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ABSTRACT OF THE DISCLOSURE

A vacuum-type circuit interrupter is provided to cool
the separate contacts and/or the condensing shield to a
low temperature of at least —30° C. The temperature
may be even lower to provide superconducting conditions.

This invention relates, generally, to improvements in

a vacuum-type circuit interrupter and, more particularly, to .

improved means for condensing arc-generated metal vapor,
released gas, and other arcing products at the electrodes,
or contacts, at the shielding structure, and generally
throughout the interior surfaces of the interrupter, and is
applicable to both alternating current and direct current
interrupters.

The usual vacuum-type alternating current circuit inter-
rupter consists of separable contacts in an evacuated cham-
‘ber. An arc is drawn between the contacts as they are
separated to initiate current interruption. The arc is pri-
marily maintained in metal vapor vaporized from the con-
tact material, and in part from gases liberated from the
surfaces and interior volume of the electrodes.

Due to the high current density at cathode spots, of
the order of 105 to 106 amperes per square centimeter,
there is a strong self-magnetic pressure inside the arc
which is proportional to the product of the current and
the current density, and which acts to constrict or pinch
off the arc in the region of the cathode spot. This mag-
netic pressure is balanced by the kinetic pressure of the
metal vapor and gases within the arc. Near a natural cur-
rent zero the kinetic pressure decreases allowing the mag-
netic pressure to constrict the arc which increases the
current density which in turn, further increases the mag-
netic pressure. This leads to two effects. In addition to
the runaway pinching off of the arc, the self-magnetic flux
in the arc increases very rapidly due to the quickly in-
creasing current density. This latter effect produces an in-
duced back voltage which together with the physical in-
stability produced by the pinch, interrupts the current just
prior to the natural current zero.

If the arc is to remain extinguished from this time on,
the gap must have sufficient dielectric strength to with-
stand the increasing recovery voltage transient without re-
strike. There is essentially a race, as Slepian has previously
described it, between the increasing recovery of dielectric
strength and the rising voltage. Whether or not the di-
electric strength of the gap will increase sufficiently fast
depends to a great extent upon the rate at which metal
vapor and gas generated by arcing is removed from the
gap. Of course electrical breakdown can also occur in
other interior regions of the interrupter when the di-
electric strength in these regions is reduced due to the
presence of arc-generated vapors and gas. Thus, it is most
desirable to condense out these metal vapors and released
gas as quickly as possible so that they will not impair the
high dielectric strength of the vacuum.

Interruption of direct current is even more difficult, as
arc instabilities must be introduced to produce extinction
of the arc. In this case it is even more imperative that
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the metal vapors and released gas be quickly condensed
out, leaving a high vacuum inside the interrupter.

Accordingly, a general object of the present invention
is to provide sufficient cooling of the electrodes so that
they may more quickly condense arc-generated vapors,
thus increasing the rate of dielectric recovery of the elec-
trode gap and the interrupting capacity of the vacuum
switch.

Another object is to provide sufficient cooling of the
structure surrounding the electrodes that arc-generated
vapors striking this structure are more quickly and effi-
ciéntly condensed, and thus prevented from rebounding
from this structure at an excessive rate which might other-
wise cause a dielectric breakdown in the gap or in other
regions.

Another object of this invention is to reduce contact
resistance of the electrodes due to their decreased tem-
perature.

Another object of this invention is to help prevent weld-
ing of the contacts.

Another object of this invention is to increase the
current-carrying ability of the electrodes, and electrode
supports.

Andther object of this invention is to reduce the post-
arc thermionic emission from the contacts.

Another object of this invention is to increase the with-
stand voltage of the interrupter in the open-circuit posi-
tion.

Another object of this invention is to decrease the attri-
tion of the contact surfaces.

Another object of this invention is to increase the inter-
rupting capacity of a vacuum switch made of gassy mate-
rials.

Further objects and advantages will readily become
apparent upon reading the following specification, taken
in conjunction with the drawing, in which the single
figure illustrates a vertical sectional view taken through
a ldw-temperature or superconducting vacuum circuit
interrupter, the contact structure being illustrated in the
closed-circuit position embodying the principles of the
present invention.

When the contacts are not sufficiently free of gases dis-
solved in the material and adsorbed gases and contami-
nants which are liberated during arcing, the interrupting
ability of most vacuum swiiches is greatly impaired. Con-
structing a vacuum switch in accordance with the present
invention will increase the interrupting capacity of a vac-
uum switch which is otherwise limited in performance
by the gas content of the contacts. This increased perform-
ance results from the fact that the released gas is quickly
condensed on the cold surfaces as provided in this inven-
tion. This helps to maintain a high vacuum.

Even in a highly gas-free vacuum circuit interrupter, a
certain amount of gas is liberated from the surfaces and
interior volume of the electrodes. In this case the arcing
characteristics and interrupting performance of the vacuum
switch is primarily determined by the electrode material.
Construction of a vacuum switch in accordance with the
present invention in which the electrodes and surrounding
structure are held at very low temperature also increases
the interrupting capacity of a highly gas-free switch by
increasing the rate at which the metal vapors are con-
densed on the electrodes and surrounding structure.

When metal vapors and/or gas strike a surface, a cer-
tain number of the incident atoms condense on the sur-
face with the rest of the atoms rebounding from the sur-
face. The ratio of the number of atoms condensing on a
surface to the total number striking it, is called the con-
densation coefficient, the sticking coefficient, or simply
the sticking probability. In general, as the temperature of
the surface increases, the sticking probability decreases.
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The coefficient depends also upon the composition of the
vapor or gas striking the surface. The initial temperature
and particular material of the surface is an important
factor in determining its final temperature when bom-
barded with metallic vapor or gas.

Langmuir has shown that for metal vapor atoms con-
densing on a metal surface the sticking probability is very
close to 1 when the surface is at room temperature or
lower. For most gases the sticking probability is well
below 1 at room temperature, and approaches 1 at very
low temperatures. In a circuit breaker, the arc-generated
metal vapor and gases as well as the radiation produced,
heat up the surfaces which surround the arc to high
enough temperatures that the sticking probability is sig-
nificantly reduced. This results in a lowered condensation
rate with more and more particles rebounding back into
the arc.

Therefore, if the surfaces can be kept cold, this will
result in increased interrupting capacity. By maintaining
the electrodes and surrounding structure at a temperature
well below —30° C. prior to arcing, the resulting tem-
perature rise during arcing will not be as detrimental as
if the electrodes and surrounding structure started at 20°
C. which they commonly do at present. To be most effec-
tive with gassy materials in the interrupter, starting tem-
peratures produced by liquid nitrogen as low as —196°
C. are desirable.

In addition to reducing the final temperature of the
surface by starting at an initially lower temperature,
the final temperature following arcing is also lower be-
cause the thermal conductivity is increased at the lower
temperature allowing the heat generated at the surface
to be conducted away more rapidly to the cooler inside
material. Thus, more material shares in receiving the heat
which is generated, resulting in a smaller temperature
rise than if only a thin surface layer were able to absorb
the heat produced during the short arcing time. Of course
materials with high thermal conductivity, high mass
density, and high specific heat are most desirable.

The lowered temperature of the electrodes and elec-
trode supports also contributes appreciably to their cur-
rent-carrying ability. Not only is the conductivity of the
electrodes and electrode supports increased at the low
temperature maintained by the coolant, but the heat gen-
erated during normal conduction of current is efficiently
extracted by the cooling agent. As a result, a smaller cross-
sectional ‘area of conducting material may be used. The
lighter mass reduces its cost and the cost of the accelerat-
ing mechanism for opening and closure. For additional
cost reduction, this invention allows the possible substitu-
tion of, for example, aluminum for copper. Cooling the
electrodes and electrode supports is more essential in a
vacuum interrupter than in other types since the elec-
trodes and supports are virtually isolated by the vacuum,
thus causing them to heat up more and take longer to
cool for a given temperature rise, than the same size elec-
trodes and supporting members in an oil or gas inter-
rupter.

For certain elements and alloys, the resistivity vanishes
if the temperature is reduced sufficiently, i.e., they be-
come superconducting. Liquid helium temperature of
—269° C. (42° K.) is easily low enough for many of
these materials, some of which are listed in the table
below.

TABLE OF SOME SUPERCONDUCTING

MATERIALS
(x and y are variable percentages)
Critical
Material: Temperature, ° K.
N o 9.2
Pb 7.2
T e e 4.4
V o 5.1
AINb; e _— 18.0
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Critical
Temperature, ° K.
AlzOS e 59
AsBiPd o 9.0
ASBIPBSD e 9.0
AsPb o~ — 8.4
AuNDg o 11.5
BMOy o 4.7
BNb 8.3
BaBiz —____ ——— 5.7
BaRhg cm oo e 6.0
Big 5Cdg.13Pbo.265M0.12 == - om e e 8.2
BiCS e 4.8
Bilng oo o e 5.6
BiPD e 8.8
BiPbSb e 8.9
Big 5Pbo 3181019 ~mmmm oo 8.5
BigSr e 5.6
BigTly o 6.4
CMO e 9.3
Co.sMOgNby e ~11
CojMOley _______________________ 10.2
CNgNby e ~17
CNb s ——— 10.3
CNbg oo 9.2
Co. 5Tany _______________________ ~10
Calr. 9 e e ————— 6.2
CaPb e 7.0
CaRh o 6.4
CeRUy 4.9
CryVy e ~5
CuyPby 5.7-1.7
DNb0_13 _________________________ 9. 12
Erpotlag.gy —ommmmm oo 5.3
Feg01La0.99 ——mommmom e 4.9
FeyTo6Vy - ee ~6
GagMO e 9.5
GaMO e 9.8
GaNbg 14.5
GaVy . 16.8
Gd,Lay ... ~5
Gell e 4,7
GeV g oo e 6.0
Hogplaggy —ooommmmmmmeeee 52
Inmlag e 10.4
InPb 6.7
IS0 o 5.5
II‘MO;; —_— - - 8.8
Ierba ___________________________ 9.8
TSt . 5.7
0 o N S, 54
IrsTh 6.5
Iro‘lzro.g _________________________ 55
Lag g9Lug,0s - - 5.6
«Ndy oo _— ~5
" LaOsy - —— 6.5
LaggoPro.00 ——-- - 5.3
Lag,geSMme g3 m oo 4.5
LagYy o ~5
LapeYD0.01 ~mmmmmmmm e 5.5
LiPb e 7.2
Mo308 e 7.2
M03P ___________________________ 7.0
MozRe . —— - 10.0
MoxRhy el ~7.0
MoRu ___ - 9.5-10.5
Nag9gPbyqg commmm e 72
NbgPt e 9.3
Nbp 15REp,82 ~mmmmmm o me oo 9.7
NbsSn e 18.1
NbSn e 17.9
NngSnTa(l_x) ____________________ 6.0-18.0
Nb,Tiy ~10
NboZr e 10.8
PPb o ___ 7.8



3,440,376

5
TABLE OF SOME SUPERCONDUCTING

MATERIALS—Continued
Critical

Material: Temperature, ° K.
PbSb . 6.6
Pdo.lzr 0.9 m— e ————— 7.5
RegZr ——— - 7.4
Rh,Se, . ____ _— ~5
RhoSr __ 6.2
Rhy1Zrgg —-- -- 9.0
Ru, Tig oVy ~6.0
RuW 7.5
RUo.lzro,Q 5.7
SbTig — 5.8
SiVg e 16.8-17.1
Sig.oVaCot —mooomemoo 16.4
10‘9V3Bo 1 e e 15.8
Sl()'gv;gAlo 1 - —_—— 14.1
SIQ_QVaGeo 1] e ————— 14.0
Sing{ZI‘o_a o 132
SiVy7Nby 3 ... 12.8
SiV2_7M00.3 ______ 11.7
Sin.qcro_a _______________________ 11.3
SiVyrTips -- 10.9
SnTag .._ ———— 6.0
'Sl'lely ___________________________ ~5
SnV; - —_—— 6.0
Volr o 8.8

Since part of this invention involves cooling the con-
ducting parts to very low temperatures, it is desirable
to gain the added advantage of superconductivity by re-
ducing the temperature to a sufficiently low point. Since
good conductors such as copper, silver, and gold, have not
yet been found to be superconducting, it is desirable to
make the electrodes and electrode supports out of a matrix
containing a superconducting material with high critical
magnetic field, and a good conductor such as copper. In
this way the interrupter will have good conductivity in
the normal, nonsuperconducting state. When the super-
conducting contacts separate during interruption, the con-
tacts go normal, which helps to interrupt the current, A
superconducting vacuum circuit interrupter should easily
be economical when superconducting transmission linies
and other cryogenic systems come into use.

For clean surfaces, contact resistance usually results
from the fact that only a small fraction of the area of
the two contacts actually makes contact, The contact re-
sistance is proportional to the resistivity of the contact
material. Therefore, when the resistivity of the material
is reduced with a reduction in temperature, the contact re-
sistance is correspondingly reduced. A reduction in con-
tact resistance decreases the heat generated during nor-
mal conduction of current, But more important, reduced
contact resistance helps to prevent welding of the con-
tacts when the interrupter is required to remain closed
while conducting high over-currents. The ability to main-
tain low contact resistance and to efficiently remove heat
generated at the contact interface is important not only
when the contacts are required to remain closed, but also
to minimize the temperature rise at the contact interface
during the crucial moments when a high fault current
is present and interruption is initiated. The speed with
which interruption is initiated and at which the electrodes
separate is also important in this respect so that sticking
or welding of the contacts would be detrimental to the
operation of the interrupter. In this respect it is worth
pointing out that some welding occurs between very clean
contacts in high vacuum due to migration of atoms from
one contact surface to the other, and that a low tempera-
ture minimizes this effect.

Maintaining the contacts at liquid nitrogen temperature
of —196° C. or lower, significantly reduces post-arc
thermionic emission from the contacts. Refractory metal-
lic contacts such as tungsten, have been limited in inter-
rupting capacity due to thermionic emission from hot
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spots on the contact surfaces following arcing. This is
more attributable to the high melting point and low
thermal and electrical conductivity of these metals than
to their work function. Otherwise such metals have the
desirable characteristics that they are more easily made
gas free than lower melting point metals, and that they
have higher breakdown voltages without immediately
prior arcing. A lower initial temperature results in greater
conductivity and a lower final temperature. Reduction in
thermionic emission due to lowered temperature would
also benefit non-refractory metallic contacts.

It has been found that maintaining the electrodes at
liquid nitrogen temperature of —196° C. or lower, signifi-
cantly increases their voltage-withstand ability. This is
important to a circuit interrupter because in addition to
the requirement that it withstand the normal line voltage
in the open position, there is also the requirement that it
withstand a much higher impulse voltage without break-
down, The lower the temperature of the contacts, the
higher the breakdown voltage becomes. This effect is
noticeable at temperatures below —30° C.

Cathode spot motion is still not well understood and
is subject to many different views. One point of view is
that when magnetic effects may be neglected, the motion
of the arc cathode spot is due to the temperature gradient
between the cathode spot and the electrode material under
it. If this is true, then the lowered temperature of the
electrode material, as provided in this invention, gives
rise to an even greater temperature gradient giving the
cathode spot increased mobility on the cathode surface.
This helps to make the erosion of the electrode surface
more uniform, avoiding excessive erosion in localized
regions. There is also less attrition of the contact surfaces
because of the generally lower surface and bulk tempera-
tiire of the electrodes. The greater condensation rate, as
previously discussed, reduces the arcing time and hence
the electrode erosion, since it increases the probability
that interruption will occur at the first current zero,

With reference to the foregoing principles, attention is
directed to the vacuum-type circuit interrupter 10, more
particularly illustrated in the drawing. It will be noted
that there is provided a relatively stationary tubular con-
tact 12 cooperable with a movable tubular moving contact
14, the latter being reciprocally actuated in a vertical di-
rection by a suitable operating mechanism, not shown,
which is attached to, and actuates the conducting tubular
operating rod portion 16.

As shown, the two contacts 12, 14 make separable abut-
ting engagement and, for example, may separate a dis-
tance of ¥ inch in interrupting currents, which may be
as high as 30,000 amperes.

To insure a highly evacuated state within the vacuum
chamber 18, such as of the order of 10—28 mm. of mercury,
the operating rod 16 is sealed, as at 16a to the lower end
of a flexible metallic bellows 20. The flexible metallic bel-
lows 20 will insure a permissible vertical operating move-
ment of the movable contact 14, while at the same time
maintaining a highly-evacuated state within the vacuum
chamber 18. It will be noted that the upper end of the
flexible metallic belows 20 is secured in a sealing relation-
ship to an upper metallic end cap 24, as at the point 20a.
The operating rod 16 is guided by the insulated sleeve 26.
The sleeve 26 is made of insulating material such as
Teflon so that current will not be conducted through the
bellows 20, otherwise the bellows may rupture when
carrying high currents. .

A casing structure 30 may be provided comprising an
upper metallic end cap 24. In addition, the insulating tubu-
32a, to a downwardly extending flange portion 24q of the
upper metalic end cap 24, In addition, the insulating tubu-
lar portion 32 may be sealed, as at 325, to the upper end
of a tubular metallic casing member 40, which is hermeti-
cally sealed, as at 404, to a surrounding tubular housing
member 44, The housing member 44 has an inwardly
extending lower cap portion 444, which may be hermeti-
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cally sealed, as at 44b, to the tubular supporting rod por-
tion 12a of the lower stationary contact structure 12.

As well known by those skilled in the art, the arc, which
is established across the arcing gap between the separable
contacts 12, 14, vaporizes some of the contact material.
The vapors are driven in all directions from the arcing
region. The internal insulating surfaces of the tubular in-
sulating casing portion 32 are protected from the con-
densation of arc-generated metallic vapors thereon by
means of the tubular metallic end-shield 50, and also by
the condensation provided by an interiorly-disposed hollow
condensing shielding means, generally designated by the
reference numeral 60, and comprising exterior and in-
terior metallic casing elements 62, 64 respectively. The
supporting rod portion 12a extends through apertures 62a,
64a provided in the lower end of the shielding means 60.

In accordance with the principles as set forth herein-
above, the contacts 12, 14 and/or the condensing shield
means 60 is cooled to a relatively low temperature, prcf-
erably below —30° C. Various coolants may be em-
ployed, the table set forth below lists a number of suitable
coolants, together with their boiling points at atmospheric
pressure.

TABLE OF SUITABLE COOLANTS

Coolant Chemical symbol  Boiling point at
1-atmosphere ° C.
Liquid ammonia. .« ccoweocooeen NH; —33.3
Liquid radon_. o ocoeooooccuannn Ra —6L8
Drylee .coccanoaan CO2 1—-78.5
Liquid xenon._. Xe —107.1
Liquid krypton. Kr 152.9
Liquid argon__. A —185.7
Liquid nitrogen... N2 -~195,8
Liquid neon. - ccocooccacmmnnnn Ne —245.9
Liquid heliwm .. .ooo_.an He —268. 9
1 Sublimates.

Liquid oxygen and liquid hydrogen with boiling points
of —183.0° C. and —252.8° C. respectively were not in-
cluded in the table because of their potential combusti-
bility.

The coolant entering the space 70 interiorly of the lower
relatively statiopary contact structure 12 may enter by
means of an inlet port 72 and be exhausted by an outlet
port 74. Likewise the coolant entering the space 80 in-
teriorly of the upper hollow tubular movable contact 14,
may enter by means of a suitably provided inlet port 99
and exhausted by a suitable outlet port 92. In addition,
the hollow shielding means 60 may be supplied from an
inlet port 96 and the coolant utilized in the annular space
97 exhausted by means of an outlet port 98.

It will be obvious that by a circulation of the coolant
the temperature of the contacts 12, 14 and/or condensing
shield 60 may be maintained at the low temperature pro-
vided by the coolant. The annular space 100 surrounding
the metallic casing 62 is evacuated to provide heat insula-
tion for the interior cold metallic casings 62 and 64. Cool-
ing may also be provided by thermo-electric effect, by use
of powdered Dry Ice, or by other means.

The advantages of utilizing a separable contact struc-
ture 12, 14 maintained at the relatively low temperature,
preferably below —30° C., has been set forth above and
not only reduces the resistance, but also prevents weld-
ing and facilitates condensation of the metallic and gase-
ous atoms.

The provision of the tubular shielding means 60 cooled
to a low temperature by the coolant also, in a manner
as described above, assists in a rapid condensation of the
metallic vapor and gaseous atoms emitted during the inter-
rupting operation.

Although there has been illustrated and described a
specific structure, it is to be clearly understood that the
same was merely for the purpose of illustration, and that
changes and modifications may readily be made therein
by those skilled in the art without departing from the spirit
and scope of the invention.
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I claim as my invention:

1. A vacuum-type circiit interrupter having a high
vacuum including means defining an evacuated envelope, a
pair of relatively movable contacts that are separable to
establish an arcing gap therebetween disposed within said
evacuated envelope, and means for cooling at least one of
said separable contacts to a relatively low temperature of
at least —30° C. to facilitate condensation of metallic
vapor during the interrupting operation.

2. A vacuum-type circuit interrupter having a high
vacuum including means defining an evacuated envelope, a
pair of relatively movable contacts that are separable to
establish an arcing gap therebetween disposed within said
evacuated envelope, a condensing shield structure disposed
within said evacuated envelope for condensing metallic
vapor emitted from the contacts during the opening opera-
tion, and means for cooling said condensing shield struc-
ture to a relatively low temperature of at least —30° C.
to enhance the condensing capacity of the condensing
shield structure during the opening operation.

3. The combination according to claim 1, wherein a
coolant is circulated within said one contact,

4. The combination according to claim 2, wherein a
coolant is circulated within said condensing shield siruc-
ture for the cooling thereof.

5. The combination according to claim 1, wherein said
one contact is rendered superconductive.

6. A vacuum-type circuit interrupter including means
defining an evacuated envelope having a high vacuum, a
pair of relatively movable contacts that are separable to
establish an arcing gap therebetween disposed within said
evacuated envelope, and means for cooling at least one of
said separable contacts to a relatively low temperature of
at least —30° C. to facilitate condensation of metallic
vapor during the interrupting operation, a condensing
shield structure disposed within said evacuated envelope
for condensing metallic vapor emitted from the contacts
during the opening operation, and means for cooling said
condensing shield structure to a relatively low temperature
of at least —30° to enhance the condensing capacity of
the condensing shield structure during the opening opera-
tion.

7. The combination according to claim 3, wherein the
coolant is a liquified gas.

8. The combination according to claim 4, wherein the
coolant is a liquified gas.

9. A circuit interrupter including separable contacts,
and means for cooling one of the contacts to a low
enough temperature to appreciably lower the resistance
thereof.

10. A vacuum-type circuit interrupter including means
defining an evacuated envelope, 2 pair of relatively mov-
able contacts that are separable to establish an arcing
gap therebetween disposed within said evacuated envelope,
and means for cooling at least one of said separable con-
tacts to a relatively low temperature of at least —30° C.
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