The result is that the C test coil of the
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" balancing transformer has impressed upon it a voltage exactly
corresponding to the iron flux wave of the power transformer,
and this condition will hold, no matter what load be put upon the
power transformer. This being the case, it is evident that the
current flowing in the circuit made up of the two C test coils
and the auto transformer is proportional to and in step with
that component of the main current, 4.e., the current supplied
by the generator to the low voltage terminals of the power
transformer, which corresponds to the iron loss of both trans-
formers. Hence any current taken off of the auto transformer
will be proportional to and in step with this iron loss compon-
ent; and the value o: the current in the secondary circuit of the
auto transformer relative to the iron-loss component of the main
current will depend upon the ratio of transformation employed
in the auto-transformer, which ratio will hold through all ranges
of voltage and all conditions of load on the power transformer.

As has been previously explained, and as is shown in the
diagram, the field coil of the wattmeter is double. Through
one of the windings of the wattmeter field coil and through one
of the windings of the other coil mentioned above and designated
in Fig. 5 as the ““ Air Transformer "', passes the main current
to the low voltage winding of the power transformer. The other
two windings, or secondaries, of the wattmeter field coil and
the air transformer respectively, are connected in series, but in
the reverse sense, so that the equal voltages induced in them
oppose and neutralize each other. If the air transformer were
not used, the voltage of the secondary of the wattmeter field
coil would disturb the adjustment of the circuit including it.
The circuit including the secondaries of these two coils is con-
nected to the auto transformer previously mentioned in such a
way and with such a ratio that there will pass through this
circuit a current of sufficient magnitude and in such a direction
as to neutralize in the wattmeter field coil that component of
the main current fed to the power transformer which accounts for
the iron loss in both transformers. It will be evident that by
careful adjustment, not only may the wattmeter be made to
read zero when there is no power delivered to the line from the
power transformer, but also that it may be made to give no
indication of the iron loss in the power transformer when the
transformer is delivering power.

The other instruments and connections of Fig. 5 sufﬁcwntly
explain themselves. The balancing transformer need not nec-
essarily be a transformer, but may be a reactance, the iron of
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which has the same characteristics as that of the power trans-
former and which is worked at the same induction as the power
transformer. ’

REsSuLTsS oOF MEASUREMENTS

The endeavor was made to get some sort of a resistance for
use on 100,000 volts, the value of which would remain practically
constant, and which would not have a large charging current,
so that by putting it across the terminals of the transformer,
taking the wattincter reading, and at the same time reading
in the high voltage circuit the current taken by the resistance.
the wattmeter reading might be checked by calculating the C* R
loss in the resistance. We were not successful, however, in
finding any resistance which would answer for this purpose, and
had to be content with the check readings described below.

In order to find out what effect, if any, the charging current
of the line would have on this combination of wattmeters and
transformers in the matter of producing errors in the reading,
numerous sets of readings were taken of which the following
are fair samples.

A measurement was taken on the experimental line. (The
loss in this case is accompanicd by a large charging current.)
A reading was also taken on the dummy line.  (In this case
there is practically no charging current.) Then a reading was
taken on the experimental line and the dummy line together.
Assuming constancy of wave form, absolute accuracy would
result in the sum of the separate readings being equal to the
reading taken on the two lines together. The following is a
typical set of readings, taken on the dummy line and an
experimental line, consisting of 42,910 cm. 7-strand* aluminum
cable, spaced at 55 in.

Exper. Line | Dummy Line Dummny
Kilovolts only (A) only (B) and (A)+(B) | Error Error
watts watts Exp. Line watts per cent.

80 138 54 209 102 +17. +8.13
70 92 39 140 131 9. +6.43
60 64 25 97 89 8. +8.24
70 102 49 152 151 1. +0.66
70 108 42 158 148 10. +6.33

70 104 39 158 143 15. +9.5
Averageermr'— +6.55

*Throughout this paper the word “strand " is understood to mean

* wire,” in accordance with common usage.
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The above is considered very satisfactory. It must be re-
membered that the readings on the line are always more or less
unsteady, due to the variation of line loss, especially if the
measurement is taken above the critical point. This accounts
for the considerable variation in the error. The average error,
however, can be accounted for in another way. As will be seen

N—/\
RVARY

EXPERIMENTAL LINE AND DUMMY.

f\

EXPERIMENTAL LINE ONLY.
— /\

DUMMY ONLY.

FIG. 6.

later, the loss over the insulators is very sensitive to change of
wave form, being greater for sharp wave forms. During the above
set of measurements, the wave form was quite different when the
experimental line was connected to the transformer from what it
was when the experimental line was disconnected. The oscillo-
graph curves in Fig. 6 (corresponding to 70 kilovolts) show this.
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The first of them is the wave form with the experimental line and
dummy line; the second is the wave form with the experi-
mental line only; the third is the wave form with the dummy
line only. There is no difference between the first and second
because the wave form is controlled by the charging current
and the dummy line has no measurable charging current. As
will be seen, the distortion of the third wave form is in the
direction to account for the error. That is, the wave form when
the dummy line and experimental line are measured together
is the same as when the experimental line is measured alone,
and is sharper than when the dummy line is measured alone.
Again. the experimental line was connected to the power
transformer, and readings taken with the voltmeter (see Fig. 5)
disconnected from the D test coil, and with it connected to the D
testcoil. The difference in the two readings should be equal to the
C? R loss of the voltmeter calculated from the reading of the volt-
meter and its known resistance. The following 1s a set of such
readings at a number of voltages. The line used consisted of
51,529 cir. mil solid aluminum conductors, spaced at 84 in.

Watts Difference = | Calculated
Line measured V.M. Error Error
kilovolts V. M. loss loss watts per cent.
V.M.on | V.M, off

90 130.5 121.0 9.5 11.6 +2.1 +22.1
80 98.5 89.5 9.0 9.1, + + 1.1
70 75.0 68.5 6.5 7.0 + .5 + 7.7
a0 56.0 51.0 5.0 5.1 + .1 + 2.0
50 42.0 38.0 4.0 3.6 — .4 —10.0
Average error| = + 4.6

This set of measurements was a pretty severe test of the
method of measurement, and is really unfair to it because we
were here measuring by the method of differences, a quantity
which is less than 10 per cent. of the two quantities involved,
and an error in the two quantities measured of opposite sign and
of only 1 per cent. would more than account for any of the errors
obtained. It would have been much better to have had the
voltmeter loss and the line loss approximately equal; the D
test coil had not sufficient capacity for this. But, even leaving
these facts out of consideration, the result is not bad. As in
the previous case, the variation in the line loss probably accounts
for the variation in the amounts of the errors, although to a
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less extent, inasmuch as the readings could be taken with the
voltmeter or and off much more quickly than the changes could
be made in the preceding case. It is to be noted that whereas
the previous set of readings is only a relative check, the latter
set furnishes not only a relative but an absolute check on the
accuracy of the method of measurement, since the loss in the
voltmeter was accurately known.

It may be added here that at Telluride, where a wire wound
resistance of 1,000,000 ohms was available, check readings taken
by means of it on the same method of measurement (but with
different apparatus) gave very close results.

It is believed that this method of measurement may be made
as accurate as is desired by taking the proper precautions, and
that the particular apparatus used in these measurements was
capable of giving results certainly within two or three per cent.,
and perhaps closer under favorable conditions.

This method of measurement offers a means of accurately
measuring losses in a high voltage circuit by means of instruments
in the low voltage circuit, thus eliminating the possibilities of
danger, and of error due to electrostatic effects, when instru-
ments are used in the high voltage circuit.

It should be borne in mind that in the line measurements the
loss is accompanied by a very large charging current; for instance,
in the case of the 60,000-volt reading of the first set of readings,
the line current was 0.038 amperes, corresponding to 2280 ap-
parent watts, whereas the loss was only 64 watts, so that the
power factor was only 0.028.

Readings were also taken to check up the accuracy of
voltage measurements obtained by a voltmeter connected to the
D test coil of the power transformer (Fig. 5). These check
readings were made by simultaneously reading a voltmeter
connected as described and a voltmeter connected to the other
transformer used as a voltmeter transformer with its high
voltage terminals connected across the terminals of the power
transformer. These readings show that the reading obtained
from the voltmeter connected to the D test coil of the power
transformer was practically identical with that obtained from the
voltmeter transformer whether a line was connected to the
power transformer or not.

"~ As an example of the advantage of taking loss measurements
by the method used instead of by reading power to the trans-
former with the line on, power to the transformer without the
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line, and taking the -difference in the readings; and also to illus-
trate the efficacy of the air transformer, the three curves shown
in Fig. 7 were obtained. One of these shows the result obtained
by the subtraction method; one by the balancing method with-
out the air transformer; and one by the method employed in
this work. The errors in measurement obtained by the sub-
traction method are due not only to the fact that a difference
is being measured and therefore the errors in the two measure-
ments subtracted may be superposed, resulting in a considerable
percentage of error in the quantity measured, but also to the
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fact that the charging current of the line produces more or less
distortion in wave form, so that the wave form impressed upon
the iron of the transformer when it is feeding the line is different
from that when the line is disconnected. The result is that
the iron loss on open circuit is not the same as the iron loss when
the transformer is delivering current to the line, which greatly
increases the subtraction error.

As has been mentioned previously, the measurements on the
experimental line were at first made with the line supported
on insulators. Measurements were taken in quick succession
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upon the dummy line and upon the experimental line. By
subtracting the loss over the insulators on the dummy line
from the total loss on the experimental line, a curve was ob-
tained which, presumably, represented the atmospheric loss.
This method of procedure was followed for sometime with appar-
ently concordant results, but after a while very considerable
discrepancies began to develop, and it was found that on differ-
ent days widely differing results would be obtained. Finally,
after a great deal of work, we concluded this was due to the
variation in the losses over the insulators, brought about by
varying weather conditions, and an endeavor was made to find
some way of eliminating the insulator loss altogether. This
was finally accomplished by suspending the line conductors
from cords, the cords being attached to the insulators, which
was found to be effective, so long as the cords remained dry and
clean. The course finally adopted was that of using ordinary
window cord boiled in paraffin for a few minutcs, as the satura-
tion with paraffin made the cord less liable to absorb moisture.
The cords were frequently tested by placing them all in parallel
across 100,000 volts (twice the voltage which they would ordi-
narily have, since on the line two of them would be in series)
and measuring the loss upon them. If they were in good con-
dition, the loss would not be more than three or four watts. If
they were not in good condition, they would show a larger loss
which would rapidly increase until they began to burn. Defec-
tive cords were always thrown away and replaced by new ones,
with the result that the losses due to the cords were kept so low
as to be altogether negligible.

The measurements with the line supported on insulators
were carried on for about eight months before the discrepancies
due to insulator losses became evident. The results obtained
during this period were worthless and had to be discarded. The
length of time which it took to discover thcse discrepancies and
their cause was due, first, to thc fact that so long as there
were no considerable variations in weather conditions, the dis-
crepancies were small and, secondly, because as the result of the
work at Telluride and that done by Professor Ryan, it was
thought that weather conditions, except precipitation, would
make no difference in loss whether between line conductors,
or over insulators, provided the voltage were left long enough
on the line to bring the insulator loss to a steady condition.

As soon as the difficulty arising from the insulator loss had
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been eliminated, results began to be obtained which were more
consistent, and it developed that, whereas, the work at Telluride
seemed to show that weather conditions, except precipitation,
would produce no difference in the loss, the weather conditions
had, on the contrary, a great effect upon the loss. At first this
result seemed to discredit either the measurements at Telluride
or those at Niagara; but, when fuller data had been obtained at
Niagara Falls, it was found, as explained later on, that the two
results were perfectly concordant. An immensz number of
readings were taken on different size conductors at different
spacings under various weather conditions. It was found that
the losses varied considerably, but they seemed to be more
affected by humidity conditions than anything else. Such varia-
tions in loss as there may have been, due to variations in baro-
metric pressure, were not apparent. If they existed, they were
masked by the variations due to humidity conditions. The
variations in barometric pressure were small.

An endeavor was made to connect the loss and its variation
directly with the relative humidity, but when the loss was
plotted against the relative humidity it was not apparent
that there was any definite law connecting them. A similar
negative result was obtained by plotting loss against absolute
humidity. The losses were then plotted against each of the
various elements having to do with moisture in the atmosphere
and also against combinations of these elements, with the idea
of discovering whether any simple relation could be found. As
the result of these trials it was found that if the loss were plotted
against the product of vapc: pressure by relative humidity,
what appeared to be a definite relation was obtained. All the
readings were then plotted in this way, and curves obtained for
different size conductors and different distances between them.
For convenience in reference, the product of the vapor pressure
by relative humidity will be referred to as the ‘‘ vapor product ”.

In order to give an idea of the closeness with which the results
followed the reiation found, two of the many target diagrams
from which the relation was obtained are shown in Figs. 8 and 9.
It will be noted that in some cases the points lie quite close to
the curve showing, apparently, a well defined law. In others,
the points are more erratic. This is especially true for points
obtained above the critical point or bend in the curve connect-
ing loss and voltage (see Figs. 10 to 15 showing loss-voltage
curves) because above the critical point, the loss is especially
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sensitive to any change in the conditions affecting it. The erratic
points were almost always obtained either when there was a
considerable amount of smoke apparent near the experimental
line or when the air temperature was within a few degrees of
the dew point, or when both conditions obtained. As both these
conditions are unusual ones, the points far from the curve were
given less weight in locating the curve. It will be noted also
that for high values of vapor product the points are few and
somewhat wavering. This part of the curve is not well located
by reason of the fact that the vapor product seldom rose above
0.50, and usually was much below this value, so that few oppor-
tunities offered for measurements at high values of vapor
product. In fact, the average vapor product for Niagara Falls
seems to be about 0.20.

There was another condition which tended to introduce an
error in the points of these cirves. The humidity measurements
were made near the ground and at only one point in the line;
that is, at one end. They did not, therefore, necessarily repre-
sent the average condition of the whole line. It would have been
better if humidity measurements had been taken simultaneously
at two or more points along the line and near to the conductors,
but our facilities would not admit of this without unduly pro-
longing the time and expense of the work.

Vapor product as made use of herein is the value obtained
by multiplying together the vapor pressure (in inches of mercury)
and the fraction representing the relative humidity (ratio of
the vapor pressure at the existing temperature to the pressure
of saturation at the same temperature).

. In the other figures showing the relation between loss and
vapor products, the points themselves have been omitted.

In general, throughout this paper, the points representing
the actual readings are omitted, except in cases where it is
thought advisable to show the points in order to give an idea
as to the accuracy of measurements.

Unless otherwise stated, all values of voltage referred to
herein are effective, or square root of mean square, values.

This relation between loss and vapor product is made use of
to reduce to the same basis all the loss curves not taken under
identical weather conditions and between which comparison is
desirable. The value 0.20 was decided upon as being as nearly
as could be judged the average value of vapor product which
obtained at Niagara Falls, and the curves for comparison,
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except such as were taken under identical atmospheric condi-
tions (in which case, in general, no correction is made) have been
corrected to correspond to that value. On each of the curve
sheets is noted either the fact that it has been so corrected, or
else the atmospheric conditions under which the curves were
actually taken.

As an example of the closeness with which the points fall upon
the curves connecting loss and voltage, reference may be made
to Figs. 14 and 22. '

Pigs. 10, 11, 12, 13, 14 and 15 are curves showing for different
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sizes of conductors, the variation in loss as the distance between
the conductors is varied. In Fig. 14 is also shown the charging
current for the 103,850 cir. mil conductor at the various dis-
tances.

Fig. 16, 17 and 18 are curves showing the losses for different
conductors at the same distances.

Figs. 19, 20 and 21 show the losses for conductors having ap-
proximately the same area of cross-section, but different
strandings.

Fig. 22 shows the loss in conductors at different distances from
the ground.
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Figs. 23 and 24 show the variation in loss with frequency.
These curves are probably in error, as will be pointed out later
on. The oscillograph curves in Fig. 25 show the voltage waves
at the corresponding points marked X in Fig. 23.

Fig. 26 and 27 show the difference in loss between hard and
soft aluminum and between soft aluminum and hard copper.

Measurements on soft aluminum cable, weathered and un-
weathered, showed the loss to be practically the same in both
cases.

In addition to the measurements which were taken bearing
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on the loss between line wires, an extended study was made on
insulators. It was found that the loss over the insulators
varied with the weather conditions in the same way as the loss
between the line conductors, namely, that there seemed to be a
relation between the loss and the vapor product. In the case
of the insulators, however, the measurements coincided much
more closely with the line embodying the law of variation,
probably due to the fact that, the insulators being tested near
the ground, there was less chance for smoke in the air to affect
them than in the case of the cables some distance above the
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ground. This was also due possibly to the fact that the humidity
measurements were made beside the insulatois, whereas, as
previously mentioned, the humidity measurements for the line
were made only at one end of the line and near the ground
instead of near the line cables. When voltage was first applied
to the insulatcrs, th= loss was irregular and it was necessary to
keep voltage impressed upon them for sometime until the loss
steadied down and an accurate reading could be taken. The
readings were all taken on five insulators in parallel, the voltage
being applied between the necks of the insulators and the metal
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pins, although the curves are plotted for the loss over a single
insulator. The curves connecting loss over insulators and
vapor product are not carried above a value of the latter
quantity equal to 0.20 for the reason that readings could
not be obtained above this point without the expenditure of
a great deal of time.

Figs. 28 and 29 show for the various insulators, A, B,and C,
the relation between the loss and the vapor product. Fig. 28
is a target diagram showing all the points on the curves. In
Fig. 29, the points have been omitted. The insulators are
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designated by letters which correspond to those of the dimen-
sion photographs of the insulators previously given in Fig. 3.

The losses over insulators of different sizes were quite different,
as is shown by Fig. 30. These go only to 50 kilovolts as it was
not safe to go higher on the smaller insulators.

Fig. 31 shows the loss over the larger insulators, up to 100
kilovolts, when there was fog and drizzling rain, as compared
with the loss under ordinary conditions.

Fig. 32 shows the loss over an insulator with a metal pin,
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over the same insulator with a metal pin and a metal plate in
contact with the lower petticoat of the insulator, and over the
insulator with the metal plate but without the pin, the various
arrangements of the insulator being shown in Fig. 33. It will
be noted from these loss curves that while the losses over the
insulator with the metal pin only and with the metal pin and
plate were the same, the loss over the insulator with the metal
plate only was considerably less than in the other two cases.
This curve was taken as having a bearing on the loss over
different size insulators, as will be explained later.
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Fig. 34 shows the variation in loss over insulators as the fre-
quency was varied, but, as in the case of the corresponding
curves for the line conductors, this curve is open to question as
will be explained later. The osciilograph curves in Fig. 35
show the voltage waves of the corresponding points, marked X,
of Fig. 34.

Fig. 36 shows the loss obtained on insulators with metal and
wooden pins. It will be noted in this case that the loss with
the wooden pin was greater. In order to demonstrate whether
an explanation hit upon for this fact was correct, one of the
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insulators, B, was mounted upon a curtain rod, which served as
a long wooden pin, and the loss measured over the insulator
with different lengths of pin by placing the lower terminal on
the curtain rod at different distances from the bottom petticoat
of the insulator. Under these conditions, with the rod wet,
the curves of Fig. 37 were obtained. It was necessary to wet
the wooden pin for the reason that when it was dry, the point
of maximum loss fell inside the insulator, so that the loss curve,
instead of beginning at a comparatively low value and rising
to a maximum and then falling off again, continually fell off

4
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as the length of the pin was increased. An explanation of this
will be given later.

An endeavor was made to measure the loss over insulators
when it was raining, but the loss was so variable, due to varia-
tion in the rate of precipitation and gusts of wind, that no
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satisfactory curve could be obtained. It was determined,
however, that the loss with a hard rain was less than in the
case of fog and drizzling rain, the curve for which is shown in
Fig. 31. The loss over insulators with hoar frost upon them
was also less than with fog.

" Tests were made on an insulator with increasing and decreas-
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ing voltage to see whether or not this made any difference in the
loss obtained. It was found that if a high voltage were first
applied to the insulator there was no difference in the loss curve
with ascending and descending voltage.

Measurements were made on a set of insulators, the metal
pins of which were not cemented in the insulators, and on another
set, the metal pins of which were cemented, to see if any difference
would be found. As long as the cement was wet, there was a
difference, but after the cement had sct and become dry, there
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was no difference. This being the case, all the subsequent tests
were made with the pins uncemented.

A number of readings were taken on broken insulators. These
readings were taken by first obtaining a loss reading on the
insulator intact, and then gradually breaking the petticoats
off, beginning with the inner one. The loss had not materially
changed with the two inner petticoats broken away, and the
upper petticoat still intact, but immediately ran up when the
upper petticoat was broken. These measurements were all
made on dry insulators,
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DiscussioN oF REsULTs

At Telluride, the measurements were all taken on lines carried
upon insulators; measurements were also made on a dummy
line having the same number of insulators and cross-arms as
the main line, and the atmospheric losses arrived at by subtrac-
tion. By this method concordant results were obtained, al-
though such method of measurement did not produce satis-
factory results at Niagara. The probable reason for this will
be explained later on. The Telluride results apparently demon-
strated certain facts and justified certain conclusions which were
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brought out in my report on the Telluride work. As the result
of the Niagara work, some of these conclusions have had to be
abandoned. In order properly to discuss the subject, it is
thought advisable to enumerate here the conclusions arrived at
as the result of the Telluride work. They are as follows:

(a.) Thatthereisa certain critical point in the curve connect.ng
loss and voltage at which the loss begins to increase very rapidly.

(b.) That the loss below the critical point is made up entirely
of loss over the insulators; and that the loss above the critical
point is made up of insulator loss plus a loss through the at-
mosphere.
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CURVES SHOWING RELATION BETWEEN LOSS
OVER INSULATORS AND ATMOSPHERIC MOIST-
URE CONDITIONS.

VOLTAGE NECKS " TO STEEL PINS.
FREQUENCY =7 3ca,

o

70 : /Aé/ :
| 1
e | LA

-0 -

A\

$0

\

801 KV.

\

\
\
\ L

\

\

A

WATTS LOSS OVER ONE INSULATOR.

10

0.05 0.10 0.15 020
VAPOR PRODUCT.
§iG.29.



1908] MERSHON: HIGH VOLTAGE TESTS 879

(c.) That the critical point depends upon the maximum value
of the electromotive force wave and the distance between con-
ductors. (Facilities were lacking for' measurements on different
sizes of conductors.)

(d.) That the critical point, and therefore, the beginning of
atmospheric loss coincides with the voltage at which luminosity
and hissing (also probably the formation of atmospheric chemical
products) begin, and to a partial breakdown of the dielectric.*

(e.) That under conditions which obtained at Telluride, weather
conditions made no difference in the loss or the critical point,
except when there was actual precipitation.
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() That it seemed probable in view of (¢) and of the range
of weather conditions observed at Telluride, that weather con-
ditions (except precipitation) would not affect loss or critical
point, except perhaps in case of dense fog, or a considerable
amount of foreign matter in the atmosphere.

(g.) That the critical point is at a lower voltage with a rough-
ened conductor than with a smooth conductor.

*Professor Ryan gives Mr. Scott credit for this observation, but it was
first brought out in my Telluride report, as reference to Mr. Scott’s
paper will show.
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(h.) Measurements taken at different frequencies showed that
the losses were lower and the critical point higher at the lower
frequencies, but these results were viewed with suspicion for a

F16.33,

number of reasons, amongst which was the fact that at the
lower frequency the wave-form became distorted (flattened) in
a manner to account for part, if not all, of the decrease in loss.
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Professor Ryan’s results, obtained subsequently, confirmed
(a), (b), (), and (@). They also confirmed (f) so far as it relates
to the presence of water vapor, but not so far as it relates to
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the barometric pressure and temperature. In addition, as the
result of his measurements, he arrived at the following conclu-
sions. '

(i.) That the critical point depends upon the density of the
atmosphere, the critical voltage being greater as the atmospheric
density increases, the relation being a straight line one.
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(7.) That (as had been previously suspected but not definitely
known) the critical voltage depends upon the rate of fall of
potential, or dielectric stress, near the conductor; that is, for a
given atmospheric density, the partial or local breakdown of
the dielectric occurs when a certain local rate of fall of potential
or dielectric stress, has been reached.
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(k.) That the value of the local rate of fall of potential or
dielectric stress, D’, at which the partial or local breakdown
occurs, depends upon the diameter of the conductor being con-
stant for all diameters above 0.25 in., and increasing as the
diameter of the conductor decreases below this value.

(1.) That the partial breakdown of the dielectric does not occur
at the surfaces of the conductors (the point where presumably
the rate of fall of potential is greatest) but at a small distance (d)
from the surface of the conductor which distance depends upon
the diameter of the conductor being constant for all diameters
above 0.25 in., but diminishing with the diameter of the con-
ductor below this value.

(m.) Ryan combined his results in the following formula for
determining the critical point: -

17.94 %

Emes = —5915

X 2055 log,, % X D*X (r+d) X 10*

Emez = maximum value of the electromotive force wave.
b = barometer in inches.
! = temperature in degrees fahrenheit.
s = distance between centers of conductors in inches.
r = radius of conductors in inches.
! = dielectric flux density (proportional to local
rate of fall of potential).
d = a small distance from the surface of the conduc-
tor.
D’ and d are not constant. Their values are given by
Fig. 45.

(n.) That the presence of smoke in the atmosphere causes a
loss at all voltages and under conditions which, when the smoke
is not present, show no loss.

Items (a), (), (@), (¢) and (g) of the Telluride results and (n)
of Ryan’s results have all been confirmed by the measurements
at Niagara.

The results obtained at Niagara do not, however, agree with (b).
As is seen by reference to any of the loss curves herein applying
to the conductors, there is a loss below the critical point not
chargeable to the insulators. This non-agreement may be
accounted for in either or both of two ways. In the first place,
there was more or less smoke and dust in the atmosphere at
Niagara, whereas the atmosphere at Telluride was probably as



1908] MERSHON: HIGH VOLTAGE TESTS 885

nearly absolutely free from floating particles as is possible under
natural conditions. In the next place, the humidity conditions
at Telluride were such as to make the losses due to them very
lowindeed. It follows, therefore, that the conditions at Telluride
were such that the losses below the critical point, other than
those due to the insulators, would be very low, and would
probably be masked by the insulator losses themselves; whereas
at Niagara the conditions were such as to produce appre-
ciable atmospheric losses below the critical point. And, besides,
as in the Niagara tests all insulator losses were eliminated, it
was more easily possible to detect atmospheric losses below the
critical point.

Item (f) was not confirmed at Niagara. In fact, quite the
contrary was found to obtain. As has been previously men-
tioned, the results obtained at Niagara, showing that the loss
varied with the atmospheric humidity conditions, were at first
thought to discredit the results at Telluride, but when fuller
data had been obtained at Niagara, it was found that the weather
conditions (and the variations of them) which obtained at
Telluride would produce so small a variation in the losses that
it would have been difficult, if not impossible, to detect them.
In other words, the results at Niagara appear to fully confirm (g),
but were contrary to (f), the deduction which was made from (e).

As regards (), the measurements at Niagara seem to show
that there will be a variation in the loss as the frequency is
varied, although at the time of the Telluride measurements, it
was thought probable that frequency would make no difference
in the loss in spite of the results which had been obtained show-
ing apparently a variation of loss and critical point with fre-
quency.

Referring to Professor Ryan’s results:

As regards (z), the variations in atmospheric density at both
Telluride and Niagara were too slight to obtain any results bear-
g on this point. At Niagara such variations in loss or critical
point as might have been due to variations in atmospheric
density would have easily been masked by variations due to
other conditions, especially moisture conditions. The barometer
was never lower than 29 in. nor higher than 30 in., the average
being about 29.5 in. Since the density of the atmosphere
varies as the absolute temperature, the variation in density
due to temperature would be comparatively small.

As regards (j) k), () and (m), the results both at Telluride
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and Niagara show that there is a relation between distance be-
tween conductors and the critical point, and the latter measure-
ments show that there is also a relation between diameters of
conductors and the critical point. Both these would have a
bearing upon the local rate of fall of potential, or dielectric
stress. The results obtained at Niagara do not, however,
bear out quantitatively those obtained by Ryan. Neither
do they seem to bear out his results, qualitatively, as the diam-
eter of the conductor is varied, though they do seem to agree,
qualitatively, with his results for variation of critical point as
the distance between conductors is varied.
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A number of the above points are more fully borne upon by
what follows:

In Fig. 38 is shown the method of determining the critical
point. The lower limb of the loss curve is extended in accordance
with what, so far as can be judged, is the law of the lower por-
tion of the curve and the critical point taken as the point where
the upper limb leaves the lower limb prolonged. Some writers
have determined the critical point by extending the upper limb
of the curve down to the horizontal axis. Such course is clearly
incorrect.
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Fig. 14 shows not only the loss curves for a given conductor
at different spacings, but also the corresponding charging cur-
rent curves. The charging current curves are included mainly
to show that there is no change in the charging current due to
the critical point. As will be seen from Fig. 14, the line charg-
ing current curves are straight lines, and in all the measurements
I have ever taken this has been the case, so long as the electro-
motive force wave has not been distorted. Further, this straight
line relation has always held even when the voltage was pushed
to a value which took the loss curve very considerably above
the critical point.

Figs. 19, 20 and 21 show the comparison of the loss curves of
solid and stranded conductors, and of stranded conductors with
different numbers of strands. Fig. 19 clearly shows that for a
stranded conductor of given circular mil section, the loss is less
and the critical point higher than for the corresponding solid
conductor. The two conductors compared in this case have not
the same circular mil section, the area of the stranded conductor
being less than that of the solid conductor; but, even with this
disadvantage, the stranded conductor shows a considerable ad-
vantage over the solid. T'ig. 20 shows a comparison between a 19
strand cable and a 7 strand cable; while Fig. 21 shows a com-
parison between a 19 strand cable and a 37 strand cable. Itisclear
from these three curves that not only is a stranded conductor
superior to a solid one, so far as loss and critical point are con-
cerned ; but, also, that the finer the strands of the stranded con-
ductor, the better, so far as the critical point is concerned. That
is to say, the effective diameter of the stranded conductor is
greater than for the corresponding solid conductor, and for a
given conductive area of cross-section, the greater the number
of strands in the stranded conductor, the greater is its effective
diameter so far as critical point and loss are concerned. Of
course, it is perfectly evident that the actual outside diameter
of a stranded conductor is greater than that of the corresponding
solid conductor, but there has been some question, heretofore,
as to whether the increase of physical diameter would not be
offset by the fact that the surface of the stranded conductor is
corrugated. These curves, apparently, settle this matter to
the effect that the increase of diameter more than offsets any ill
effects due to corrugations. As a matter of fact, as will be shown
later on, the stranding seems not only to offset the effect of the
corrugations but, when the stranding is fine enough, to more
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than offset them and make the effective diameter of a stranded

conductor greater than that of a solid conductor having a

diameter equal to the outside diameter of the stranded con-

ductor. .

Fig. 22 shows two loss curves, one with conductors 25 feet
from the ground and the other with conductors 6 feet from the
ground; the size and spacing of the conductors being the same
in the two cases. These measurements were taken to determine
whether variation in the distance from the earth had any effect
on the loss or critical point. They show that such variation has
apparently no effect.

Fig. 23 shows measurements taken on a pair of conductors at
different frequencies. Apparently the loss changes with the
frequency, but the extent of this change as shown by the figure
is open to question, as will be seen on referring to Fig. 25 which
shows the wave forms corresponding to the 70 kilovolt points of
the curves of Fig. 23. The waves for the 93-cycle curve and
for the 73-cycle curve are practically identical, but that for
the 40-cycle curve is considerably flattened. The 40-cycle
loss curve is, therefore, undoubtedly a great deal lower than it
would be if the wave form had not bcen distorted so that the
result obtained for 40 cycles is not comparable to those obtained
for 73 cycles and 93 cycles respectively. The curves for the
latter two frequencies are, however, comparable and seem to
show that the loss is less the lower the frequency. I hope, later
on, to obtain measurements at different frequencies under con-
ditions which will obviate distortion of the wave form.

Similar remarks will apply to the variation of insulator loss
with frequency as shown in Fig. 34, to which Fig. 35, showing
the, wave forms, applies. Apparently, there is a decrease in in-
sulator loss with frequency, but it is evident that if the wave
form were not distorted, the change in loss with frequency would
not be as great as is shown by Fig. 34.

Fig. 24 is derived from Fig. 23. In viewing this figure what
has been said in regard to distortion of wave form should be
borne in mind. It seems evident that if the wave form were
not distorted at 40 cycles, the curves shown in Fig. 24 would be
higher at the lower frequencies than there shown.

A reference to Figs. 26 and 27 shows that hard drawn wire
is somewhat superior to soft drawn wire, because of its smoother
surface, but that the difference is not great. These figures, also,
show that there is practically no difference between copper and
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aluminum wire in the matter of loss and critical point. There
may be mentioned in this connection a point which has already
been referred to, that there is no difference between weathered
and unweathered wire as regards loss and critical point.

The results obtained in measuring losses with insulators on
wooden and steel pins, as shown by Fig. 36, were rather a surprise.
On thinking the matter over, I came to the conclusion that this
effect is due to the fact that a large part of the current taken
by the insulator is charging current; that is, a current in
quadrature with the electromotive force, and that mounting
the insulator on a wooden pin is equivalent to inserting a
resistance in series with a condenser. As is well known, the value
of such a resistance can be considerable, before the voltage im-
pressed upon the condenser is materially reduced, because of
the fact that the voltages taken by the resistance and the con-
denser, respectively, are in quadrature. This being the case, it
would be possible to have a considerable resistance, and there-
fore loss, in the pin, without materially reducing the current
taken by the insulator. This would mean considerably more
insulator loss with a wooden pin than with a steel pin. In order
to test this out, the measurements of Fig. 37 were taken, showing
the relation between the loss and the length of the wooden in-
sulator pin. These curves clearly show the correctness of the
above explanation since, in the case of a resistance and a capacity
in series and a constant voltage impressed upon the combina-
tion, the loss would increase as the resistance is increased up to
a certain maximum and would thereafter decrease. These
measurements go a long way towards explaining some of the
difficulties experienced in the burning and deterioration of
wooden pins.

In order to get some further light on this matter of charging
current in the insulators, the measurements of Fig. 32 were
taken. The conditions under which these measurements were
taken are shown in Fig. 33. The measurements show that the
loss in the case of I and II of Fig. 33 is the same, and greater
than III of the same figure. The explanation of this is taken
to be that the charging current of the different petticoats of
the insulator has to be supplied over the surface film of the in-
sulator and that the greater this charging current is, the greater
the loss will be. The charging current would naturally be
greater in the case of I and II than in the case of III, since, in
addition to the condenser effect between the different petticoats
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of the insulator, there will be a condenser effect between the
different petticoats of the insulator and the metal pin inside
them. That this matter of the charging current of the insulator
has considerable to do with the insulator losses is also shown
by Fig. 30, showing losses on insulators of different sizes. When
the measurement of Fig. 30 was taken, it was thought that
possibly the loss over an insulator was due, simply, to
conductivity through a film on the surface of the insulator.
If this were the case, it ought to be possible to compare the losses
over different insulators by calculating the relative resistances
of their surfaces, assuming the surfaces had the same thickness
of conducting film. On making such calculations, however, it
was found that the resistances calculated in this way would not
account for the different losses. Some of the insulators whose
calculated film resistances were highest had also the highest
_ loss; but, in every such case, these insulators were of the type
in which the petticoats were more nearly parallel to the metal
pin, thus offering a better chance for condenser effects between
the petticoats and the pin; whereas, the lower losses, obtained in
the case of insulators whose calculated film resistance was lower,
were obtained from insulators whose petticoats were more nearly
horizontal, that is, whose surfaces rapidly departed from
parallelism with the pin, offering less chance for condenser
effects.

The relation which has been discovered connecting loss
and vapor product is not offered herein as a law, but simply
as an empiric relation which seems to exist between the quan-
tities involved and which may be put to practical use in deter-
mining what will' happen under given atmospheric moisture
conditions. As previously explained, the vapor product isa
product obtained by multiplying together the vapor pressure
exerted by the moisture which exists in space under a
given set of conditions, by the fraction representing the relative
humidity at that time. The relative humidity is the ratio of
the amount of moisture in unit space at a given temperature
to the amount of moisture which would be contained in the same
space if saturated at the same temperature. This ratio is
the same as the ratio of the pressures of the vapor. That is
if p = the vapor pressure under any given temperature, ¢, and
if P = the saturated vapor pressure for the same temperature,

we have: p

relative humidity = B
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or the vapor product as we have defined it is

¢
3

vapor product = P

The numerator of this expression may be evaluated in terms
of the density of the aqueous vapor (i.e., the weight of water
vapor in unit space) and the tcmperature; but the de-
nominator cannot be similarly evaluated. Regnault determined
the relation between P and ¢, but the relation has never been
rationalized and, apparently, no satisfactory simple empiric
formula has been found connecting these two quantities. I have
been unable, therefore, to arrive at any rational explanation for
the relation which seems to exist between loss and vapor product
and, in the absence of such rationalization, this relation must be
considered as purely empirical.

It will be noted that the relation between loss and vapor
product is even more clearly defined in the case of the insulator
losses than it is in the case of the atmospheric losses between
conductors. This, as has been previously explained, is probably
due to two things. One, that the insulators being near the
ground were probably less affected by smoke or other floating
particles in the atmosphere; the other, that the humidity
measarements were taken alongside the insulators; whereas
those applying to the lines were taken on the ground below the
lines and at one end of the 1,000 fcet of line uscd. In the case
of the humidity measurements, applying to insulators, thercfore,
these.measurements directly apply to the space in the neighbor-
hood of the insulators, whereas in the casc of the linc, the
humidity measurements apply only to onc portion of the line
and may or may not have fairly represented the average con-
dition over the whole line.

The curves in the case of the insulators, Figs. 28 and 29, have
been drawn in as straight lines, although if the measurements
on the insulators had been carried to higher values of vapor
product, no doubt the curves would have been drawn in slightly
curved as is the case with the lower portions of the curves of Figs.
8and 9.

The vapor product curves for all the cables measured are not
given herein, in order to not unduly extend this paper, but they
have been made use of in deriving ccrtain other curves. One
of the derived curves is that of Fig. 39, which shows the rela-
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tion between the critical point and the spacing of the con-
ductors at the value of vapor product = 0.20. One of these
curves is drawn in broken. The broken portion is an exterpola-
tion.

There is a curious result of this apparent relation between
loss and vapor product. If the voltage loss curve for vapor
product = 0.0, be subtracted from the corresponding loss curve
for any other vapor product, the residual difference seems to
be about the same for all sizes of conductors and all spacings.
In Fig. 40 are shown these residual quantities obtained by sub-
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tracting from the voltage loss curve for a given size cable at
different spacings and at vapor product = 0.20, the correspond-
ing loss curves for vapor product = 0.0. As will be seen the
residual quantities are not far apart.

In Fig. 41 corresponding results have been obtained for
different sizes of conductors at the same spacing. Here again,
the residual differences do not differ widely, except at the high
voltages where the loss is very sensitive to any change of con-
dition, such as smoke, etc. On comparison also it will be seen
that the residual differences are about the same in the two
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figures. Apparently, therefore, the increase of loss due to
vapor in the atmosphere is the same for the same vapor product
no matter what the size of conductor or what the spacing
between conductors. Why this should be the case, I am
unable to conjecture, any more than I am able to arrive at any
rational explanation of the relation between loss and vapor
product.

In Fig. 42 is another set of curves derived by means of the
vapor product relation. Ilere is shown the effect of vapor pro-
duct on the critical points, for different sizes of conductors. As
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will be seen on examining these curves, the percentage reduction
in the critical point, due to increase of vapor product, is closely
the same for all sizes of conductors; which would seem to be
properly the case.

Figs. 43, 44, 45 and 46, applying to distances of 50, 60, 72
and 84 inches between centres of conductors, show the relation
between diameter of conductor and critical point for vapor
products of 0.0, 0.20, 0.40 and 0.60. Portions of some of these
curves are shown broken; the broken portions are exterpolated.
The curves show the relation up to a diameter of 0.40 inch.

et = sya 37
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The maximum diameter of conductor on which measurements
were taken was 0.518 inch; but, under all conditions of meas-
urement, the critical point corresponding to this diameter was
above the maximum voltage of the transformer, namely,
100,000 volts. '

Referring to Fig. 43, particular attention is invited to
the curve for vapor product 0.20 which is the only curve
whose points are shown. All the points shown in this figure
apply to this curve, and are numbered. Beginning at the
left hand end of the curve, the first four points are for solid
conductors; the next two points (5 and 6) are for stranded con-
ductors of 7 strands each. The values of diameter opposite
which these last two points (5 and 6) are plotted are the outside
or overall diameter of ‘the stranded conductor. In view of the
fact that these last two points fall in well with the .curve drawn
through the solid conductors, it would appear that, so far as
critical point is concerned, the equivalent diameter of a 7 strand
cable is equal to the maximum diameter of the cable; that is,
the 7 strand cable is equivalent to a solid conductor having a
diameter equal to the outside diameter of the cable. Above
point, 5 are two other points 7 and 8. These points apply to
stranded conductors of 19 and 37 strands respectively, and they,
also, are plotted with reference to the outside diameter of the
conductor Now, the critical voltages applying to these points
correspond to diameters of solid conductors (as shown by the
curve 0.20 under consideration) considerably greater than the
outside diameter of the stranded conductor. It would seem,
therefore, that a stranded conductor of 7 strands is equivalent,
as to critical point, to a solid conductor having a diameter equal
to the outside diameter of the cable, and that a cable of more
than 7 strands is equivalent to a solid conductor whose diameter
is greater than the outside diameter of the cable.

The upper curve of Fig. 43 is one obtained by means of Ryan'’s
formula (and on the assumption of a sine wave electromotive
force) for the same spacing as the lower curves of this figure. As
will be seen, the critical points by the formula are much higher
than those given by the lower curves even for vapor product = 0.0
(i.e., absolutely dry air). Not only is this the case, but the curve
of the formula evidently does not follow the same law as the
Jower curves. In order to compare the Niagara results with
Ryan’s formula, the following tables have been prepared, show-
ing the values of critical point from the Niagara measurements,
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the corresponding values from the formula, and the ratio of the
former to the latter.

CoMpARriSON or CriticaL PoINTS FROM NIAGARA MEASUREMENTS, AND PROM RYAN'S
ForMULA, POR DIPFERENT SPACINGS OF CONDUCTORS

Spacings of Critical points Niagara Niagara
cgtn‘:r‘::}:‘e,;‘ Rymf'mnmxl‘a cp%.::‘:g Ratio Ryan

30 112 69.5 0.62

40 120 73 0.61

50, 122 76 . 0.62

60 125.5 79.5 0.63

70 129 82 0.63

@ 131.6 84 0.64

%0 134 86 0.64

In making calculations by Ryan's formula, the barometric pressure has been taken as 29.5
inches and the temperature 70° fahr.

The ngam critical points are for vaggr product - 0.20.

The d ter of the conductor was 0

All critical points given in effective kxlovolts

CoMPARISON OF N1AGARA CRITICAL POINTS, AT DirrErENT VAPOR PRODUCTS, AND CRITICAL
POINTS CALCULATED PROM RYAN's FORMULA, POR DIPPERENT SizB8 CONDUCTORS
Spacxp 50 INCHBS CENTER TO CENTER

Critical Niagara
Area of Diam points Niagara critical points Ratio ——— for the
conductor of from for the values Ryan
cir. mils cond. | Ryan’s | of vapor values of vapor
inches | formula product given products given
0 .2 .4 .6 0 .2 | .4 .6
103850 .3657 152 |101 04 89 85 0.664| 0.618] 0.585| 0.559
42910 .2349 122 | 82 76 | 72 68.5 | 0.672| 0.623| 0.590]| 0.561
34600 .186 110 | 72 68 | 63 GO 0.655| 0.618] 0.573| 0.545
20740 :144 97 | 61.5| 57 | 53.5| 51.5 | 0.634[ 0.588| 0.552]| 0.531
10500 L1025 | 82.5 | 49 45 | 42.5 | 40.5 | 0.594| 0.545| 0.515] 0.4981

In making calculations by Ryan’s formula, the barometric pressure has been taken
as 20.5 inches and the temperature 70° fahr.
All critical points given in effective lulovolts.

These tables show that the Niagara values vary from 0.49 to 0.66
of those by the formula; the ratio remaining practically constant
for the same size conductor at different spacings but varying
for the different sizes of conductor at the same spacing. In
other words, qualitatively, the Niagara results agree with the
formula as the spacing is varied, but depart somewhat from
the formula as the diameter is varied; and quantitatively they
do not agree with the formula at all.

In order to make Ryan’s formula applicable at different
diameters and different vapor products Fig. 47 has been prepared,
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showing the ratio by which the critical points obtained from
Ryan’s formula must be multiplied in order to obtain for differ-
ent diameters and vapor products the critical point correspond-
ing to the Niagara results.

As has been previously mentioned (see page 1066) Ryan's
formula contains two quantities, d and D’, which are not con-
stant. In making use of his formula, the value of d and D’
must be taken from a table, given by him, in which they appear
as functions of the diameter of the conductor. The formula
is not, therefore, self contained.

CURVES SHOWING RATIOS BETWEEN. NIAGARA CRITICAL POINTS AT
099 THE DIFFERENT VALUES OF VAPOR PROOUCT INDICATED, AND CRIT-
ICAL .POINTS CALCULATED BY RYAN'S FORMULA.
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. On plotting the value of d and D’ as functions of the diameter
of conductor, the curves of I'ig. 48 are obtained. These curves
are hardly such as one would expect in connection with physical
phenomena. The relations they show would appear to be
entirely empirical and of a character to raise some doubt as to
the necessity for the assumptions from which they result.

It is possible to represent quite closely the results of the
Niagara measurements by a self-contained expression of the form

E=F, (1+ k,,k-:-r ) (r) log (_j-)

——— s
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in which E is the e.m.f.; r the radius of conductors; s the distance
between conductors; and k,, k,, k, constants. The last two vari-

able factors, (r) log (ir), of this expression are similar in form

to those of the theoretical equation obtained by the usual
method of analysis, so that to this extent, at least, the expression

is rational. The other variable factor, (1 + kk-:-r ), may be
3

looked upon as accounting for the existence and variability
of the small quantity d, and the variability of the critical di-
electric stress D’ (if there be any necessity for such).
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Whatever may be the adequacy of the argument in favor of
the small quantity d, and its variability, it would seem as
though D’, the critical dielectric stress, should be constant;
that any apparent variation in it is more likely due to errors in
the method of calculating electrostatic force (such as the assump-
tion of uniform density of charge) than to an actual variation
of the local stress necessary to institute breakdown of the di-
electric.

The above form of expression applies for any given vapor
product. Variation in vapor product may be quite closely
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taken into account if there be introduced into the expression an
additional empirical factor of the form

N S
1+k, p’

where p’ is the vapor product and k, a constant.

The above expressions are not offered as final formule; I
desire to obtain more corroborative data before proposing a final
expression. They do, however, quite closely represent the
Niagara results and may be advantageously used in adapting or
extending them so far as this may seem to be warranted.

It is not known what frequency Ryan used, but it is presumed
to have been 60 cycles. The results at Niagara were at 73
cycles. A difference in frequency might account, in part, for the
. difference in the results obtained.

In order that the Niagara results shall be applicable to differ-
ent localities, the following table has been prepared by means
of data obtained from the United States Weather Bureau.
The table applies to two winter and two summer months.

MaxiMux AND MiINIMUM VAPOR PrODUCTS POR POUR DirPERENT LoCATIONS IN THE UNITED
STATEBS, POR JANUARY, FBBRUARY, JULY AND AUGUST, 1905, AS OBTAINED FPROM THE
HuMiDITY MEASUREMENTS OPF THE UNITED STATES WEATHER BUREAU

Jan. Feb. Jul Aug.
Eastport, Me..................... Maximum 0.347 0.124 0.4&’) 0.440
76 feet above sea level.
Mean Barometer about 30 in............ Minimum 0.014 0.014 0.245 0.175
Key West, Fla...................Maximum 0.552 0.566 0.674 0.743
22 feet above sea level.
Mean Barometer about 30 in............ Minimum 0.C816 0.194 0.493 0.517
St. Paal, Minn...................Maximum 0.141 0.173 0.527 0.555
837 ft. above sea level.
Mean Barometer about 20 in............Mininum 0.0187 0.0106 0.157 0.179
Denver, Colo.....................Maximum 0.199 0.072 0.413 0.418
5291 ft. above sea level.
Mean Barometer about 25 in............Minimum 0.025 0.0112 0.199 0.0224

ResuME AND CONCLUSIONS

It is believed that as the result of the work at Telluride, the
work of Professor Ryan, and the results at Niagara, the following
conclusions are justified. Such of the following items as were
originally due to Professor Ryan are so designated.

1. That with a given conductor at a given spacing and under
given atmospheric conditions, there is a certain voltage or
“ critical point ”’ at which a very appreciable loss begins to occur
through the atmosphere.

2. That there may or may not be an appreciable loss exist-
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ing below this critical point, depending upon the atmospheric
conditions.

3. That the presence of floating particles in the atmosphere
may produce a loss below the critical point (Ryan).

4. That the presence of moisture in the atmosphere may
produce a loss below the critical point. '

5. That the presence of moisture in the atmosphere affects
the loss both above and below the critical point.

6. That the presence of moisture or floating particles in the
atmosphere affects the position of the critical point (i.e., the
value of the critical voltage).

7. That the critical point corresponds to a partial break-
down of the dielectric.

8. That the critical point coincides with the voltage at
which luminosity or hissing (or both) of the conductors begins.

9. That the critical point depends upon the maximum value-
of the electromotlve force wave and the distance betwéen the
conductors.

10. That the critical point depends upon the local rate of fall
of potential or dielectric stress at some point in the atmosphere
and, therefore, depends not only upon the maximum value of the
electromotive force wave and the distance between the conduc-
tors, but also upon the diameter of the conductors. (Ryan.)

11. That there is a loss over insulators which is affected by
the moisture conditions of the atmosphere.

12. That the variation of the atmospheric loss between con-
ductors, the variation of the loss over insulators, and the varia-
tion of the ¢ritical point due to the moisture conditions of the
atmosphere bear to the vapor product (i.e., the product ob-
tained by multiplying the vapor pressure by the relative
humidity) a definite relation which, so far as is at present
known, is an empiric one.

13. That the loss over insulators in a fog is very much higher
than the loss in dry air, and somewhat higher than that in a
heavy rain.

14. That the smoother the surface of the conductor, the less
the loss and the higher the critical point.

15. That the stranding of the line conductors reduces the loss
and raises the critical point due to the increase of the equivalent
diameter of the conductor.

16. That the increase of the equivalent diameter of the con-
ductor is greater the greater the number of strands.
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17. That the weathering of conductors (or at any rate the
aluminum conductors and probably copper also) does not ap-
preciably increase the loss or lower the critical point.

18. That the loss and critical point are the same for copper
and aluminum under the same conditions.

19. That anything which increases the charging cutrent of
an insulator increases the loss over the insulator.

20. That the loss over an insulator on a wooden pin is
greater than that over an insulator on a metal pin, becausc the
resistance of the wooden pin is in series with the charging current
of the insulator.

21. That the atmospheric loss between conductors and the
loss over insulators decreases with the frequency. The law of
the decrease is not at present accurately known.

22. That neither the critical point nor the loss between cables
is affected by variation n‘ the distance of the cables from the
ground.

The effect of atmospheric density upon the critical point has
been omitted from the above enumeration. This has not been
done because of any doubt as to the accuracy of Ryan's results
relating thereto, but simply because neither the results at
Telluride nor at Niagara were such as to throw any light, cor-
roborative or otherwise, upon this matter.*{

* Acknowledgment is due to those of my assistants who, under my
directions, took the measurements at Niagara. The work was originally
intrusted to Mr. Harry L. St. George, assisted in the beginning by Mr.
George K. McDougall, and then by Mr. Harry L. Shepherd. Later, Mr.
Shepherd was in charge of the work, assisted at first by Mr. McDougall and
then by Mr. Walter I. Tamlyn.

t+ Acknowledgment is also due the following for assistance rendered.

To the Niagara Falls Hydraulic Power and Manufacturing Company for
the use of the land on which the work was carried out; for power supplied
without charge; for construction work done at cost; and for many other
conveniences without which the work would have been greatly hampered.
To the Aluminum Company of America for the loan of wire and cable.
To the Weston Electrical Instrument Company for the donation of special
instruments. To the Westinghouse Electric and Manufacturing Com-
pany for the loan of a motor and instruments. To the Niagara Falls
Power Company for the use of their laboratory in the calibration of in-
struments. To Mr. W. S. Moody of the General Electric Company for
the pains which he took in designing the transformers to meet the rather
severe requirements of this work.
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DiscussioN ON * HiIGH-VOLTAGE MEASUREMENTS AT NIAGARA.”
AtranTtic City, N. J., JuneE 30, 1908

Henry L. Doherty: This paper is a most valuable contribu-
tion to a subject of great importance. I will not attempt to
discuss any of the details of the paper for fear it will distract
from the broader matters which are worthy of consideration.

As a preface to my remarks I want to say, first, that the
American Institute of Electrical Engineers is now a body of
great importance, and it is in a position to exercise a pronounced
influence upon the educational, industrial and commercial pro-
gress of this country; and second, that few, if any, other organi-
zations can boast of greater aggregate intelligence or influence
than can this organization. Its members are in touch with
nearly every class of people, and their individual work and
opinions are universally respected.

This paper deals with the researches made to secure a greater
knowledge of the problems which underlie the methods for
transmitting electrical energy.

Had my time permitted, I would have offered to the Institute
a paper at a much earlier date, covering the various methods
for the transportation of energy in its various forms, and would
have attempted to show the relative cost of transporting
energy, or its material, by various means, such as: (a) electrical
energy by transmission at high voltage; (b) natural gas by
means of pipe-lines; (c) coal and oil by rail; (d) oil by means
of pipe-lines; (¢) steam and hot water by means of pipe-lines.

I think it can readily be demonstrated that, where a good
load factor exists, transportation of energy can be secured at
the lowest possible cost by means of electric transmission.

We often find ourselves, as engineers, greatly handicapped
by the sentiment prevailing amongst bankers and investors to
whom we must look for the necessary funds to finance our
undertakings. Often the method of presentation will do much
to influence, favorably, prejudiced investors capable of fur-
nishing funds for the enterprise.

It was my mtentlon to show that these so-called ‘long-
distance transmissions ”’ constituted a problem in transportation
which could be reduced to the same terms as railroad statistics—
which are always available—and their commercial efficienc
measured by a comparison therewith. It was my belief that
such a comparison would put this whole field of work on a
more substantial basis in the minds of the public and increase
the activity in this line of work, thus greatly increasing our
usefulness.

As my own time will not permit, and as there are many men
in the Institute who can do this work much better, I am taking
the liberty of suggesting this comparison in relation to the
consideration of this subject.

I believe the engineer, and the engineering organization, have
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been undergoing an evolution which will materially change their
scope of usefulness. The engineer must now know, with more
or less intimacy, other lines of business; and, as an example,
he must know more or less of financial methods and possibili-
ties. He must often interject his engineering methods into
other lines of work—in fact, it is remarkable how many of our
general business matters are capable of solution by engineering
methods and engineering laws. He must know how to state
his conclusions in such form as to give readily a clear and cor-
rect impression to men educated in other lines of work. The
engineering society must not only know the needs of its own
members, but must know how to influence other classes of
people for the benefit of its own class.

The recent conference called by President Roosevelt for the
conservation of our natural resources was, to my mind, a great
stroke of statesmanship; and, using this occurrence as an illus-
tration of my preceding statement, it seems to me that as the
members of the Institute represent an immense sum of knowl-
edge on this problem—which we all recognize is a matter of
national importance—it would not be impertinent for the orgar-
ization to undertake to contribute materially to the solution of
this problem and to make all parties in interest know that it is
in a position to do so, and that it should be considered as an
important factor in this work. It is hard for me to refrain in
any discussion from applauding the excellent work done by
this Institute in recent years; and I avail myself of every oppor-
tunity to urge that it do still more, and still further widen its
field.

Regardless of the other contributions made by Mr. Mershon,
I want to point out particularly that he has demonstrated that
it is possible to secure financial support for practical research
work of this character. This demonstration may prove of
greater value to the future achievements of the Institute than
anyv specific work heretofore presented to it. I strongly urge
that the Institute should place on record, in unmistakable
terms, its appreciation of the generosity of these men, and that
at this meeting an effort be made to point out to everybody that
such contributions cannot help but prove, if properly directed,
great factors in our industrial progress and great factors in the
commercial prosperity of this country as a whole.

While many may believe that an organization of this sort
should attempt to exert influence only over its own members,
here is an excellent example of how it may exert influence
over men of great wealth, who are willing to contribute lib-
erally to our research work if it promises benefits to the in-
dustrial progress of the country. It seems to me not hard
to point out the great value of such contributions.

Elihu Thomson: Mr. Mershon some time ago told me of
some of his results, and asked me if I could make any sugges-
tions as to the "cause; that is, as to the actual thing
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happening; if I could suggest some physical conception.
Before 1 make any attempt at this—and it can only be an
attempt—I should say that there is true gratification felt in
finding that funds can be at times available, and may in
the future be more frequently available, for engineering
research as distinguished from pure scientific research. Yet
the results of the paper while quite practical, as applied to
transmission lines, have, further, germs of scientific progress in
them—progress along the lines of pure science.

I will not take the time to discuss in detail the various
matters of the paper. Perhaps it would be well to turn to
the last pages and take up the final conclusions, and note, .
if we can, whether the results appear to be rational or not.
The “ critical point "’ is well understood; and I do not see,
in reading over Conclusion 1, that there is anything to be
said further; there is a certain voltage called the * critical
point ”’ at which a very appreciable loss begins, and that point
is coincident with the visual manifestations, corona, or decom-
position, or static breakdown, of the dielectric surrounding the
conductor,

Conclusion 2 reads, ‘‘ That there may or may not be an ap-
preciable loss existing below this critical point, depending upon
the atmospheric conditions.” It seems to be a remarkable
result, where no visible effect can be found around the conductor,
that there is still even with air in a dry condition, a notable
loss.

Conclusion 3 reads, ‘‘ That the presence of floating particles
in the atmosphere may produce a loss below the critical point
(Ryan).” That, I think, we can readily understand; the par-
ticles may be attracted to the conductor, and may be the means
of causing a diffusion of energy—they may be pulled, as
it were, towards the conductor, breaking down the homogeneity
of the dielectric and thus causing a loss of energy.

Then, again, we read in Conclusion 4, ‘' That the presence of
moisture in the atmosphere may produce a loss below the
critical point.”” Here we find that Mr. Mershon has given us
conditions under which the moisture produces a loss depending
apparently on the amount of water present in a given volume,
that is, on the absolute vapor pressure of the water and the
condition of the water as to its being more or less near con-
densation, or whether it is further from the condition of con-
densation or nearer to it. This leads us, I think, to the consid-
eration of the fact that water vapor just above its vaporization
point cannot be considered as a true gas. It has to be heated
considerably beyond its vaporization point to become a true
gas. In a gas, according to the kinetic theory, the molecules
are flying about and colliding in all directions; they have a
certain velocity, but the velocity is not uniform, some molecules
being accelerated beyond the mean velocity and others very
definitely retarded below the mean velocity. Now, when a
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liquid is near condensation, some of these molecules may be
robbed almost entirely of velocity, but we know that if this
occurs in a vapor, such as water vapor, such molecules may
be considered as for a very brief time in the liquid state.
Afterwards they are again separated by colliding with other
molecules at higher velocities. In other words, in this
instance there.is an unstable condition in the gaseous sub-
stance, and the mnearer therefore to condensation, or the
greater the humidity—relative humidity—the more this factor
will come in; the state of some small fraction of the water
vapor being changed from that of a gas to a liquid. A
larger number of molecules are then in a state of quiescence,
for the time being, or in the state of water for a very short
interval, the nearer the approach to condensation. This condition
would explain why the vapor product—if our theory is co.rect—
is concerned. According to the result obtained by Mr.
Mershon the vapor product must be taken; not only the amount
of vapor water present, but the state of that water. The num-
ber of molecules of water vapor so condensed, as water—or so
losing their velocity and becoming for the time being, only in-
stantaneously, more or less liquid—would be greater with the
greater amount of water, as expressed by the greater vapor
tension of the water, and greater also the nearer to the point
of condensation, or the greater the humidity. We must infer
from this, however, that the molecules of water in the quiescent
condition have some unusual power of absorbing energy; that
they can receive energy, can be accelerated or can be decom-
posed or driven apart by absorbing energy from the conductor.
This action might go on invisibly, it might simply be that the
water is, as it were, electrically evaporated or put back into
its high-velocity condition by energy expended. This view
is merely put forward asa suggestion, depending on the validity
of our ideas of the action of molecules of gas; bringing together
Conclusions 3 and 4, ‘“ That the presence of floating particles
in the atmosphere may produce a loss below the critical point "
and *‘ that the presence of moisture in the atmosphere may pro-
duce a loss below the critical point.”

Conclusion § is as follows: ‘‘ That the presence of moisture
in the atmosphere affects the loss both above and below the
critical point.”” I think this would naturally follow from the
other idea, that the more water the more loss would occur,
even above the critical point; that the particles would be in
condition to carry away more energy, on the assumption that
water particles have an exceptional capacity in that direction.

Conclusion 6 is as follows: ‘ That the presence of moisture
or floating particles in the atmosphere affects the position of the
critical point.”” This, again, means that the water particles,
or the moisture particles, would act as a sort of intermediary
in extending the influence around the conductor, and accen-
tuating the production of the critical point; or in other words,
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the water would be more readily ionized than dry air, and
become the medium for the absorption of larger amounts of en-
ergy, causing dielectric breakdown.

Conclusion 7 reads: ‘‘ That the critical point corresponds to
a partial breakdown of the dielectric.”” That, of course, we can
readily assume.

Conclusion 8: ‘ That the critical point coincides with the
voltage at which luminosity or hissing (or both) of the con-
ductors begins.” Either the sound or the luminosity may be
an index of the breakdown—actual sparking into the dielectric,
and a reversal of current flowing through a short distance with
each alternation, and naturally this would be equivalent to a
high-resistance leak around the conductor, causing loss.

Conclusions 9, 10, and 11 are as follows:

‘9. “ That the critical point depends upon the maximum value
of the electromotive-force wave and the distance between the
conductors. i

10. ““ That the critical point depends upon the local rate of
fall of potential or dielectric stress at some point in the atme-
sphere and, therefore, depends not only upon the maximum
value of the electromotive-force wave and the distance between
the conductors, but also upon the diameter of the conductors
(Ryan).

11. “ That there is a loss over insulators which is affected by
the moisture conditions of the atmosphere.”

I do not think there is much necessity for my commenting
upon these conclusions. They seem to be the natural results
to be expected and are fairly well known.

Conclusion 12 reads: * That the variation of the atmospheric
loss between conductors, the variation of the loss over insulators,
and the variation of the critical point due to the moisture con-
ditions of the atmosphere, bear to the vapor product (i.e., the
product obtained by multiplying the vapor pressure by the rela-
tive humidity) a definite relation, which, so far asit is at present
known, is an empirical one.” In that conclusion we come to
the particularly novel point, namely, that we must have not
merely the amount of moisture, not merely the saturation, but
we must multiply together the amount of moisture present, or
the amount of water vapor, by its state or condition, so to
speak, which I have above suggested as that of more or less im-
perfect gas.

Conclusion 13 reads: ‘ That the loss over insulators in a fog
is very much higher than the loss in dry air, and somewhat higher
than that in a heavy rain.” This can be easily understood.
If the whole insulator were covered with water, the conduction
over the upper surface of the insulator would undoubtedly be
greater than if it were covered with fine particles of water.
Its upper surface would be, in other words, of lower resistance
and therefore cause less loss than if the fog settled upon the
surface and made it a very high-resistance surface.
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Conclusion 14 reads: * That the smoother the surface of the
conductor, the less the loss and the higher the critical point.”
We would be naturally ready to admit this, on account of the
absence of projections or points; but 15, which reads: * That
the stranding of the line conductors reduces the loss and raises
the critical point due to the increase of the equivalent diameter
of the conductor,” seems to be inconsistent therewith. With
the stranding of the line conductor we would reach a limit, of
course, very soon. The continued finer and finer stranding
would not give a continued increase in real diameter, as the
spaces between the wires of large or small gauge are relatively
the same, so that we seem to be, in Conclusion 15, roughening
the conductor and reducing the loss thereby. Conclusion 16
reads: ‘‘ That the increase of the equivalent diameter of the
conductor is greater the greater the number of strands.”
Here we have roughened still more by making the strands
fine and thus have a large number of spiral projections
or ridges all over it, and yet the increase of equivalent diameter
is greater; whereas under Conclusion 14 it is said that the
smoother the surface of the conductor, the less the loss and the
higher the critical point. These things seem to need further
investigation and some explanation, because they do not seem
to be consistent. One can imagine that the stranding could
go on until the conductor was covered with extremely fine
ridges, and then we should consider it as possessing a rough
surface; not an irregular roughness, but ridges nevertheless.

Conclusion 17 reads: * That the weathering of conductors (or
at any rate the aluminum conductors and probably copper ones
also) does not appreciably increase the loss or lower the critical
point.”” I do not know that we should expect to find any
great difference between conductors of aluminum or copper, as
referred to in this Conclusion, or that a slight film of oxide
would have any particular effect on the losses.

Conclusions 18 and 19 are as follows:

18. ““ That the loss and critical point are the same for copper
and aluminum under the same conditions.”

19. *‘ That anything which increases the charging current of
the insulator increases the loss over the insulator.”

I think this we could admit. If the insulator dielectric were
free from all dielectric hysteresis, then, of course, we would not
expect Conclusion 19 to hold, but with ordinary materials it
would undoubtedly be true that the loss would increase with
the increase of the charging current. It would hence follow
that if we interpose layers of air between the insulator pin and
the wire or conductor, and these layers of air have the total
effect of reducing the charging current very considerably, we
may save some loss from the insulator. Qn the other hand, if
we introduce only thin or moderately thick lavers of air which
have to be worked across by blue discharges, or anything of
that sort, then of course we increase the loss by dividing the
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insulation. This comes directly in line with Conclusion 20,
which reads, ‘ That the loss over an insulator on a wooden pin
is greater than that over an insulator on a metal pin, because
the resistance of the wooden pin is in series with the charging
current of the insulator,” and would point to the fact that if
we use a metal pin and want to avoid the losses as much as
possible, we should make the metal pin fit the insulator very
closely by some sort of conducting filling, and hot have any
space to be worked over by discharges from the pin to the
inside surfage of the insulator; but that is probably not of
very great consequence.

Conclusion 21 reads: ‘‘ That the atmospheric loss between
conductors and the loss over insulators decreases with the fre-
quency. The law of the decrease is not at present accurately
known.” I think this might naturally be expected, as the
greater frequency would stress the dielectric more times per
second, although a single long wave would no doubt give more
loss than the shorter wave of equal amplitude.

Conclusion 22 reads: ‘‘ That neither the critical point nor the
loss between cables is affected by variation in the distance of
the cables from the ground.” I suppose this follows, because
in ordinary cases the cables are at such distances from the
ground that there is none of the effect of incipient brush dis-
charge and increase of loss, such as we have when the con-
ductors themselves are near together.

I have to say in regard to the paper, that it is certainly a
very interesting and valuable one, and points the way to
further useful investigation.

Samuel Sheldon: Professor Barus, at Brown University, and
members of his department, have carried on very extensive
investigations as to the conditions of the atmosphere in the
vicinity of Brown University, in Providence, and also on Block
Island, which is pretty well out to sea, with the result that
he ﬁnds ions always present in the atmosphere at both places.
Now these ions each have upon them a definite charge of elec-
tricity although they are of various shapes and conditions.
If one of these ions be placed in an electrostatic field of a given
intensity, a force is exerted upon it which is equal to the pro-
duct of the charge times the strength of the field. Townsend
has determined that under a given set of conditions a very
definite and measured amount of energy is necessary to pro-
duce by impact ionization of un-ionized or non-ionized particles.

Under given atmospheric conditions there is an average
free path between the particles that may come into collision;
and if the collision represents a sufficient amount of energy,
ionization of the particle that is struck will take place. The
fact that energy is equal to half the mass times the square of
the velocity, and that the velocity squared is twice the accelera-
tion times the distance through which the particle moves, taken
in conjunction with the fact that with the same force the ac-
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celeration is inversely as the mass, shows that irrespective of
the size of the particles, if the latter move over the same dis-
tances, under the same force, they will arrive at the end of these
distances with the same energy. If, therefore, they come into
impact and the field has been sufficiently strong, ionization will
take place. There will result more ions than were present
before, and these again will set up further ionization, and there-
fore, ionization will spread like a disease in a field of sufficient
intensity, until there are a sufficient number of ions to carry a
discharge by convection. This explains many of the results
which Mr. Mershon has obtained.

Henry Floy: While the Institute is certainly to be felicitated
on being the medium through which the valuable data collected
by Mr. Mershon is to be transmitted to the engineering world,
and while Mr. Mershon is to be congratulated most heartily
at the happy outcome of this long and tedious experimentation,
there is another fact brought out by this paper which is par-
ticularly interesting to me, one .which Mr. Mershon and Mr.
Doherty have already touched on, and that is the disinterested
generosity of Mr. J. E. Aldred, Mr. Frederic Nicholls, Mr.
James Ross, and Mr. George Westinghouse. It seems to me
that the engineer has now reached a point, at which I have
long hoped he would arrive, where in the minds of com-
mercial business men he is no longer considered only a theorist
and scientist. And so we now have a most encouraging ex-
ample of practical business men entrusting, in an unrestricted
manner, their funds to a scientist for carrying on an investi-
gation in his own way. The precedent thereby established
seems to me to mark an era in the engineering world. If we
can only encourage men of financial ability to subscribe funds
to those engineers who are as capable as Mr. Mershon is to origi-
nate and carry out a series of tests and experiments, we have
gone a long way in advance of previous achievement.

The results and conclusions reached by Mr. Mershon are
very complete, surprisingly so to anyone who has attempted to
carry on a set of experiments of this sort, particularly when it
is realized that any one of an innumerable number of accidents
might have vitiated the entire results.

With regard to the deductions made by Mr. Mershon, perhaps
the most disquieting in the whole paper is the one shown, for
example, by the curves in Fig. 43, showing the relation between
the critical point as determined by his experiments and those
of Professor Ryan. Mr. Mershon has noted that his critical
voltages are about sixty per cent. of Professor Ryan’s results.
This difference seems to me most extraordinary, and as far as I
know Mr. Mershon has not offered any explanation of it. I
had hoped we would hear from Professor Ryan with regard to
this matter. It is possible that part of the difference may be
accounted for by the failure of Professor Ryan to have accu-
rately determined the points of luminosity. As I understand
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his experiments, his critical points were determined mainly by
visual observation, and if he did not fix the points exactly owing
to personal equation or to failure to carry on his experiments
in a room absolutely devoid of light, his voltages would be
higher than Mr. Mershon’s, who determines his values by a
continuation of the lower curve. This difference in method,
however, would not, apparently, wholly account for the great
difference in the voltages at the critical points. While I am
unable to criticize Mr. Mershon’s method, it would seem as if
his voltages were somewhat low. Turning to Fig. 43 and as-
suming the vapor product of 0.4, and the diameter of the con-
ductor as one-quarter inch, we find that the critical point in
kilovolts is 75. From what I have heard of the line at Grand
Rapids, Michigan, where they are operating at 75,000 volts, and at
other verv high-tension installations, luminosity does not ap-
pear on those lines. It may be that the conductors are more
widely separated or of different diameter, or that the vapor product
is not as given in this table; but it would seem as if in the course
of their operation there would be some fluctuation in the voltage
or variation in conditions so that luminosity would be observ-
able. Under the conditions stated by Mr. Mershon, luminosity
should appear at 75,000 volts.

- It would seem as if further investigation, perhaps by some
other or outside party, should be carried on to determine whether
Mr. Mershon’s results can be absolutely relied upon, or whether
the figures previously given by Professor Ryan are nearer
correct. It would be unnecessary to repeat the experiment
throughout, but simply to check a few points on certain curves.
The location of the critical point is certainly a very vital ques-
tion with engineers who are designing high-tension lines.

The announcement by Mr. Mershon of the less resistance of
wooden pins, as compared with iron pins, is certainly astonish-
ing to most of us, but in view of his measurements and the
explanation given, we must acknowledge it as a fact.

In regard to the insulators, Mr. Mershon apparently tested no
suspension-type insulators. Of course, tests of these insulators
would have been especially interesting at this time, as they are
coming more and more into use. Although he does not say so,
his statement indicates he has learned the ideal form of insulator
for a given voltage. Perhaps, in another paper, he will give
us an idea as to the form of the insulator, and the number of
petticoats which this ideal form of insulator should have, for a
given voltage.

Chas. P. Steinmetz: Mr. Mershon has given us a very valu-
able paper, increasing our knowledge of what takes place in
conductors when they reach such high voltages that the air
surrounding them ceases to be insulating, begins to break down.

He has proved again the law given some years ago, and illustra-
ted in his paper, that the voltage loss is a curve of two branches—
one at lower voltage, of very small loss, and the second branch
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at high voltage, rising very rapidly. There is one point, how-
ever, concerning which I cannot agree with him, and that is
the method of determining the critical point as the point where
deviation begins from the lower branch, as seen in Fig. 38.
I do not think that is the correct critical point. We must ex-
pect that the conductor and surrounding conditions are not ab-
solutely uniform, and that the transition from one condition
to another one can only be gradual. The first beginning of a
brush discharge at some isolated point, some kink in the con-
ductor, cannot be considered as the voltage where the break-
down strength of the system has been reached all over the con-
ductor, and I believe this feature may account for the dis-
crepancy between Professor Ryan’s and Mr Mershon’s results.
I also agree that it would not be proper to take as the critical
point the point where the upper or higher curve is perfect.
Theoretically if we had the equations of the lower curve in
Fig. 38, and of the upper curve, the point of intersection would
be the proper critical point. This would be at higher voltage
than that assumed by Mr. Mershon. We obviously cannot do
this, as we do not have the equations of the two curves; and by
estimating it, by continuing such curves, it is very difficult to
get anywhere near accurate results; that is, results from which
you can derive numerical values of the breakdown strength of
air.

I should therefore suggest a slight modification of the method,
which may give accurate results or may not. It is to plot the
curve in Fig. 38 with the logarithm of the ordinate against the
logarithm of the abscissa. Both branches of the curve may
theoretically be expected to go through the origin, and such
curves going through the origin, can frequently, at least within
a limited range, be expressed by some power of the abscissas,
that is, by a curve of the equation: y = A #*. If you now
plot logarithm y against logarithm x, you get a straight line.
1f in Fig. 38 you were to plot the logarithm of the ordinate against
the logarithm of the abscissa, you may get two straight lines,
one extending up to 70,000 volts, and the other extending from
80,000 volts upwards, connected with each other by a curved
branch; and where you have straight lines, at least for some dis-
tance, it is very easy to extend them and so get the point of
intersection very sharply, which gives the critical value with
much greater accuracy than it can be derived by extrapolation
from the original curve. It all depends on the character of the
two curves, whether they will give straight lines in the logar-
ithmic representation or not, but it is quite likely they may do
so, or at least the deviation from the straight line will be small,
and therefore this method should be tried.

While the results, as derived here, are extremelv valuable
in showing the existence of the critical value, we really want to
have more than that. We would like to get the exact numer-
ical value of that critical voltage, and compare it with the con-
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ductor diameter, and from that calculate the potential gradient
at the conductor surface, and compare it under different condi-
tions; and also compare it with that derived from the striking dis-
tances with needle points, where you get the analogous effect.
After determining numerically the breakdown strength of air, or
its breakdown gradient, very many of these features could be
predetermined theoretically and pre-calculated. For this work,
very interesting and valuable data are afforded by this paper.
We all agree that the future of power transmission depends on
going to higher and higher voltage, and you see that the loss
of power from the line increases enormously with the increase
of voltage beyond the critical point, and so would limit the
permissible transmission voltage. Now, if we know how this
loss depends on conditions of conductor surface, conductor
diameter, etc., it would be a question of engineering design
how to lay out the conductors of the transmission line, so as
to be able t) use as high voltage as possible, and still have a
negligible static loss into space. ‘

Percy H. Thomas: There are two broad aspects from which
this paper may be viewed: first, that of commercial transmission
work; secondly, that of the scientist. In the first aspect, what
we need to know is whether this loss from conductor to air is
going to actually limit the development of power transmission.
I think we can say, pretty conclusively, from Mr. Mershon’s
results, that for the immediate future, at any rate, these losses
are commercially practically negligible. The experiments have
been so carefully made and their results so carefully stated,
that unless some very extreme conditions arise, they will not
have to be done over.

In regard to the scientific aspect of the paper, there are a
number of comments which I would like to make.

I was very much interested in Dr. Thomson’s explanation
as to the cause or the physical meaning of the relation between
loss and vapor product. Personally, I had not been able to
find any consistent hypothesis. His explanation seems to be
very reasonable. I ask him if his conception as to the manner
in which the molecules or minute particles of water act is as
convectors of electricity?

Elihu Thomson: They absorb energy by being separated,
again by re-evaporation. The mere addition of energy to a
perfect gas would, of course, require more energy to accelerate
the molecules, to take up their liquid state; and we know it
requires considerable energy to convert this condensed or par-
tially condensed product into a gas.

Percy H. Thomas: As in the case of the pith-ball and charged
disc?

Elihu Thomson: It may act as a convector or absorber,
and may be ionized more readily also.

Percy H. Thomas: That seems reasonable.

This loss is one of the most difficult scientific measurements



1908) DISCUSSION AT ATLANTIC CITY 916

the engineer has to make—the measurement of true losses at
very low power factor and high tension. The method thus
becomes of extreme importance. Mr. Mershon has taken very
great pains to get a good method, and to check it in all ways
possible. In the absence of further data I do not see any rea-
son to expect any error in it, but I do not feel fully convinced,
by his check measurements alone, that he has eliminated all
possible sources of error. I do not mean to say I suspect any
error, but 1 do not quite consider these checks themselves
wholly conclusive.

I wish to suggest another method of making these measure-
ments quickly, which I have tried, and which I consider much
simpler in many ways. This is an old method for high-tension
measurements—the use of the quadrant electrometer as a
wattmeter. Such an instrument was discussed by Miles Walker
in a paper read bhefore the Institute at the annual convention
in 1902, under the title of * The Electrostatic Wattmeter in
Commercial Measurements.”” The description of certain meas-
urements made with this wattmeter will be found in a paper
presented by me at the annual convention of the Institute in
1905, entitled ‘The Experimental Study of the Rise of Poten-
tial of Commercial Transmission Lines, Due to Static Disturb-
ances Caused by Switching, Grounding, etc.”

One other suggestion. Often the best method to eliminate a
good many of the difficulties is to use a large-capacity ap-
paratus. It is a great handicap to start off with a small trans-
former in large work, as it is necessary to correct for the errors
introduced by the transformer itself. If it had been possible
to use a 1,000-kw. generator, and a 1,000-kw. transformer, a
great many of the possible causes of error would not have had
to be considered.

There are some minor points I would like to bring forward.

I would like to ask Mr. Mershon if he has any numerical data
on the actual loss during a rain storm?

Some of the vapor-product series are straight lines—those
which show the loss on insulators—and others are given as
curves. The points are such that it is difficult to tell whether
they should be drawn as curved or straight lines. Is it possible
they should all be drawn as straight lines? :

The losses on the insulator with the pin and without the pin
are given. I think Dr. Thomson brought out the point there,
that the discrepancy may be due not only to the greater dis-
tance the charging current has to come without any pin, but
to the presence of loss in the dielectric itself. The dielectric
loss may be the cause of the decreased loss with the pin removed.
*When the pin is in, there is a greater concentration of potential
on the head of the insulator than in the other case, and that,
as is well known, may cause very serious losses in the dielectric
when the concentration is somewhere near the puncture point.

There is another difference between Mr. Ryan’s method and
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Mr. Mershon’s, if I remember, Mr. Ryan projected the ver-
tical part of the loss curve down, to get the critical point, while
Mr. Mershon estimates the point of tangency. 1 may be mis-
taken, but if I am not, there should be quite a difference in
the critical point obtained from the same curve by the two
methods, and each method should be judged by its own results.
When this is considered, the discrepancy appearing between
Ryan’s and Mershon’s curves would be very materially reduced.

I would like also to ask how the points fall on the loss curve
above the knee of the curve. The points given do not run up
around the knee. It would be interesting to know how well
they fall on the curve above the knee.

Ralph D. Mershon: Fig. 22 gives that.

Percy H. Thomas: That is just around the knee?

Ralph D. Mershon: They come very much closer.

Percy H. Thomas: That seems to me remarkable. It would
be interesting to have the insulator, A, identified, or a more
complete drawing of it given. That is the insulator which shows
the least loss.

I would like to ask also whether there is any possibility that
the losses in the cords from which the wire was held would
affect these curves at all? Of course, that loss is pretty small,
but if the cords stayed out in the atmosphere even one day,
there might be some change.

Ralph D. Mershon: A check was taken on the cords each
time.

Percy H. Thomas: It is interesting to link this phenomenon
with the usual brush discharge. With needle points, separated
somewhere near the sparking distance of the applied voltage,
there is a strong brush discharge, and there is an enormous
loss. If the distance is not too small—say three feet—the
sparking distance will be almost the same with point terminals
as with spheres or other large-diameter terminals. This result
is different from the results which are given in Mershon’s curve,
which we still believe to be right, wherein the smaller-diameter
conductors show a much larger loss than the larger conductors.
These two results must certainly be consistent, and probably
indicate a loop curve in the form shown in the figure. If we
have transmission lines separated say 29 in., as the closest
distance we have in the paper, the loss with different size con-
ductors varies considerably, but with any given conductor will
increase as the distance is decreased, until puncture finally
occurs. I imagine we can draw the loss curve for a small con-
ductor as the voltage increases, as shown somewhat by the
full line. For a larger conductor the loss does not start at so
low a voltage, but it does rise in the end as shown in the dotted .
line, and judging from the fact just stated that needle points
and spheres have equal puncture distances, these two curves
approach each other. The explanation probably is that as
the smaller conductor begins to discharge actively the strain
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is transferred from the conductor itself to the region of air
around it, and is then restrained there. At a little higher
voltage, or closer distance, the larger-diameter conductor begins
to discharge current, and is then on an equality with the smaller.
After this critical starting point is once reached, it is the con-
vective resistance of the air which determines the leakage to
the air. If this hypothesis turns out to be true, it will prob-
ably be found that the loss curves for the smaller and the larger
conductors approach each other as the puncture points come
nearer and nearer. Of course, that is beyond any practical
limit for commercial work.

1

LO8S TO AIR
PUNCTURE VOLTAGE

VOLTAGE
Fic. 1

P. M. Lincoln: A question has occurred to me the answer
to which I do not find in the paper—and that is, the question
as to the influence of the potential of the ground with respect
to the potential between wires. Mr. Mershon’s curves are all
plotted with reference to the potential between the wires. If
he was working with a single phase, as I assume he was, then
the ground potential may safely be assumed as half the potential
between wires. However, in a three-phase system the poten-
tial to ground does not remain one-half of the potential be-
tween wires, but approximately 58 per cent. of it. The ques-
tion occurs to me, whether or not this difference of potential
has any effect on the loss which will take place in these wires.
Again, in case a three-phase system becomes grounded, what
effect does that have on the loss? Will the loss be decreased
or increased? The potential between the wires will remain the
same, but the potential of the conductors to ground will be very
different. That is quite an important question, and has an
important practical bearing. :

Carl Hering: While at Niagara Falls some ten or a dozen
years ago I noticed a phenomenon which may have some bearing
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on a point raised. in the paper, and touched on by Professor
Thomson and Dr. Sheldon, namely, a possible loss of energy
into the space surrounding the high-tension transmission wires.
I was riding on a steam train which was close to the high-tension
transmission lines, and the smoke or steam from the locomotive
passed across these lines. As it crossed the wires, I noticed that
it formed itself into circular rings around the wires as centers.
Presumably they were hollow cylinders, but I could see only
the ends, which were circles. It was quite a striking phenom-
enon. I called it to the attention of a number of those near
me, and they all perceived it. It was at the time of one of
our conventions. It seems to me this shows at least two things,
namely, that some phenomenon takes place requiring energy, to
arrange the smoke into rings, and that this energy must come
from the wires, and therefore represents a loss; it may be trifling,
but it is a loss.

Chas. F. Scott: Mr. Mershon’s paper deals with certain large
and fundamental questions and combines in a very beautiful
way the scientific and the engineering. It records a research
into unknown fields—not a simple measurement of some facts
pretty well outlined beforehand, but an investigation into an
unknown field where unexpected results have been obtained.
The unexpected very often appears, at first, to be the erratic.
If the points do not fall on the curve properly, it seems at first
that there are probably some errors of measurement, or instrumen-
talerrors. The errors of observation having been eliminated, and
the discrepancy still occurring, then it is necessary to look for
some new factor. Mr. Mershon intimates some of the troubles
he had in discovering these new and erratic elements, and it
seems to me that one of the most beautiful things in the paper
is the manner in which he set about to discover what was the
matter with the vapor. He was pretty sure beforehand that
the vapor had not anything to do with the case. His former
tests and Professor Ryan’s tests had apparently established the
fact that the vapor was not a variable factor, but when he
finds troubles, he begins to investigate as to the vapor. He
does not know what the law is, but he sets his assistants to
work to make all sorts of new combinations of vapor constants,
and they finally fall upon one which seems to account for and
explain the phenomena observed. The law may admit of
scientific explanation, and in short be quite obvious now that
it has been discovered. The point I want to make is that Mr.
Mershon worked in the dark, and worked with no guide, and
he finally came across this ‘ obvious ”’ conclusion. )

Another thing is brought out in the same connection—a
matter which can be worked out in the laboratory, and meas-
ured under laboratory facilities and laboratory conditions, may
unfortunately, and sometimes in a very discouraging way,
prove ineffectual and incomplete when it gets out on a prac-
tical transmission line. Lightning arresters may be cited, and
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observations and measurements like those of Professor Ryan—
not because the laboratory may not have gone as far as it could,
but because it cannot anticipate all the outside conditions.

This paper, and the things it deals with, are fundamental,
because they set certain limits to electric power transmission.
Mr. Mershon in another paper, which he worked out with great
elaboration some two years ago, sets forth the economic voltage
to be applied for transmission to different distances, and the
size of conductor which would be used in transmitting power
to different distances with the greatest economy. It happens
that the diameters of conductors to be used with certain volt-
ages, at certain distances, all fell within the limits of loss. For
example, a wire half an inch in diameter was determined by
Professor Ryan to have a loss beginning at a certain critical
voltage. Mr. Mershon found it was not desirable to use that
wire at that voltage, but at a lower voltage. That seems to be
a happy circumstance. It would be quite unfortunate if it
were necessary, for example, to use a wire an inch in diameter
to avoid loss at 25,000 volts.

Now, Mr. Mershon has unfortunately changed one set of
these constants, the critical voltages for wires of different
diameter, and I am not sure from my recollection of the other
paper whether he can now use the diameters of conductors
which he found in his paper on transmission economics were
desirable. If he can touch on that in his résumé, it will be
quite interesting. : .

This brings into prominence another point, the difference
between aluminum and copper. He says in his Conclusion 18
that ‘‘ The loss and critical point are the same for copper
and aluminum under the same conditions.” That statement
refers presumably to the same conditions of diameter, and
not of conductivity, so that in practical work there may be a
very marked difference between the use of the two metals,
favorable to aluminum.

This paper marks another chapter in an interesting history
which has been going on in the Institute TRANsAcTIONS for the
past ten years. To give a résumé for a moment—a dozen years
or more ago, when large transformers of high voltage seemed
to be something in the future, a high-voltage transformer
giving 40,000 volts was made for the testing of insulators and
for a general investigation into unknown regions of high voltage.
In these tests, made at Pittsburg, some small wires were strung
four or five inches apart, which showed a critical point, a very
decided critical point, at which the wires began to give mani-
festations in three different ways, appealed to three different
senses: to the eye by the corona and halo around the wire,
manifested in the dark; to the ear by sound, and to the sense
of smell by the odor of ozone, or something of that character.
These three indications began to manifest themselves at a cer-
tain voltage which could be read very closely on the voltmeter,
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and the manifestations could be repeated in successive tests.
Mr. Nunn was in Pittsburg about that time. He was
then operating the oldest high-tension single-phase trans-
mission, and was very much interested in these tests, and
urged that tests of that kind be continued out at Telluride,
offering the facilities of the power plant with the facilities of
the apparatus and assistants and observers which were furnished
from the east. A little later Mr. Mershon did the work which
has been recorded in the Institute TRANSACTIONS, to which he has
referred this evening. Professor Ryan became interested in
these results. He wanted to get a scientific explanation, a
law, and he carried on a very beautiful set of experiments
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