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Introduetion

Constructions of gases and solids are fairly good understood, but on the
liquid state our knowledge is very little. In fluid state, in spite of that the con-
centration of molecules is not so different from it of solid, the intermolecular
force is not so strong to construct the grids and the molecules are able to have
free motions each other. Therefore, analysis by the X-ray deflaction is difficult
and a statistical method is not fully successful. Numerical data obtained by the
experiments on liquids can not be connected to the proper constants of the
media (as the molecular weight, density, molecular volume).

In the field of electrical engineering liquid dielectrics have very important
places as“transformer oil, circuit breaker oil, condenser oil and cable insulator
or the Kerr-cell shutter medium. But on these liquid insulators we can not say
the concretly decided numerical data of leakage conductivity or electric break-
down strength. These data obtained in the past by many researchers do not
agree mutually by the difficulties of purification and observation.

The author studied on such difficult problems especially on characteristics
of liquid under the high frequency electric field. His results are not so enough
to make clear the all electric properties of liquids, but in consideration of stage
of to-day they seem to have in some extend succeeded to solve the properties.

Chapter I. Measurements and Theories in the Past

§ 1. 1. Electric conduction and breakdown of liquids generally

Prior to the subject, high frequency break- A
down of liquids, the general breakdown pheno- |
mena of liquid dielectrics must be explained. i

Under dc. electric field, conduction current : A |
in insulating liquid has the characteristic shown I
in Fig. 1¥. In the region of A the current is I
very small and can not be measured by a galvano- |
meter. It is said the in the region the current [
has a saturation characteristics. But the current [|_________._J {
increases in B region, and at the field Es the — E
current makes rapid progress to go into break- FIG. 1. Increasing process of
down. In the region B there are two groups of conduction current.
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theories, one is to say iccexp{E}, and the other iecc exp{VE}. To-day it is said
that the latter is more reasonable.

At first view the mechanism of breakdown of liquids will be considered to
be the result of great progress of the mechanism of conduction, but there can
be exist such a consideration that the entirely different mechanism grows up
suddenly in the field. Some experiments to research this point have been made
by many peoples® and the author®, but now the concrete theory is not established.

The famous theories on the conduction and breakdown of liquids in the past
are as follows.

(i) Theory of accumuration of ions by collision. (W. Schumann®, A. Niku-
radse?): Criterion is, as in gases, dicided by the ionization factor « and factor
of electron emission of a cathode 7. On the mechanism of electron emission at
the cathode has been corrected afterward by Baker and Boltz”, LePage and Du
Bridge®, Edler”, Zeier® or Dornte®.

(ii) Theory that the concentration of ion increases by desociation by the field.
(Onsager', Wien', Reiss and Plumley™®): The faults of this theory is that
the desociation costant of pure liquid insulators is not so great that can explain
the measurable conduction current. But the insulating oil for practical use can
not be entirely purified as the grade of experimental use, so this theory is im-
portant practically.

(iii) Streamer theory. (Toriyama®™, Shinohara'¥): The conductive paths
present on the dust figures in oil are named streamers and seem to be traces
of accumurated ions made by electron collision.

(iv) Theory that the gaseous breakdown in bables of vaporized liquid anti-
ceeds. (Wagner'', Becker'®, Giintherschultze'”, Inge and Walther'®).

(v) Theory that the gaseous breakdown in bables made of the absorbed gas
in the liquid anticeeds. (Clark'’, Koppelmann®): Hirano™ showed that the
breakdown characteristics of entirely degassed liquid are very different from
common oils.

It is difficult to decide which theory is the most valuable in dc, or ac, break-
down. For, in any cases whenever the breakdown occurs by thermal mechanism
or pure electric (or electronic) processes, factor of electron emission, factor of
desociation or electron and ion mobilities depend on the medium temperature.
And the other important factor of space charge effect and the problem of
boundary between the liquid and the electrode material are very difficult point
to measure.

In these several years many investigations with pulse techniques have been
made, as Edwards®, Salvage®, Sharbough, Crowe and Bragg®, Goodwin and
Macfadyen®, Meksiejewski and Tropper’”, Green™, Suita and Yamanaka®.
Komellkov® observed photographically the streamer in liquid. Nagao® also
made a photograph of same trace by smoke chamber method.

At measurement by pulse method, there are few irregularities, effect of im-
purities and thermal affection, so, the results seem to be purely electrical and
the breakdown strength by available pulse is called “Intrinsic electric strength”.
Dependence of the “intrinsic strength” of some liquid and its physical properties
is one of the most important problem in the field of breakdown phenomena.

§ 1. 2. Past data on the high frequency breakdown of liquids
There were not so many investigators who measured the breakdown strength
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byihigh frequency field. The reason seems to be that the high frequency break-
down is more simple than the dc. or ac. breakdown. In the high frequency field,
liquid and solid insulators produce fairely much heat by dielectric loss. And
the field distribution is made ununiform by the temperature rise and the vari-
ation of ¢ and tan 4. Therefor, so called thermal breakdown seemed to be very
easy to grow up. Naeher®”, Sorge®™, Driger’¥ researched at rather low fre-
quency (near commercial frequency). The most famous experiment was done
by Schlegelmilch®. He measured with transformer oil and xylene under the
frequency between 4 x10° to 1,2 x 107 c.p.s. The results are shown in Fig. 2 and
Fig. 3. The breakdown strength decreases by the increasing frequency. And
he observed that the effect of impurity was less than under commercial fre-
quency.

Fig. 4 is the same data of Schlegelilch plotted by log 7 vs log Va. Curves
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have the inclination of 1/¥f. He says that tan  under these frequency region
increses with frequency, so the breakdown strength on Fig. 4 is inverse pro-
portional to the heat generation by the dielectric loss, and then the mechanism
of breakdown is purely thermal.

Hirano and Nemoto® reported such a high frequency breakdown and Masaki
also studied by solid and liquid and explained the breakdown by the thermal
degradation. By Masaki*” “the thermal degradation” was declared that differs
from thermal breakdown. Under the frequency now discussed heat generation
by the dielectric loss can not be negrected. But the different factors, as the
accumuration of ions, desociation or space charge effet were not negrected.
But the different factors, as the accumuration of ions, desociation or space charge
effect were not neglected. With this point the author will explain afterwards.

§1.3. Consideration of mechanism of high frequency breakdown of liquid

The past theories on the high frequency breakdown of liquid dielectrics are
so called “thermal breakdown”. The criterion of completion of breakdown is
given by the limit of local temperature rise in a small domain near the centre
of the electrode separation. And the vaporation of liquid itself or absorbed gas
introduces the medium to the breakdown. Ordinally frequency characteristics
and the temperature dependence of oils seem to be fully explained. But by the
fine consideration about the past experiments the kinds of liquids were not so
enough and the measured frequency was not continued but selected to point to
point. According to the author’s experiment, that the frequency has been varied
continuously and the very many kinds of oil were used, some different points
were discovered. For example, one of the most difficult point to explain by the
past so called “thermal breakdown” theory is the temperature dependence of
the breakdown voltage.
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FIG. 5. Temperature dependence (Sch.).

Fig. 5 shows the representative example® . The breakdown voltage increses
with increasing temperature but there is a maximum value and thereafter the
value decreases with the increasing temperature. The oils in this figure are
xylene and transformer oil, and by the transformer oil the author also gets the
entirely same results. The initial part of the curve seems to be increased by
the fact that the value of tan & of the oil decreased with the temperature rise
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and the neccesary field strength to form breakdown becomes higher, and the
final part of the curve shows that the vaporation of the liquid becomes easy for
the temperature becomes near to the boiling point.

But here is a very different figure obtained by the author’®®. Tested liquid
is silicone oil, 800 cs* of viscosity, and the used frequency are 14 and 6.5 MC.
There 'is a very different character between the 1.4 and 65 MC. The former
shows nearly same shape of the transformer oil, but the effect of temperature
on the ¢ and tan ¢ of silicone oil is very small, so we can not explain the in-
crease of breakdown voltage in the Fig. 6 by the decrease of tan 4. (The availa-
ble explanation will be presented in the later part of this paper). Besides, the
latter curve does not possibly seem to be explained by the variation of heat
generation. It needs to introduce the increasing of ion mobility by the decreasing
viscosity.
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Fi1G. 6. Temperature dependence of high
frequency breakdown voltage of 800 cs
silicone oil. F1G. 7. Temp. dep. toluene.
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Another example is the temperature dependence of high frequency break-
down of toluene, ie. Fig. 7*¥. There is no temperature dependence up to 80°C,
and in the very narrow range between 90°C and 110°C the curve goes downward
very rapidly. At the temperature range near the boiling point, most liquids
show the characteristics of the “thermal breakdown”, but at the range of low
temperature we must search for a new theory.

Next consideration is about the “breakdown temperature”.

In the region where the “thermal breakdown” goes we must supose a value
of “breakdown temperature”. When the temperature of any location of medium
becomes higher than the breakdown temperature, the electric breakdown will
grow up. In the ordinally liquid we can easily consider this temperature is
equal to the boiling point, as Fig. 6 shows. But with the silicone oils, there
are not boiling temperature. By heating their long chains were cut off and the
molecular ¢onstruction is changed. With silicone oil, i.e. poly-dimethylsiloxane,
we can discover production of silica by higher temperature than 200°C. By the
electric breakdown also we can see the isolation of silica. This fact shows that
the energy of electric discharge is not given at first to the methyl base and
thereafter to the bond of -Si-O-, but there is same probability that the electric
energy is given to the bond of -Si-O- at first. By this fact, it is difficult to
decide the breakdown temperature. In this case the breakdown temperature

* Centi-stokes at room temperature.
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means some wide region of temperature, and then it becomes clear that the
curve of silicone oil with 1.4 MC goes down slowly at the region of higher
temperature.

Chapter II. New Measurements on the High Frequency
Breakdown of Liquids

§ 2.1. Equipment
1. Source of high frequency

Source and the measuring circuit

are shown in Fig. 8. There are not he ;\é %g .

so difficulties. Frequency range is RT356 i 7
from 1 to 30 MC. At the special (W m
measurement the large source of 20 A Pevctdum Oscllo
kW out put was used. PG, 8

2. Measurement of voltage

High frequenecy voltages were measured by a cathode ray oscilloscope, cali-
brated by the pendulum voltmeter. The frequency dependence of measuring
circuit is always checked and sometimes they were reconstructed for the purpose
of check of frequency dependence of all circuit.

3. Vessels and electrodes

Vessels were made of pyrex glass and have volume of 3 to 4 cc. Electrodes
are needle to plane, and the needle is moved by a micrometer.

4. Tested liquid ,

i) Non-polar liquids: —Transformer oil, aliphatic hydrocarbons (CsHis, CeHis,
... CiHai), carbonterachloride, benzene etc.

ii) Dipolar liquids:—Pure water, alcohols (methyl alcohol, propyl alcohol,
amyl alcohol), toluene (weak dipolar), nitrobenzene, nitrotoluene, chlorobenzene,
dichlorobenzene, xylene etc.

- iii) Artificial higher polymer liquids: Silicone oils (viscosities of 20 cs. to
30,000 cs.). They are included in dipolar liquids from their molecular con-
struction but their character is same as non-polar ones.

These liquids were purified and degassed in laboratory from commercial
highest class.

§ 2.2. Frequency characteristics generally

1. Frequency characteristics of high frequency breakdown voltage of trans-
former oil

Fully degassed mineral oil are measured under the continued high frequency
voltage. The result in case of needle-plane gap is shown in Fig. 9. Full lines
are obtained by the author at three different gaps and the broken line is the
result of Schlegelmilch® with the Kallotten-electrodes of 1.0 mm gap. They
show very good agreement. This shows that the values of high frequeccy break-
down voltage are very reproducible under good arranged purifying condition.

Fig. 10 shows same curves which are replotted by logarithmic co-ordinates.
Broken line shows inclination of Vgoc/Vf. This result says that the break-
down voltage of| transformer oil at higher frequency than 2 MC goes down
nearly parallel to the broken line. At the region near 1 MC the inclination is
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Breakdown voltage vs
frequency in log-scales.

In the frequency range of 10°~10° cps. dielectric loss factor of

transformer oil is not constant, and the fact that the curves in Fig. 10 have
inclination a little different from the line of 1/vV/ may agree in some quantities
to this variation of loss factor.
2. Effect of absorbed gasses
In case of transformer oil, effects of absorbed gasses on the high frequency

breakdown is less than that on the dc. or ac. breakdown voltage.

Fig. 11 shows

these results for comparison with the case of dipolar liquid, which is explained

afterwards.
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3. Non-polar liquid except transformer oil
CCl,, C¢Hy,, CeH;s etc. have nearly equal characteristics to transformer oil.

These are shown in Fig. 12.

of pure liquids.

In Fig. 13 curves of silicone oil (20 cs), i.e. TS-
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951, Toshiba, polydimethylsiloxane. From the Ky
molecular construction, silicone oils must have [ B ey Sphere o Plane
some dipolar moment but they have very long 10 I~ M?m
chain and for the effect of configuration they Ng 7 n
show nearly same character to non-polar liquids. ? RIS \:ﬁld% F’if:f;a,gﬂ_.«_
Someone will find that the silicone oil, which ~]
is believed to have very excellent dielectric 3 ~ugy
characteristics, has unexpectedly low break- 2 \,\,\\
down strength in the frequency range of 1 MC N T
to 10 MC. | T

4. Phenyl-ethanolamine etc. ! —:»ff § 7 Tome

In Fig. 12 we can see one noticeable slope
in the curve of normal hexane. This curve
crosses to the curve of benzene at 8 MC, in
other words, at the both frequency range of lower part than 8 MC and higher
part than 8 MC, the order of values of breakdown voltage of hexane and benzene
are reciprocal. And in higher frequeucy region, the curve of benzene goes de-
creasing, but it of hexane goes nearly flat. Resembled characteristics are seen
with ortho-dichlorobenzene and phenyl-ethanolamine. These results are shown
in Fig. 14. In this figure a curve of CCl is plotted for comparison, and it goes
nearly parallel to the line of V4oc1/Yf at almost measured frequency range.

The other three curves go nearly parallel to 1/v f line at lower frequency region,
but they become flat at higher frequency region. Boundary frquencies of the
both regions for ortho-dichlorobenzene, hexane, phenylethanolamine are read to
be 3 MC, 8 MC and 3 MC respectively. Since in these three media hexane is
non-polar and the other two are dipolar liquids, molecular polarity seems to be
independent on the above mentioned phenomenon. For the question what is the

FI1G. 13. ' H. F. breakdown voltage
of 20 cs silicone oil.
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mechanism of the frequency independent breakdown strength, the author will
explain one opinion afterwards. By simple consideration we can say that the
media which have the frequency independent breakdown strength are more or
less viscous ones.

5. High frequency breakdown strength of silicone oil

The frequency range in which hexane or phenyl-ethanolamine have frequency
independent breakdown strength is seen clealy with silicone oils. Fig. 15 shows
the curves of high frequency breakdown voltages of silicone oils of 20, 100, and
3,000 cs. with the sphere-plane electrodes. In this figure the curve of 20 cs
resembles to that of transformer oil, but the curve of 100 cs becomes flat at
higher region than 5 MC and the 3,000 cs goes almost flat at the whole mea-
sured frequency range. In other words, at the frequency between 4 to 5 MC
the order of values of breakdown strength of silicones become reciprocal. In
lower frequency range, the lower the viscosity, the higher is the strength, but
in higher frequency range, the order of viscosities is same to the order of
strength. Since the substancial constants as dielectric constant, dielectric loss
factor or breakdown temperature may not be varied by these frequency, we
must recognize that a different mechanism grows up in higher frequency range.

30 KYem
i Gap: 0.5mm
Sphere 1o Plane
\ z== 20 cs
250 S i
< °x / 7 =100 cs
N \ I
v ® = 3,000 cs
5200 \_, A
X — e |
g Tl W X 3 CHR—.
E Q
s 150 M=
&
100—
| | | |
1 2 3 4 5 3 7 ]
Frequency

FI1G. 15. H. F. breakdown strength of silicone oils.

§2.3. Temperature dependence

1. Results of measurememnts

Some data were already shown in §1.3, but now more detailed data will be
discussed. Fig. 16 is the same figure to Fig. 7. Fig. 17 and Fig. 18 are the
temperature dependence of nitrobenzene and xylene respectively. Both curves
are independent of temperature up to the temperature which is lower than
boiling point by 30°C, and then they become rapidly lower in the range of 30°C
up to the boiling point.

2. Condition of breakdown

Here the formula of thermal equilibrium up to the breakdown under the
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uniform field condition as Fig. 19 must be considered. Thermal equiliblium in
local small volume dx is

Qdx = — 2d(db/dx) (1)
or Q= — 1(d%/dx®) (1)
9
) !C v@
4 i—> k- Y
dr v A
X=0 * X-Z
FiG. 19

here, @ is rate of heat generation, 2 is factor of heat conduction of medium.
The solution is simple when @ and A are constant,

0=0c—%—§—x2 @)

here, 0. is the temperature of central part. We put 6, the temperature of the
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electrodes,

—t

By = o — L -Q(-g)z (3)
4
7

2 1
19
or be= b+ 5 (5 ) (4)

We can consider the breakdown occurs when 6. is equal to the breakdown
temperature 4, then

2

b4 = ﬁw% %(7‘2{)‘ (5)

If @ is proportional to the square of field intensity E, for example

Qoc fE*:tan 8 (6)
S Ky :
5 i T
Vd 4 . y
1 3 ! ,/ q
2— .
|
I !
L | R
5710 20 30 50 70 100
— (Gy=6) (%) 6
FI1G. 21. Temperature characteristic Fi1G. 22. Temperature characteristic
of thermal breakdown model. of thermal breakdown model.

then breakdown field E; becomes proportional to v@s—6,. This curve is shown
in Fig. 21 and Fig. 22. In liquid dielectrics the heat conduction will be not
without convection. But if we consider the factor of convection to neighbour
location to be proportional to the temperature gradient of this part, the formula
will be same to eq. (5). In spite, we must consider different compensation.
That is the fact that heat generation @, given by the following formula

Q= (5/9)E*fetan 6 W/cm®, (7)

is not constant, for ¢ and tan § are functions of temperature. tand varies nearly
proportional to a exponential function of temperature:

tan 6 = tan g,e*’ (8)

With transformer oil, if we put tan §:¢ 0.0005, then a« becomes 0.041, and the
eq. (7) becomes

Q= (5/9)E*fe tan 8oe™’ = Que** (9)

and the equation of heat conduction becomes

d0/dx*= — (Q/))e*® (10)
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then we can get the following solution:
2Qo a:"c. _p-ulbe=0)
:t\/—al e“"\1—e (11)

From the value of «, above mentioned, in the range of #.—0<5°C, a(6.—0)
is less than 0.2, and e~*®=" is nearly equal to 1—a(f.—0), then;

26, e Ja(lc—9) (12)

_;I\/

In the range of 6.—0>40°C, a(f.—0) is larger than 1.6, and nearly:

Jl eawo 9) — 1 — V%_eu(()c—ﬂl = 1,

then aj . + 2Q° *®¢ : nearly constant (13)

dx zx/l
So, the temperature distribution between electrodes is |
presented by Fig. 23. At the central part the curve is A

nearly parabola and the other part nearly linear.
The solution of eq. (11) is:

I
i
I
|
]l
f
|
]I
1

= s Jog [0 — e -0 1 (14)
2 Qo ﬁ e & ‘/
ak
here, when 0.—0>40°C next equation is get; parabolic curve
— FIG. 23

\/E%Qﬂe“°°-x=%-(05—0)+log2 (15)

Put the electrode temperature f, i.e. x=4/2 —>0=0,
/2“Q° e g = q(0c - 0) +2log 2 (16)

With the equation there may be such a condition that here is no definite
value of 6. when all value except . were given. Clearly such condition exists
when @, is very large or A is very small, and such a condition is unexpective
in here treated liquid dielectrics. In other words, the “thermal breakdown”
defined by Masaki®” does not consist in liquid dielectrics.

From eq. (16), by varying 6 requied value of @, for 0. to be equal to a value
of 64 is given. It shows that |, is linear with 6.—6, and the inclination of
the line is calculated by followings, for transformer oil:

a=0.04, 0, =200°C, 4=0.5mm, } 17
2 =0.1 KCal/m.h.deg. = 10°/0.86 KW/cm.deg.
there e** = 3,000, oV, Q°_ =5.4x10"" (18)

a(\/ﬁc

And from the relation
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Qo= (5/9)fE’<tan 6 x10™° KW/cm® (19)
tan g = 0.0005, ¢ =2,
5 o -9 -6 A
———gfetanoxlo =0.55x10 (20)
oE ..
then m =0.75 (21)

This is very small quantity. Since if the temperature varies by 100°C, the
necessitive electric field varies less than 100 V/cm. The author says finally
that the electric field which makes the temperature of central part to become
a decided value does not vary in the temperature range lower than boiling point
by 40°C, and it decreases proportional to square root of (fs—0,) at the range
near boiling point. This is shown in Fig. 24.

In above written calculation the variation of
a factor of heat conduction with variation of tem-
perature is not considered. In liquid dielectrics

2 is a factor of convection and is decided by vis- =

cosity. Viscosity of liquid is known to vary ex-

potentially with temperature, so we can write A — 8, C6a)
in shape of ¢*°. Then in the right side of the eq. FIG. 24

(10) instead of e*® we may put e'“ ®° So the

above mentioned result does not vary essentially. The viscous the fluid, the
larger is the variation of viscosity with temperature. So in some range by the
increasing temperature the increase of heat conduction by decrease of viscosity
is larger than increase of heat generation, and the breakdown strength increases
by increasing temperature. Silicone oil of 800 cs in Fig. 6 shows clearly these
characteristic.

With the substances which tanéd decreases by increasing temperature, the
breakdown voltage increases by increasing temperature, said by Schlegelmilch,
is not correct. The effect of decrease of tané upon the increase of breakdown
strength is neglegible. For increase of breakdown strength it needs the fairly
large decrement of viscosity.

§ 2.4. Effects of electrode materials

1. Results

With the needle-plane electrodes, materials of the needle (curvature of 0.5
mm) were silver, copper and iron, and the plane copper and silver. Media are

normal hexane and 800 cs silicone oil. The results are shown in Table 1 to
Table 4.

TAELE 1. H. F. Breakdown voltage of n-hexane

Rod-elctrode materials— |

o Freq. | Sll_vei__ Copper i Iron )
i 1.3 MC i 85 KV i 7.8 KV
Plane-elctrode Copper | 19 79 KV 7.0 ; 6.8
Y 7.05 71 A
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TABLE 2. H. F. Breakdown voltage of n-hexane

"~ Rod-electrode materials—

- “Freqy | Sver | Coser | Tron
| 1.2MC | 1L5 KV I 121 Kv | 12.0 KV
Pleneelectroda Silver | 3.3 j 9.3 8.85 - 8.9
5.5 ‘ 8.1 i 7.8 7.9

TABLE 2. H. F. Breakdown voltage of 800 cs silicons oil

Rod-electrc}aé “materials—

S " Freq.) Silver | Copper l B Iron
Planeelectrode Copper 2.7 MC 6,45 KV | 6.0 KV 6.2 KV

3 625 6.2 . 6.3

TABLE 4. H. F. Breakdown voltage of 800 cs silicone oil

“Rod-electrode materials— ___ Silver | Copper e Iron
Freg,y | Mesn | Dev. | Mesn | Dev. | Mean | Dev.
12MC | 89KV| 17KV 80KV 22KV 77KV| 16KV

Plane-electrod Silver . 1.9 | 76 1.7 7.1 i 14 6.7 1.0

3.7 | 6.4 0.7 6.6 0.4 1T 14

With both of hexane and silicone o0il the order of the breakdown voltage
is as Ag > Cu > Fe on needle materials and Ag >Cu on plane materials. This
sequence is same to the order of materials for dc. or ac. breakdown strength.
This sequence had been said to be the order of work function or heat conduc-
tivity. But 1942 Hirano* said this was the order of gas absorbability of metals.
The order of above used metals is entirely same by work functions, heat con-
ductivities or gas absorbabilities. So from only these results which sequence

is correct is not decided. Now we plot the data in frequency vs Vu in Fig.
These curves become very close each other at

25.

higher frequency range. It seems that with the fg . {
frequency being higher, the effect of electrode Q. Ag Sqﬁ?o;i
materials becomes less. 7 \\\\‘V Lo

In § 2.2 the author has shown that the break- % ®© A v
down characteristic of viscous silicone oil at the 7 5’ Qs o
frequency range higher than 4 MC is more or 6 —
less different from a simple thermal breakdown. s
Here also the author has shown that in these

1.0 1.5 20 25

frequency range the effect of electrode materials Frequency

also diminishes. These facts show that the cool-
ing effect by the heat conduction of electrodes
becomes less and more or less different break-
down mechanism grows up. Even if the effect of electrode material is not

materials.

30
MC

F1G. 25, Effect of electrode

the

effect of cooling, but effect of work function or gas absorbability, the fact that
the effect diminishes shows existence of electrodes to become less effective on

the breakdown.

§ 2.5. Measurement on dipolar liquids
1. Frequency dependence
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Representative dipolar liquids, ethyl alcohol, nitrobenzene and nitrotoluene,
and a weak dipolar liquid: toluene were used and the results are shown in
from Fig. 26 to Fig. 29. When one compares the curves of Fig. 26, Fig. 29,
full lines of Fig. 27 and Fig. 28 to the curves in Fig. 9 and Fig. 12 very differ-
ent characteristics between dipolar liquids and non-dipolar liquids will be dis-
covered. These dipolar liquids have very abnormal characters in the range of
1 MC to 3 MC, ie. here is a maximum value of breakdown voltage at near

about 2 MC. There may be some
doubt in these experiments since
these were measured with a needle-
plane gap, ie. very ununiform
field. In order to make sure the
facts experiments with sphere-
plane gap (6.35 mmg) were made
and the results for nitrobenzene
are shown in Fig. 30. In this
figure is also a peak of breakdown
voltage near 2 MC.

In Fig. 27 and Fig. 28 there are
dotted lines which are measured by
nitrobenzene and nitrotoluene fully
degassed after distilled.  These
curves have no peak between 1 to
3 MC and they resemble to curves
of non-polar liquids. That is to
say, these two liquids have no ir-
regularities when they are entirely
degassed. Ethyl-alcohol and tolu-
ene have rather low boiling point,
and so they can not be entirely
degassed. Nitrobenzene in Fig. 27
has a very strange character that
near 2 MC the gas-absorbed medium
has higher breakdown strength
than gas-free one. Generally it is
well known that impurities in liquid
insulators must make the electric
strength become lower by the un-
uniformity of electric field at the
part of impurities or increase of
ability of ion generation of impuri-
ties. It is very difficult to under-
stand that impurities make the
strength of medium become higher.
In the past Toriyama and Saka-
moto reported that breakdown
strength of alcohol including little
Na was higher than that of pure

6KV
]
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===
{ I
2 I Fam
o
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FIG. 26. H. F. Breakdown voltage of ethylalcohol.
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one, but the reason was unknown.
Here the author notice the weak
dipolar liquid, as toluene, also has
a clear increase of strength.

2. Detailed experiments on the

effect of degassing

With nitrobenzene which com-
ponent is a leading role in absorbed
gasses is investigated. Signatures
in Fig. 31 present the following
treatments:

(a): Pure medium; i.e. distilled
and entirely degassed.

(b): Pure medium put in air
which is dried and CO. removed
by P.Os and sodalime; i.e. absobed
0, and N: only.

(c): Put in CO, gas 3 hours.

(d): Put in CO. gas 20 hours.

(e): Put in air of 60% humidi-
ty.

(f): Medium distilled only,
without degassed.

(g): Water saturated nitroben-
Zene.

From the results, not only the
entirely pure nitrobenzene, but also

| L

Minoru Ueda
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F1G. 30. Beeakdown strength of nitrobenzene.
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(a)

(b)
(¢)
(d)
(e)

(f)
(g)

Pure medium, entirely
degassed.

Absorbs Oz and N: only.
Absorbs COa.

Absorbs a lots of COa.
Absorbs gasses including
H0.

Same to the above.
Satureted by water.

FIG. 21. Dependence of kinds of
including gasses on H. F. break-
down voltage of nitrobenzene.
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N: and O; including one has a monotonous decreasing frequency characteristic.
The value of breakdown strength is a little lower than pure one. And the
curve (c) and (d) show that the medium including CO. has also non irregulari-
ty except the value being fairely low. On the contrary, the curve (e), it in-
cludes a little water, has a peak at near 2 MC. The values of breakdown strength
at the both ranges of lower than 1 MC and higher than 4 MC are lower than
that of pure medium but at near 2 MC the value is higher than that of pure
one. The curve (f) must include more water than (e), and the peak is clearer
and higher. The curve (g) has much more water than (f), and this curve is
lower than (f) at whole frequency range, but his shape resembles to (f).

From this experiment, it was made clear that the irregularity of the fre-
quency characteristic of nitrobenzene is made by the effect of water. With nitro-
toluene we can easily expect the same result. The reason why we can not get
the monotonous curves by degassed ethyl alcohol and toluene is now very clear.
The difficulty of separation of water from ethyl alcohol is well known, and the
boiling point of toluene is near 100°C.

Water as impurity in dielectrics was decided to have a very different charac-
ter. But, why in transformer oil, hexane and benzene does he not show such a
irregularity? We can assume that water shows some irregularities only in di-
polar liquid dielectrics. With non-dipolar liquids, any impurities are included,
the breakdown strength becomes lower uniformly in whole range. Besides, even
with dipolar liquids, when they include non-polar molecules as N, or 0., the
curve of breakdown strength goes down uniformly in whole frequency range
and its shape does not vary essentially. Toluene as well known has small di-
polar moment, and clearly presents irregularity by including water, i.e. now the
value of dipole moment is not a problem, whether the liquid has or has not
dipole moment is essential.

Another point to be noted is that the frequency at which the irregularity
occurs is lower range than 3 MC, and in higher range than 4 MC such tendency
is not seen. When the medium includes non-irregularity-making gasses as CO.,
the breakdown strength becomes lower, but the decreament of the strength at
higher frequency than 4 MC is rather little. Then we can assume that in fairly
higher frequency range the effect of impurities is little and the breakdown
strength is nearly the same to the value of the medium itself.

3. High frequency breakdown of pure water

In the former section it has been clear that the role of water in dipolar
dielectrics is very distinguished. There,

. . Py B
one will assume that water itself may ! Mom
Neadie to plane Qs
have such a strange breakdown charac- ¥ Ny
teristic that has a peak value near 2 Vig a
. . - \\—
MC. For testing this point very pure 3 T—
water was made and measured. DC 2
conductivity of here made water is up
to 0.2 u¢r. The breakdown characteris-
tic of this water under a needle-plane 7 7 ; Py Brme
electrodes is in Fig. 32. Contrary to Frequeney
one’s expection, frequency character of Fi1G. 22. H. F. Breakdown voltage

water is not irregular. His breakdown of pure water.
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strength decreases monotonously with increasing frequency. Here, the author
notices that water has unexpectedly high breakdown strength under high fre-
quency field.

No matter how both of solvent and solute, i.e. nitrobenzene and water, have
no irregularities, the solution of them has very irregular character and has a
higher strength than both of them at 2 MC.

4. Kinds of absorbed molecules

The fact that dipolar dielectric liquids show a peak value of high frequency
breakdown between 1 to 3 MC seems to be made by the molecular action be-
tween dipolar molecules of solvent and the strong dipole of water molecules.
But it is rather strange that the frequencies of peaks are almost in neighbour
of 2 MC independent of kinds of solvent.

[Notes]: In above written all experiments the frequency peak are all 2 MC,
and this makes us doubt whether any parts of used equipment has a particular
resonant frequency. So the author measured them for several years by chang-
ing oscillator, measuring circuit, measuring vessels and changing testing peoples.
But the curve was not changed. Besides, the fact that by the same equipment
itself transformer oil and hexane show no irregularity proves the peak of 2 MC
not to be made by the equipment.

What does the frequency, 2 MC, mean? The well known dielectric dispersion
of liquid dielectrics occurs at above 1,000 MC. The frequency of dispersion is
very different by its order, but we may consider a machanism that resembles
to the phenomenon, i.e., when the diameter of oscillating particles becomes tenth
of malecular diameter, the frequency of dispersion becomes lower by 10%, to be
105 c/s. These particles may be large collective molecules.

If the diameter of the collective molecules is not decided by the solvent,

but by water, the frequency of peak

7 with most solvent including water will
be nealy equal. Fig. 33 shows the reults
6 b\ ~ of the experiment in which pure nitro-
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benzene as solvent is used, and as solute water, isopropylalcohol, toluene and
trichloroethane were selected. Clearly all the curves have some irregularities
between 1 to 3 MC, and the locations of peak are more less different each
other. With water the peak exists at 2 MC, with isopropylalcohol it exists at
2.2 MC and with trichloroethane and toluene at 1.85 and 1.7 MC respectively.
Further, here is some question that the solubilities of above mentioned molecules
in nitrobenzene are different each other, and then difference of solubility occurs
difference of peak frequency. In the next figure, Fig. 34, four grades of con-
centration of toluene in nitrobenzene are measured. This figure shows that the
value of breakdown strength varies by the concentration of toluene, but the
location of peak is not varied.

At last, one question remaines. In this experiment used solute molecules
are dipolar molecules, and generally dipolar liquids have strong affinity with
water and it is difficult to remove water. Then, when we solve trichloroethane
into nitrobenzene, trace of water absorbed in trichloroethane may affect on
nitrobenzene and it shows the irregularity near 2 MC. This question will be
solved in the next section.

5. Effects of absorbed gasses on temperature dependence

Fig. 35 shows temperature dependence of high frequency breakdown of xylene.
Used frequencies are 1.5 and 3.3 MC, the former is near and before the peak
and the latter is fairely higher than the peak. In this figure, the effects of
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absorbed gas are entirely inverse for 1.5 and 3.3 MC. At 1.5 MC it makes the
value of strength higher and at 3.3 MC it makes lower. This facts are made
clear by Fig. 36. Besides, at the temperature range higher than 100°C the effect
becomes very little for both frequencies. It shows that the principal role of
irregularity is water which has a boiling point of 100°C.

An experiment with nitrobenzene has been done, and the results by 1.9 MC
is shown in Fig. 37. Curve of impure nitrobenzene goes rapidly down at 100°C.
At 100°C only water is removed and remained impurities make the value lower
than the pure medium.

In Fig. 38 curves of temperature dependence of xylene including both of
propylalcohol and water are shown. These curves have rapid decreasing point
at 80°C and 100°C, boiling point of alcohol and water respectively. By this
figure we can say that the molecules of iso-propylalcohol and water make ir-
reguralities independently. At the last paragraph of the former section one
question remained whether water molecules absorbed in trichloroethane make
irregularity in nitrobenzene. But now we must consider that water molecules
and trichloroethane molecules make irregularities independently each other in
nitrobenzene.
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FIG. 38. Temperature chracteristics of xylene including
both of water and propylalcohol.

Now, here presents a difficult problem why the dipolar molecules absorbed
in dipolar liquid make the breakdown strength of the liquid higher than pure
one.

§ 2.7. Measurement with silicone oil

1. Physical characters of silicone oils

All over the wide range of polymerization, presented by its viscosity from
10 cs. to 500,000 cs., ¢, tan § are nearly constant and specific gravities are nearly
equal to 1. These characters are also seen in series of saturated hydrocarbons,
from pentane (CsHi) to hexadecane (CisHs). Next table shows the physical
charaters of silicone oils. In these characteristic factors e and tané do not
depend on temperature, but viscosities vary fairly by temperature and the vari-
ation is nearly exponential as seen in Fig. 39.



Electric Breakdown Phenomena of Dielectric Liquids in High Frequency Field 21

TABLE 5. Physical characters of silicone oils

. . . ] . " Thermal . Degree of
Viscosity Density ‘Plelte:t.t ; conduct | D1e§2ccl‘£bloss polymeriz.
(25°C) | (25°Cc) | comstamt o osec r (Mol. Wgt.)
10cs 0940 265 0000317 | <0.4x 10~ 1200
20 ] 0.950 | 2.68 ‘ | 1900
50 i 0.955 | 2,72 | 3700
100 | 0968 274 0000368 = <04 6700
500 | 0.972 2,75 19000
1000 | 0.973 ! 2,76 ] 0.000381 | 06 n 26400
12500 0.973 z.82 i 5.62 <105
20000 0.973 i 277 0.000370 = <04 n j 2.24 %108
a0
58,090 I
23000 N
':O:W ; TN B —
i T——
2000 ; — -
1000 \\9 -
560 } =] -
200 =t
o ~ I~ I
7 400
< ™~ |}
13\ 50 | <]
o 20 .
|
10 R
I
!
5 t
|
i N L : il L U i H
330 R0 0 20 20 7 B3 00 120 W0 160 160 20 220

Tamperature (°c)

F1G6. 39. Viscosity variation of silicone oils.

2. Frequency characteristics of o Kv
breakdown strength } ]

Already in Fig. 15 frequency Needle To plane 107
characterietics of silicone oil with
uniform field were shown. Here
in Fig. 40 that with needle-plane
electrodes are shown in logarithmic
scale. From both figures we can
see the following interesting facts:

(i) Curve of 20 cs is nearly
parallel in log. scale to the line of
Vaoc 1/4 7.

(ii) Curves of 100 cs and 800 cs
are nearly parallel to the line of Trequency
Vaoel/VYf in the lower frequency FIG. 40. H. F. Breakdown of silicone oils.
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range, but they become flat at higher frequency range.

(iii) Curves of 3,000 cs and 30,000 cs are flat in whole measured frequency
range. They are very different from the relation of Vaoc1vf.

(iv) In lower frequency range, (strictly to say in the range that curves are
parallel to the line Vyoc1/yf, the higher the viscosity, the lower is the break-
down strength. On the contrary in the higher frequency range (i.e. in the range
of flat chracteristics), the higher the viscosity, the higher is the strength.

From these facts, we can assume that the curves of 3,000 cs and 30,000 cs
have turning point in the range lower than 1 MC and at left side of it they
are parallel to Vaoc1/V/. And the curve of 20 cs has a turning point at the
range higher than 10 MC and in the right side of it it has a flat characteristic.
Then the fact that at 1 MC the sequence of strength is as 20 cs>100 cs>800
cs> 30,000 cs>3,000 cs, in spite of that at 8 MC 30,000 cs>3,000 cs>800 cs>100
cs>20 cs, is very reasonble. If we make a figure of wide frequency range ac-
cording the above mentioned assumption, it will be as Fig. 41.

Measured freq. range
PR S

“ Hoede - plane 45 um

;
i
N : v QN
o ) d 100¢s 20°C
S 0 3r
~ |
i
T &N | ; r
RN . A
i i : ! L 1 Il L L
TIMC) 1o MC) T2 3 475 76 7T
— 109 f Freguency
F1G. 41. Suggested frequency character- FiG. 42. Varition of freq. characteristic
istics of H. F. breakdown of silicne oils. of 800 cs silicone oil by temperature.

3. Temperature dependence of silicone oil

Fig. 42 shows the frequency characteristics with the parameter of temper-
ature. From Fig. 39 we can see that the viscosity of 800 cs (20°C) becomes
150 cs at 140°C, then the curve in Fig. 42 of 140°C must move to be near the
curve of 100 cs (20°C). But in Fig. 42 the curve of 140°C moves to neighbour
of dotted line of 100 cs (20°C) at the range lower than 4 MC, and in the range
higher than 4 MC the result is very different. The curve runs on almost same
position of 800 cs (20°C). If the breakdown strength under high frequency field
is decided by thermal breakdown as Schlegelmilch’s theory, the curve must
move uniformly upward or downward. And if the characteristics as shown in
Fig. 41 are decided only by their viscosities, the curve of 800 cs (20°C) in Fig.
42 must become near the curve of 20 cs (20°C). This results of the experiment
deny the above consideration. The curve goes upward in the lower frequency
range in which the law of Vjec1y/ consists and becomes to resemble to it
of lower viscosity one but does not move in the higher frequency range in
which the curve is flat. In the range where Vs is independent of frequency,
Va is also independent of temperature.

Fig. 43 shows the temperature dependence of 800 cs (20°C) silicone oil with
parameters of frequency 1.4 and 6.5 MC. From the above mentioned consideration
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1.4 MC belongs to the lower frequency

range in which Vasec1/YfF exists, and -

6.5 MC belongs to higher frequency 14 MC
range in which the temperature de- v 4= /

pendence is very little. In the figure 4

the curve of 14 MC at first increases 1 3
with increasing temperature and then
decreases after passing a peak value.
On the other hand the curve of 6.5 MC 1=
goes nearly flat.

2= 5 MC

| l | | |

4. On variation of viscosities and 20 0 120 60 2000
breakdown Temperature
) Generally we can say that ) Fhe FIG. 43. Temperature characteristis of
higher molecules have higher boiling 800 cs silicone oil.

point and are more difficult to be de-
cayed than lower molecules (or polymers). Then when the mixed solution of
two kinds of hydrocarbon, for example, is heated, the liquid of smaller mole-
cules will at first become vapor. We can say the situation will be same under
high frequency electric field. On silicone oil, contrary, the situation is rather
different. Silicone oils higher than 5 cs have not “boiling temperature” and
when they are strongly heated, vaporation does not occur, organic bases are
separated and at last silica is isolated. Energy will be at first given to chop
Si-C bonds and then Si-O bonds. It seems to be one of the reason why the
curve of temperature dependence as in Fig. 43, does not go rapidly down as
toluene or xylene, does go down slowly.

Here, a mixed solution of two different grades of silicone polymers is applied
by high frequency electric field. If there occurs pure thermal breakdown by di-
electric heating, both polymers are broken down in same probability and there
will be not variation of mixing ratio. But if the larger molecules are easily
broken, viscosity will become small. Ordinally commercial silicone oils have a
some distribution of grade of polymerization. So several kinds of commercial
silicone oil, described by brands of viscosities, are tested by viscosity measure-
ment after following treatments: (A) leaved for a long time, (B) heated and (C)
broken down by high frquency voltage for many times. Next table shows that
results. Decrease of viscosities by (A) treatment is not so large, so they seem
to include very little evaporative components. By (B) treatment they also don’t
vary. But by (C) treatment viscosities increase, especially the oils of 1,500 and
3,000 cs are remarkable.

TABLE 6. Variation of v1scos1ty of silicone oils (presented in centi-stokes)

Name of | New oil ! Heated up | Heated up Leave for ‘ Re}ll:)eaged
| o,
mei]grvnv; e to 100°C to_ .1§5 C_w longwtxme | discharge
100 | 835 | | (2 years) 73 94
500 | 602 i 620 592 | (2 months) 615 615
800 | 990 ; 1125
1500 [ 1571 ! 1630 1552 i 3352

3000 | 3718 4350
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To explane the increase of viscosities there may be two methods of con-
sideration, one is the cross-linking by the after-discharge current, and the other
is that the lower grade molecules are broken and the higher components re-
main. By the former, viscosities of all kinds of oil must increase uniformly.
This table seems to make us consider the latter. The fundamental data for the
latter, i.e. the smaller molecule is easier to be broken than the larger molecule,
is already shown in the range over 4 MC in Fig. 40. For the fact that the
molecules of the least diameter are at first broken down in the mixed solution
of several kinds of molecules of different diameters, the criterion of breakdown
must be decided by the molecular size. The author assumes that the energy of
oscillation of charged particles trapped in intermolecular space becomes great
enough. The reason why 100 cs and 500 cs show very little increase of vis-
cosities can be explained in Fig. 40 and Fig. 41. In these figures, the character-
istic curves of less viscous oils are almost near to the line of Vauw1l/Vf, ie.
heat has large effect on breakdown. Heat is given for all molecules uniformly
and the breakdown of all kinds of molecules of different diameters are broken
in same probability. Hence, the difference of curve of frequency characteristic
of breakdown strength shows existence of the different mechanisms of break-
down.

Chapter I1I. Discussion—Correction of the Theory
of High Frequency Breakdown of Liguids

§ 3. 1. Regions of frequency characteristics

The author considers the three regions in frequency characteristics as in
Fig. 44. The dotted line is well known to be “thermal breakdown” character,
and the full line is written by the author. In the region (B) the curve is near
to the dotted line and may be considered to be thermal region. The region (A)

is also same to the dotted line for some kinds

gow e © of liquids but especially for dipolar liquids
N | Thermal | High Fror very different. The region (C) can be seen
v, E S L Tpe ; Tire in more or less viscous liquid, and there the
3; | m»{ N mewsares 1 breakdown voltage is independent of frequency
4 { the gast | %:!/:—-ww and temperature. The boundary frequency
§ | ; Tl between (B) and (C) is higher as the viscosity
i i u is higher, but is not decided only by the vis-
Frequency cosity. The author call the frequency the

FIG. 44. Division of regions. boundary frequency fe.

§ 3.2. The region (B); thermal region

In the region (B) the breakdown strength goes down monotonously with
increasing frequency. By logarithmic co-ordinates the characteristic curve is
near to the straight line of Vaecl/vf. In these regl?im there is no question
for thermal phenomenon by the dielectric loss to be principal role of breakdown.
But the author notices that the heat is principal role before the breakdown but
is not at starting of breakdown. The true leading phenomenon of breakdown
is not now determined.
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§ 3. 3. Region (C); high frequency type

1. Existence of the region (C)

As in Fig. 15 and 40, silicone oil of 3,000 cs and 30,000 cs, and in Fig. 14
phenylethanolamine have frequency independent breakdown strength at more
or less higher frequency range. This region seems not to be thermal. Quite
different mechanism from the thermal mechanism must be assumed.

For detailed discussion Fig. 45 is shown.
In this figure written the neighbour of the
boundary frequency /. in logarithmic scale.
In the left side of f: the line has inclination
of 1/2, and in the right side of f. it goes al-
most flat. If we exterpolate the line of (B)
region into the right side, it goes under the
real breakdown curve (dotted line). In other
words, in the region (C) the medium is not L
broken down by the field, which is high enough Loy 5 o
for the thermal criterion. The substancial FIG. 45. Neighbouf of fe.
constants as ¢, tan ¢ or viscosity must not be
varied by such a little change of frequency. According to the thermal break-
down theory the medium must reach the “breakdown temperature” on the full
line in (B) and the exterpolated dotted line in (C).

But in (C) the medium is not broken down. Then the “breakdown temper-
ature” is not the enough condition, but the neccesary conition, and there must
exist another conditon to make breakdown.

If we exterpolate the full line in (C) into the region (B), it goes under the
full line of (B). This says that in (B) the another neccesary condition were
already fulfiled at the field on the full line.

2. New mechanism of h. f. breakdown

As already explained, the characteristic curve in the region (C) is indepen-
dent of frequency and temperature. The new mechanism, now we must con-
sider, consist of a factor which does not depend on frequency and temperature
but on the molecular size. This factor may be assumed to be a molecular dia-
meter or dimension of inter-molecular space.

Now, a charged particle, its mobility is &, has following velocity under an
electric field of E=E, +cos wi:
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1
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~
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] ~
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— log

~

v = Eb = Enb cos wt (22)
The maximum energy is equal to 1/2 M(E»b)? and the maximum amplitude is
X = 2 Em b/O) (23)

The value of b for silicone oil is not well known, but refering the value of
paraffines by Adamzewsky we .put it about 2x10~* cm?/ V sec. E. is given
from Fig. 15 to be 1.8x10° V/cm and put f=5x10° then we get x,=230 A.

Now the next table:shows the molecular dimension of silicone oil by the
author’s calculation, by the internal viscosity of Barry'’. From the table we
see the silicone oil over 500 cs (25°C) has mean diameter larger than 200 A.
Intermolecular space may be same as the molecular dimension.
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TAmLE 7. Dimensions of silicone molecules

Viscosity Internal Molecul. | / pa211/2 | s . A
at 2590 viscosity weight rIVOI) !Mean radius 7o ' Dlamenter Do
(cs) (7) (Osm)* (A L (A
[ T
20 | 0040 1900 | 0688x10-5 | 20 ; 60
100 0.069 6200 0.747 1 59 | 118
500 0.130 18300 0.772 1 104.3 ‘ 208
800 0.150 24500 0771 0 | 120 | 240
1500 | 0.180 35800 0775 146 | 292
3000 | 0.220 40000 | 0806 161 5 322
30000 | 0.360 82000 | 0795 ; 227 i 454

‘s.:;(_(v)sm): by the method of osmotic pressure.

In silicone oil of lower viscosity (<100 cs), charged particles collide with
silicone molecules during the oscillating motion by the field, and the energy of
the particles, given to the molecules, is converted to heat. But in one of higher
viscosity, charged particles are trapped in the intermolecular space. Here is
one question why the author mades the value of mobility b to be same order
to the value in hydrocarbons. It is known by Eying’s method that the unit
volume of viscous flow of silicone oils is the volume including six atoms of Sj,
i.e. the segment of silicone oil is same as the hexamer. Then the value of
mobility will be not so differ from the value above assumed.

3. Breakdown strength and dimension of molecules

Generally the breakdown strength of liquid has been known to become
great when the molecular dimension becomes large. Fig. 46 is written on the
abscissa of molecular diameter and the para-

s { e meter of frequency from the Fig. 40. The

y { scales are logarithmic. At the frequency
\~‘;’Mc over 5 MC the lines are nearly linear, i.e.

1;‘.“ \\\,\ 1 Vaoe Dy". At lower frequencies the curves
3 N y have this relation only in the range that the
é’ .. . /;Z:," molecular diameter is great enough. Lewis*®
- ‘”—',“’/’,{5‘/ measured the breakdown strength of silicone
) _..él“/ﬂ/ ) oils of the least polymers, from dimer to
y () pentamer. The author’s calculation on the

> = length of molecules of dimer, trimer, tetramer

— s and pentamer, suggested to be not configu-

Molecular diameter (A) rated, is shown in the next table. This

values and the Lewis’s breakdown strength
are plotted in Fig. 46 by the dotted line. It
is interesting that the dotted line has the
inclination near Vg D" of the author’s full lines.

FIG. 46. H. F. Breakdown strength
and molecular diameter.

TABLE 8. Length of Molecules

Polymer l Dimer Trimer Tetramer ;‘ Pentamer
. ! .

Molecular ‘ A

diameter | T(A) 10 13.5 ' 17
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§ 3.6. High frequency breakdown voltage of dipolar liquids

1. Motion of dipolar molecules in high frequency electric field
From the theory of dielectric dispersion, under the high frequency field,
E = E.¢’™, the molecules of dipolar moment n get the torque force of

M= — uEe’ sin g (24)

here, ¢ is the angle between the dipolar moment and the direction of electric
field. The factor of internal friction (viscosity) to be ¢, the distribution function
F must be as follows:

. 1 i
F=A1+ 45 E o ] (25)
here, = is the relaxation time,
t=¢/2 kT (26)
And the mean dipolar moment is:
2 Jwt
it e B 4 Ee (27)

3xT 1+jor =3kT 14wt

Fig. 47 shows ¢ and tan d in function of frequency from the result of Eq. (27).
The frequency fa4, at which exists the relation 2zfqs+7=1, is called frequency of
dielectric dispersion. When the molecules are nearly spheres of radius @, ¢ is
as following from Stokes’s law.

{=8mpa® (y: viscosity) (28)
then t=4dmpd’ kT (29)

Ordinary liquid as water or nitrobenzene
has 7 of the order of 1072, and the radius is & e )
nearly 2~3.5A, then f4 is 3,000~400 MC. N, o

If we suggest the mechanism, resembling an
to the dielectric dispersion phenomenon, the
diameter of molecules corresponding to the Tan§
value of fy of 2 MC must be the order of 10~
30 A

2. Model of dipolar liquid absorbing some

dipolar molecules

The absorbed molecules may be not entirely diffused in the medium, but
make some collective molecules and attract some medium molecules, also di-
polar, arround the collective group. This great collective molecules will be
also Qipolar and the dimension is calculated from the value of % to be radius
r=20A.

This large collective molecules resemble to a solid sphere in the medium
and oscillate rotary under high frequency field. In Fig. 48, (A) shows the motion
of small particle under the alternating field. His angular velocity is proportional
to the torque x. But (B) shows the motion of large sphere. His angular ac-

o~

)L‘_-.

FI1G. 47. Dielectric dispersion.
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9 P celeration is proportional to the torque and
the viscosity is the attenuation term of the
equation of motion. These equivalent circuit
. F are shown in Fig. 49. (A) and (B) show small
| and large particle respectively. The condition
i ! of wr=1 is presented by the resonance state of
8 | | LCR circuit in figure (B). And then, the cur-
a ~“MF. b aif;?= wF- ’?i{? rent in LCR tank circuit increases but the
(A) (B) partial voltage of either capacitive sides, re-
presenting the medium itself, decreases. There-
fore, the field strength impressed on the medium
decreases, and if the particle is not broken
down by the increased loss in the tank circuit,
the total breakdown voltage must be higher.

R L R
” }.”. .HT “'I " Dimension and character of the collective
¢ i particles are proper to the absorbed molecules

() ()

FI1G. 48. Model of revolution
of molecules.

in a medium. But it is very strange that the

dimensions of collective particles made by

FIG. 49. Equivalent circuit. water, alcohol or nitrobenene, in spite of these

molecular character are very different each

other, seem to be not so different each other. On the other hand the non-

dipolar molecules absorbed in some media do not make such collective mole-

cules or they do not act the role to absorb energy even if they make such
collective particles.

Conclusion and Acknowledgement

The breakdown phenomena of liquids under high frequency field have been
studied in detail and two important points have been made clear. One of them,
there is a frequency range decided by molecular diameter of the medium in
which the breakdown strength depends little on frequency and temperature. In
this range the breakdown seems to occur not by the thermal criterion but by
the energy of charged particles trapped in intermolecular spaces.

The other point concerns to dipolar liquids. Dipolar impurity molecules
absorbed in dipolar medium make large collective molecules. These collective
molecules are suggested to have diameters of the order of 30 A. This is
rather interesting. For example, it is well known that water molecules make
some associated molecules consisting from two or three molecules. Between
the dimension of above metioned collected molecules and the dimension of bulk
water there is some range of dimension in which physical or chemical measur-
ing methods are difficult to be used. Now the author does not know whether
the experiment in this paper can be or not the first step of research such a
problem, but he believes that successive research must be continued.

The author thanks for valuable advice and suggestion of Prof. Dr. U. Shino-
hara, Prof. Dr. K. Yamamoto and Dr. I. Oshida, and for kindful co-operation of
Mr. H. Kameyam and I. Matsubara.
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