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ABSTRACT

The problems encountered when discharging an inductive storage

device Into a load ore discussed in detail. Ixperiments with =z

switch using o liquid metal to solid metal contact resulted in elec-
trode erosion which could not be prevenved.  This led to the exclusive
use of liquid electrodes which are self«healing. A variety of switch
configurations were devised and tested including two types of vertical
flow Interrupters. Data from these tests which were conducted with
both mercury and liguid sodium as the switching medium iz wresented.
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EVALUATICN

This effort was a continuation of an investigation of switchirg
technigues for use with inductive energy storage systems in pulsed
modulator cperation, The major objective was the development of a
high current passing switch which could be opened quickly and com-
pletely, thereby permitting maximum transfer of energy from the
storage inductor to the load. Operation at pulse widths, repetition
rates and pulse energies compatible with long range radar systems
was desired,

The inherent tendency of metallic switch contacts to erode when
opened under high currents led to the exclusive use of self healing
liquid metal electrodes, Several different switch configurations
were developed which could be activated with a pulsed magnetic field.
Soth mercury and liquid sodium were employed under a variety of
pressurized conditions in an effort to optimize control and minimize
losses, The most promising design appeared to be the vertical liquid
column switch where pulse widths and repetition rates were simple to
control and heat dissipation offered no serious problen,

Although the amount of energy which could be transferred and the
efficiencies attained wers promising, the difficulty in obtaining
high voltage holdoff appears to be insurmountable with the devices
considered, This problem presents a serious limitation to the use of
inductive storage systems in long range radar application., Othar
areas of endeavor, (exploding wires, etc, ), would benefit more from
this work at this time., In view of this, RADC will not continue this
investigation until device concepts can be developed which show promise
of solving the voltage holdoff problem.

This program was one of a series of efforts to advance the state-
of-the.art of high power modulator switching techniques. This and
related programs have indicated that mechanical rotating machines are
most suitable for very long pulse widths and capacitive energy storage
devices for very small pulse widths., Inductive storage systems offer
many advantages in the intermediate pulse width range but the switching
problem has prevented their use in high power long range systems.,

P . A

(Ll A fonstf
ALBERT F, MORREALL
Project Engineer
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1) THEORETICAL AND ANALYTICAL CONSIDERATIONS

A) ANALYSIS OF THE INDUCTIVE STORAGE SWITCHING PROBLEM

1) The ideal Circuit

We treat here o generalized ideal circuit for discharging an inductive
storage device into a load. The results obtained will then be applied to a

real circuit used during the course of the experiments conducted in this

program .
Iy, _ I, <
T Storage
L ) Inductance
i
I .

The storage inductance and the interrupter switch {when c!oséd) are
assumed fo have no internal resistance. Therefore, prior to the beginning
~ of the switching process, the current circulates through the inductor and
interrupter switch with no losses. We are confining durselves here o a
dissipative type of interrupter switch and to a purely resistive load which
may be slowly time~varying in that the resistance depends upon the temper-~

‘ature; the temperature depends upon the energy previously dissipated in the



load, with the energy being a function of time,

At time t =0, as the interrupting process begins, we have

I, =0
(1)
Ii = IS = IO
while, at time t =17, when the interrupter is fully open, we have
I, = 0
i
(2)

During the interval 0 = t < 7 the amounfs of energy that go into

the interru.pter and load, respectively, are given by

I

.
E LVIi dt | (3)

oand

T : )
E, fo VI dt (4)

where the sum of these must be equal fo the energy lest by the inductor
during this time
T T , |
LVI; dt + LVIL‘“ =378 - 51,12 (5)

Since we are dealing with a purely resistive load the voitage V increases



from zero at + =0 to its maximum value
Vmax = D1 Ry (6)

at + =T at which point the interrupter is an open circuit.

Using Kirchhoff's law (I, = I; + I;) we can write

T

T T
LVI; dt + L VI, di = L VI di @)
where we know that I, decreases from I, to I, during the time T, Then
T .
L}VIs dt < I, Ry I T (8)

where we have replaced the functions in the integral by their maximum
values outside the integral.

Assuming for the present that
T T
J VI; dt > J VI dt (%)
o o

we then find that the efficiency ¢ is given by

: %LsIoz - (%Lsrg = %LSIIZ) (10)
° T $L,12 :

Now by using Eqgs. (5), (7), and (8), we have

1 2
slely =L IRyt
¢ > TRt = e (20, /)R /L) a
2 ts<o :




and we find that

T RL/T)R, /L) < (1= 0) (12)

insures that ¢ > a, where a is a lower bound of the switching efficiency
{0=<a=1,.

Isolating T in Eq. (12}, we have

T < (1 =a)ls/ReNI,/21,) (13)

and since I, is always greater than or equal to 7; , 7 can be expressed as

T < 5 (1 -a){s/Ry) (14)

This restriction on 7 s a sufficient condition, although not a necessary
one, for the total switching efficiency to be greater than a.

For example, efficiencies greater than .99 could be achieved if
T < (L005)(L,/Ry) (15)

(i.e., a 5 millisecond interruption and a 1 second L/R time would result
in a switching efficiency of more than 99%).
If the swiiching efficiency during the interval O < t < 7 is repre-

sented by o, we have
o = f:v;o(, dt U:VI; dt + j:vrg, df]_l | - (16)

-




The energy dissipated in the interrupter switch during this time can be

expressed as
v
J‘OVI;df = (1-o) (3 LS,IO2 - %LSIIZ) (17)

In this case the total switching efficiency is

@
il

] |
(g - LVI; dt) Eg0 (18)

FLIZ - BLI2 -3 L,IH)( -a)
e = : (19)
3L .12

By proceeding with the calculations as in Eqs. (10) through (13), we find

that if
T o< .(] - Cl)(Ls/R{,)(Io/le)(]l )™ (20)

is satisfied, the net switching efficiency must be greater than a for the
idedlized circuit,

By knowing the complete time=history of the switch impedance, an
exact relaﬁonshih between T and the switching efficiency could be evolved.

However, the difficulties involved in determining the impedance of the high

pressure arc in the interrupter switch make this type of approach untenable.



2) Experimental Circuit (IND=T)

The testing circuit used during the course of these studies is shown
schematically below. Chdrging of the inductor is achieved by triggering
the "zero ignitron” while the interrupter switch is in the closed position.

A capacitor is used here rather than a dc charging supply so that in-
ductor currents of over 2000 amps could be attained. The 800 pf capacitor
in the experimental circuitry can chﬁrge the IND=1 stdroge inductor in

about 2.3 milliseconds.

m Zero Ignitron
| i :

800 of Crowbar
¢ 7 \Nlignit
Copacitor \ _) gnitren

interrupter
- -Switch

.;|

When peak current is flowing through the inductor, the crowbar ignitron is
fired which creates a low impedance path, thus removing the capacitor from

the circuit,



The circuit is then described schematically by

[P

(21)

This is still somewhat idealized in that the interrupter switch is assumed to
have negligibly small resistance,
After some "dwell time" D the interruption process begins, Af this

point the currents in the various parts of the circuit are

(22)



After a further time interval To (opening time = time of arc duration)

(23)

the interrupter is fully open.

The energy dissipated in the resistance R; during the dwell time is

.
D
L ReI2dt = %1, - %LSIS (24)

since Ry, the inherent resistance of the inductance, is the only dissipative
element in the circuit in this time interval.

The amounts of energy dissipated in the interrupter, load, and R,

during the "opening time" (T < t < 7 + 15 = T) are given by
T
E; = Lv{,ri dt , (25)
D .
T
Ep = | VyIydt - (26)
i)
and
T
E, = | RZZdt (27)
g _



Now, it is known that the summation of the energies expressed must be

equal to the total energy loss of the inductor so that

TD T T T
L IRg dt + L_ég Rg df + LSILI{, dt + L[\)/.r, Tidt = 3L I3-3L 12 (29)

which can be alternatively expressed as

T T
LISZRS de + LVL_IS dt = 3L.J2 - 3 Ls1,2 (29)
D

By proceeding here as in the case of the ideal circuit, we can show that
BLIE ~ 3L < (3Rg + InIgRy) T {30)
Again, if o is the efficiency of transfer during the interval 7, then

o = f:;/x, Iy dt U:g/{, Iy dt + I:S/{, I + LTISZ Rs dr] N (31)

and (I -o} can be expressed as
T T
(1-0) BLIE - LI = [I2Rdt + [V Ty dt (32
: o) [}

In a similar manner the total switching efficiency is

: _ T T o
= 2 2 2 1 2=t
e =[pu, - (Rl vror - [ 2R @iz (39)
_ D o



and since the resistances Ry and R, are in series, the amount of energy

that is dissipated in Ry from time 7 wuntil the current ceases is given as
| IISZ R dt = 31,12 [Rs/(RL + Rs)]' , (34)
T _

showing that the fraction Rs/(R,f, + Rs) of the inducﬁ\)e énergy at t =17
will be dissipated in the inductance.

Combining Egs. (32}, (33), and (34), we have for the efficiency
¢ = [Eo - G L 72 - 5L 120 -0) ~BL 12 (Rs/[R,t + Rs])] E,- (39

or

GLyIZ - 5L T2 =) + L IZ R, /TRy Ry ) )
e = 1= : (36}
B 13
and with the inequality shown in Eq. (30)
(1 =)y IRy + TER)T + 3L TZ(Rs /TRy + R(J)
e > V- (37)
LT
Now if
| (T, Ip Ry, + IERI(1 =) 7 + BL I Rs /Ry + R))
(1~a) > ' (38)

- 2
317

- 10 -



then by direct substitution ¢ > a. lselating T we have

(1=a) 3L 12 - $L 17 R; /TRy, + RD)

To< (1 =T, IRy + IZR,) - 89
This inequality is still valid if we substitute I, for I, and ID since both
the latter are smaller than I 0"
(1 ~a) = R/ Ri+Ry)
T < 201 ~a) Ls/Ry + Ry) (40)

makes the value of ¢ larger than a.

Lostly, we can express the ratio of Ry to Ry +Ry) as

Re/Re+R) = Ry +Rg=Re) /Ry +R) = 1-Ry /Ry +Ry) (41)

and rewriting Eq. (40)

\:(] -a)=-(] - RL/[RL + Rs])] l-s/(R{, + Rs)

T 201 -0) ' (42)
[R%/(R{ + Rg) = a] Ls /Ry + RS
T < 201 -a) (43)
It is easy to see here that
a' > Ry /Ry +R) (44)

does not correspond to a real situation since it implies that t is negative.



When a is maximum

e = a . = Rg/Re+R) (45)

and the transfer efficiency is the best possible in the realistic circuit. We

refer to this as a perfect transfer.

B) STABILITY OF A LIQUID METAL COLUMN

During the course of this investigation we.have examined the feasibility
of using streams of liquid metals as interrupter elements. Two basic configurations
c.ppeared of practical inferest and a number of interruption schemes have been
studied conceptually and in experiments. The first geometry is columnar and the
second is tubular; in each case the problem of primary importance is the stability
of the metallic.conductor during current passage and its susceptibility to external
perturbing forces, We first consider the stability of a jet of liquid metal. This
problem can be treated satisfactorily with the hydromagnetic theory, especially if
one neglects viscosity and resistivity . The neglect of viscosity does not change the
stability conditions, but does reduce the growth rates of instabilities when the
stability conditions are violated. The presence of viscosity just increases the
effective mass density somewhat. The neglect of resisrivffy changes the stability
conditions. In the case of the solid column of liquid metal, this is relatively unim-

portant, however, since the situation is always unstable anyway, even on the

“12 =



perfect-conductivity model, and since the additional instabiiities introduced
by allowing for finite resistivity are reiativeiy slow-growing.

The surface tension can have an appreciable effect on short-wave modes,
but has little effect on strongly unstable gross modes of the column. Fortunately,
one can treat the liquid metal os being incompressible to a very good approxi-
mation. This assumption has no effect on the stability conditions, except for
the special case of axisymmetric modes, but it greatly simplifies the problem of
obtaining growth rofes,

We will thus consider simply the idealized incompressible hydromagnetic
model, without dissipative effects on surface tension. This stability problem has
often been treated for a current flowing in a thin layer on the surface of the

column:

/~ Surface Current J,

| Axis

Model 1

- 13-



This simple Model 1 is easy to handle, byt differs significantly from the nctual

case, where the axial current density J, is disiributed uniformly over the cross-

saction of the column:

Axis ]

Model 2

There is a substantial difference both in stability conditions and growth-rates.
For present purposes, one should treat the more realistic Model 2 in order to
get exact results=~or simply content oneself with the rough estimates obtained

from

o = vg/A (46)

where w is the growth rate, vq is the Alfven velocity

vqg = B/[4mp ' (47)

and \ is the wave-length. Here B is the magnetic field strength and ¢ is

the mass density.

w jd -

A



The two typas of instability that are most prominent in the columnoar

configuration are the "sausage" mode and the "kink" mode:

Current ~- - \ ) Current
Be — } < . Bg
o
Sausage Kink

In terms of the usual Fourier-analysis approach, we represent the instability

perturbations in the form
v(ir,0,z] = Vo Lr] exp {i(kz + me)} (48)

where m =0 for the sausage and m = 1 for the kink mode. The most dangerous
wavelength X = 2n/k for the sausage mode is usually comparable to the dig=
meter of the column. For the kink mode, the most dangerous wavelength may be

~ slightly longer.

Turning now to exact analysis, we can immediately put down some general

_sfcbi_lify conditions due to Kad_om_i*sev.]

-15 -



For the m =0 mode, a necessary and sufficient stability condition is
(r/Bg) (dBg/dr) < 1 (49)

(where we have used the incompressibility condition to simplify Kadomtsev's
result) . We see immediately that the Model 1 configuration is highly unstable
since dB /dr is very large ot the surface. On the other hand, the Model 2
configuration has By — r, and thus is marginally stable if J, is really uniform.

A necessary condition for m = 1 stability is
(r/Bg) (dBg/d) < -1 {50)

This is always violated by the columnar model, and so there is aiways the

danger of break-up by kinks. - : .
 As soon as a kink starts (or if there is any other type of time~variation also

in. J,) the sausage mode can also set in and finish off the interruption of the

current.

C) STABILITY OF A TUBULAR LIQUID METAL FLOW

A liquid metal stream has great advantages as an interrupter element. It
renews itself rapidly, at a rate that can be controlled by the flow velocity and
length, and it has neither heat removal nor surface-deterioration problems, Thus,

it lends itself to operation at farily high repetition rates and for extended fimes. , .

- 16 -.
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The main disadvantage of the simple columnar liquid metal stream is that
it can carry only fimited currents, since it is so exiremely unstable against.
"nipping off". For liquid metal columns of practical dimensions, this limits
the operation to something like a few thousand amperes. In applications re-
quiring currents of tens of thousands or hundreds of thousands of amperes, it is
desirable to look for another configuration, which can carry such currents in
stable equilibrium for extended times prior to the desired interruption.

Fortunately, there exists one extremely stable configuration which has the
desired properties. By using a tubular flow of liquid metal, and placing the
curreni=return conductor coaxially on the inside rather than on the outside
(l_’-’ig. 1), we can achieve magnetohydrodynamic stability against all modes in
the limit of perfect conductivity, This leaves only slowly growing finite resis-
tivity modes, or can even give perfect stability. The basic idea is easily
recognized in Fig. 2. If an ordinary current~carrying column is perturbed, the
magnetic field is strongest at those points where the column is already too narrow
(since By ~ I/t) and therefore the perturbation grows. If the current-carrying
tube is perturbed, the magnetic pressure drops at those points where the tube is
bulged out and fncreuses at those points where it protrudes in. Therefore, the
situation is expected to be stable,

This type of configuration was invented by H. P. Furth in1958 inconnection with

thermonuclear plasma devices. lis effectiveness in giving stable plasma currents was

-17-



demonsf.rcz?ec! by O. A. Anderson, H. P, Furth, et al? s effectiveness with
liquid metals was demonstrated in plasma simulation experiments by K. Aitken, -
R. Bickerton, et c:!.s

In typical operation for interrﬁpﬁon of a large current, one begins with a
tubular liquid metal stream on the outside of an insulaking tube (Fig. 3). Where
the dc current is passed through the liquid metel, a magnetic field By appears
between the liquid metal tube and the central conductor. The tube then expands
away from the insulator, and the outward magnetic pressure current is balanced
by an external gas pressure, For currents in the range 10 - 100 ka, the typical
magnetic pressures will be of the order of a few atmospheres, which is easily
matched with external gas pressure. An equilibrium is thus readily achieved at
@ predetermined radius. {(Since the magnetic pressure Bez/ 8w drops with the
square of the tube radius while the gas pressure is constant, the liquid metal
tube will-easily adjust itself to equilibrium.)

The real problem is how to upset this stable situation so as to bring about
current intefrlupfion. As already mentioned, the only possible instabilities are
fhose_ussociated.ﬁth finite resistivity. These typically involve filomentation
along cm-‘renf flow lines, rather than fluting along magnetic field Iir'aes., which
is typical of the perfect cénductivity case:i

We must therefore seek to induce such filamentation in the axial direction,

One suitable scheme for this purpose is shown in Fig., 4. The auxiliary circuit

- 18 -
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tends fo create an axial tear in the liquid metal tube by passing a reverse
current and thus weakening the current in the tube in the region near the
auxiliary circuit. The liquid metal then is strongly attracted toward the

other side of the central conductor where it now forms a column of liquid

metal. The column is highly unstable against nipping off, and the current

is interrupted. The use of the external gas for pressure equilibrium has the
extra merit of causing the liquid metal tube to blow out when the initial
tear appeo.rs (the outward magnetic pressure then being unbalanced). It
also helps to quench the arc between liquid metal segments after nipping off
oceurs,

The tubular liquid metal interrupter thus has the great advantage of ailow=
ing an explosive situation to be built up stably at high magnéfic and gas
pressures, which is then triggered off to give a powerful current interruption.

In this sense, it represents a radical improvement over other interruption methods
where the interruption energyr is either smali, and relatively ineffective, or else
imposes an inconvenient auxiliary energy requirément. Coupled with the busic
advantages of the liquid metal stream method, which we have already mentioned,

the tubular interrupter should have a uniquely effective and practical application

~ in the ared of high currents and high repetition rates,

-19 -



D) COMPARISON OF LIQUID METALS FOR FLUID-TO~FLUID INTERRUPTION

The properties of sévercl different metals have been examined to deteﬁnine
the materials most suitable for use in the fluid-to~fluid interrupter s:witchres. The
first ;:nd most restrictive condition in this re#pecf is that the mefa!lic.conducfor
must be « liquid af, or near, room temperature. Thus, ali mei‘uis. with meltfng
points above 100°C have been ruled out with the exception of ?irhium {Li} whose
excepﬁonolly low density makes it a possible candidate in spite of its 179°C
melting point. Other materials i;hct could prove suitabie for this purpose include
mercury (Hg), potassium (K}, sodium (Na), sodium=potassium (NaK) alloy;, and
galtium (Ga).

Of the various physical properties, the two most important ones are density
and electrical resistivity, A low density metollic fluid is beiter suited for this
type of interruption than a higher density liquid because less force (energy) is
required to separate a filament or column of the fluid. Densities of the various
metals as functions of fempera{'ures' & Z:re shown in Figs. 5 through 11. The
densities of two different sodium-potassium alloys (56 Na-44K and 22 Na~78K)
are shown in Figs. 8 and 9.. The numbers here (56 Na) refer to the percentage
composition by weight, In order of increasing density at their melting point the
materials are Li, K, 22Na~78K, 56 Na-44K, Na, Ga,.qna Hg.

Low electrical resistivity is also o desirable feature for metals in this appli-

cation for two reasons. Since high currents are passed through the metal, TR
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losses are smaller, and o high conductivity fluid is easier to monipulate with

a pulsed magnetic field due to its smaller skin depth. Figures 12 through 17
show the electrical resistivities of these metals {(gallium excepted) as functions -
of their temperature. Data available on gallium is insufficient to graph this
functional relationship, however, the electrical resistivity at 46°C is given as
28.4 micro-ohm cm ..6 These materials, listed in order of increasing resistivity
are Na, K, Li, Ga, the two NaK alloys, and Hg.

Factors other than the physiéal properties are also of importance in deter-
mining the applicabilii‘y of these metals to fluid-to~fluid interrupters. Material
compatibility of the liquid metal with its surroundings is a problem which affects
all alkali metals. The préseni‘ experimental work with sodium (one of the less
reactive alkali metals) bears this out. Compounds of sodium and nitrogen were
formed during the interruption process and in one instance an exothermic reaction
between sodium and rgflon was observed. Ceramics appear to be the best possi-
bility in terms of compatible materials. However, data on the behavior of
ceram'iés. exposed to a high temperature alkali metal plasma are not available at
present. When material compatibility problems are solved, lithium, sodium, or
the NaK alloys look very promising indeed for the fast interruption of large

currents.
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1) EXPERIMENTAL PROGRAM

A) INTRODUCTION

Previous contractual studies! have resulted in the design and development
of several types of interruption devices for use in the switching of inductively
stored energy, In some cases, high energetic efficiencies were attained in the
single-shot mode of operation, but the use of solid material as one or both of
the contacts was a drawback corﬁmon to all of these switches. During the inter-
ruption process very high current densities are reached at the last point of contact
between the electrodes. The resultant localized energy dissipation is sufficient
to vaporize portions of the elecirode material, Scarring and cratering of the
electrodes in this manner make subsequent interruptions considerably less efficient;
consequently, operation at finite répetiﬁon rate with these devices has not been
entirely practical,

The design philosophy of the interrupter switches used in the present studies
has therefore been to make the contacts on both sides of the inferruption point of
a metallic fluid. The electrodes are then selfhealing and the erosion problem

is avoided.
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B)

SINGLE-CELL MULTI=SHOT INTERRUPTER (MSI-3)

1) Design Considerations

The design of the M$1-3 interrupter switch was motivated by the need
of a switching device whese electrodes would not be damaged by repétitive
%n’rerrupﬁon operation, In i;his. r‘ega.rd; éleci‘rodes 6? any solid material were
unsuitable because of the aforementioned erosion which results in lower effi;
ciencies, |

The MS1-3 configuration is shown in Fig. 18; it consists essénti.ally of
two connected metallic pools embedded in an insulating material. The
pools are connected across & septum of the same insulating material by a
thin liquid metal filument. A high=field pulsed magnet2 is situated above
the septum. When energized, the magnet causes the metallic surface to be
depressed, thereby exposing the septum and preventing electrical contact
between the pools of liquid metal. The metallic liquid presents a self-
healing contact surface even at the very high femperatures that are produced
during the last point of contact.

To obtain a high voltage hold-off between the métallic pools during
the interruption process, the switch body was constructed from a 1 /4" thick
stainless steel cylinder to accommodate a high pressure gas aimosphere above
the metallic surface. High pressure gas has the effects of making the arc

more resistive and of shortening the arc duration.
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Design of the M51-3 allows for the use of pressures greater than 600 psir
within the switching chamber. Comparisons between the resulis of atmos~
pheric pressure interruptions and higher pressure experiments verify the
expected advantage of operating in the high pressure regime.

The metallic pools are located in a machined teflon insert which fits into

the lower portion of the switch body. Teflon was chosen as the insulating

material because of its chemical inertness and machinability, Elecirical

connections to the pools are made through the bottom of the switching chamber
via copper electrodes. These electrodes are hollow to accommedate heating
elements for experiments with liquid sodium,

The pulsed magnet is connected to the upper half of the switch body and
its electrical connections enter from the top, as shown in Fig. 18. Bolting
the two halves of the switch body tobether forms a pressure-tight seal.

The MSI-3 configuration constifutes a significant contribution to the under-
stainding of fluid-to~fluid interruption devices and it has become a valuable

stepping-stone towards the development of more advanced models.

2) Operational Results with Mercury

a) Self-Interruption Mode of Operation
The mechanism of self-interruption has been quite useful in deter-
mining the characteristic properties of the various interrupter switches.

With mercury as the inferrupting medium, the MS1-3 has undergone two
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testing sequences in the self~interruption mode- of operation. One series
was performed with o constant pressure (14,5 psi of nitrogen) in the switch-
ing chamber at various peak inductor currents. The other testing sequence
was done at a constant peak inductor current and a variable pressure (14.5
psi to 500 psi).

The circuitry used in these experiments is represented schematicaily -
in Fig. 19. The "zero time" ignitron discharges an 800 pf capacitor bank
into the IND«1 inductive storage unit (L = 2.4 mh). When the current in
the inductor has reached peak, the crowbar ignitron effectively shorts out
the capacitor resulting in a slow decay of the current due to the inherent
circuit resistance.

During testing of @ barticulqr series, the cross=sectional area of the
current-carrying fluid filament was kept as constant as possible. However,
maintaining identical cross-sections from series to series was not entirely
feasible in that switch disassembly wc;s sometimes necessary and new metallic
fluid was added, Consequently, whereas comparison between individual
efficiencies or voltages in two different testing rsequences is not wholly
valid, cqmpqrison of the trends shown in the various sequences is very in-
dicative.

Table | shows the data obtained with a .43 ohm load and various peak

inductor currents. Within the switching chamber nitrogen gas was maintained
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TABLE I

MS -3 SELF~-INTERRUPTION (MERCURY) PRESSURIZED NiTROGEN

Energy of Energy % of
Pressure Perfect Transferred Total % of Dwell  Maximum
Inside Transfer to Load Energy Perfect  Time Voltage
Switch (joules) (joules) Transferred Transfer  (msec) Hold=off
14.5 2010 283 11.5 14 2.4 116
100 2010 605 24 30 7.5 273
200 2010 540 215 | 2.5 1N 276
300 2010 840 33.5 41 4.5 281
400 2010 &30 35 43 5.0 | 288

Bank Energy 2500 joules; Maximum Inductor Current 1450 amps; Load .430Q
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at @ constant pressure of 14.5 psi. As seen in Table I, even though the
amounts of energy fransferred to the load increase with increasing inductor
currents, the fransfer efficiencies are at the same time decreasing.

Figures 20 through 24 show the data from Table | in graphical form
and also compare the results with those obtained from a similar series taken
with sodium,

Table Il contains the data obtained in the self-interruption mode with
mercury at éonstant peak inductor current and of elevated pressures.,

Figure 25 is a plot of dwell time versus pressure for this series of shots.

(The dwell time is defined here as the time interval between peak current

.and the beginning of the interruption process.) The two highest pressure

shots and the first three are to be grouped separately as different mercury
levels were used. Within the groups, however, there is a trend for increased
pressure fo produce an increased dwell time, Figure 26 shows the percent of
energy transferred to the load versus pressure since the inductor energy for
this series was constant,
b) Powered=Interruption Mode

In the powered~interruption mode of operation, there are three forces
that can contribute towards breaking the liquid metal filament coﬁnecﬁng

the two metallic pools in the MS[-3 configuration. The first is the tendency

~ of the filament to self-pinch due tc the effect of the current carried. The
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sacond is the | x B force on the filament from interactions with the driver
coil and the third is the magnetic pressure exerted on the metallic surface
by the rapidly varying B field of the driver coil .

In the experimental sequence with mercury, the second force is neg-
ligibly small since the driver coil was positioned such that the pulsed field
was parallel to the current. Since most of the field lines from the driver
coil have little effect on the metallic surface (see Fig. 18), energetic
coupling between the fluid and coil is somewhat inefficient. To reduce
the tendency towards self-interruptions, a filament with a larger current
carrying area was used (the fluid level in the powered-interruption mode
was higher). Thus, the driver coil was the main contributor to the inter-
ruptions observed in this series of experiments.

An outline of the data compiled during these experiments is shown in
Table {1, As seen in Figs. 27 and 28, interruption efficiencies seem to be
relatively independent of pressure. The marked controst between these re-
sults and the resuits of the self-interruption mode {cf. Figs. 20, 23, 24, 26)
are due in part to the higher level of fluid across the septum necessary in
this experimental series, Figure 29 compuares the hold~off voltages |

with the maximum hold~off voltage that would occur in a perfect transfer.

- 30 -
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3) Operational Results with Sodium

aj Self-Interruption

Testing of the MSI-3 liquid metal interrupter switch was performed
using. both mercury and liquid sodium as interrupting media, As with the
self-interruption experiments conducted with mercury, sodium self-
inferrupfion operations have included two distinct sequences. Initial
operations were confined to atmespheric pressure dry nifrogen' above the
interrupting surface. A second experimental series was performed ot ele-
vated pressures and constant hank voltage,

Liquefaction of the sodium was attained by the use of heaters embedded
in the electrodes, as shown in Fig. 30.

Data obtained af atmespheric pressure and various peak inductor
currents are shown in Table 1V, | The results outline dramatically the superior-
ity of sodium as a switching medium. Not only are the "percent of energy
transferred” values higher, but the slope of the "percent of perfect transfer”
versus "inductor current” is positive as opposed to the negative slope with
mercury (see Fig. 20). Figure 21 shows the dwell time {the time between
peak inductor current and the Openir;g of the switch) for both metals as a
function of the peak current in the inductor .

As expected, the pinching effect of self-interruption is hastened with

larger currents and the lighter medium. Shown in Fig. 22 are data relating

-39 -

ey



PRO| D Ep* YiM,

- 33 -

ove 56 0" 4L 0ecl 005 00EL} €¥ L4 05l 0091 0°¢
€81 4 ¢ 9e T4 A4 624 JAN! L'y 048 006 &1
626 e P8l 8L 0sZ (4 £0 '8 08¢ 00 0" L
pooT daysuplj  ABleul pailejsupit]  Iajsupd) (sejnol)  {oosw) {oasw) {sdw) (sajnol) (A>})
£50.40%/ 1984184 |p40) ABiouz §o94la4 Jajsupl | % g, juaiin’y ABisug abojjop
3Bo310A jo 9 Jo 9 ur abpjjoA  Joeyiag  uoyping Swi]  10)3NpU] Jjupg upg
" XDW _ wnwixpyy  jo ABiouy  ouy TELY4 SNood _

NIOOYLIN J¥NSSIYd DIYIHISOWLY (Wnlaos) NOILdNIFIILINI-473S
E-1SW _

Al 318vl




the arc duration to the inductor current. Again, sodium is superior.
Because of its lower density and higher conductivity, it apparently
moves apart farther, lengthens the arc path and hence quenches the
- arc faster. Figures 23 and 24 are the percent of total energy trans-
ferred and the percent of perfect transfer as functions of the total
inductor energy, respectively.

Nitrogen atmosphere high-pressure testing of the liquid sodium
MS1=3 interrupter switch was also done for the self-interruption mode
of operation. The formation of a brownish-lveck compound (possibly
sodium uzide)3 when inferrupting in the nitrogen atmosphere led to
the use of argon in the interrupting chamber. Data compiled in the
nitrpgen and argon series are exhibited as Tables V and Vi, respectively.

[t is the intent of the self~interruption testing of the MSI-3 to
illustrate trends in the percentage energy transfer with a constant
height of fluid metal in the interrupting channel. However, even in
a particular series, identical fluid heights from shot-to~shot are im=
pqssible. Switching efficiency in a particular shot depepds somewhat
on the previous shois. For this reason, anomalous values, such as the
high percent of perfect value in Table V1 {1600 joule bank energy and
500 psi), occur occasionally. This shot is probably the result of the
switch resetting in such a way that only a very small filoment of liquid

sodium was connecting the two pools.
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Figures 31 and 32 are graphs of percent of perfect transfer versus
pressure for nitrogen and argon, respectively, With the exception of the
one rather low value in Fig. 31, there is no particular relationship of
pressure on the percent of perfect transfer curve. Figure 32, however,
shows a definite i-er;dency in argon for increasing pressure to produce de-
creasing switching efficiency. From Figs. 27 and 28, it was seen that with
mercury as the interrupting medium, significant inc;eases in switching
efficiencies were effected by increasing the pressure. [t appears, therefore,
that the high pressure gases inhibit the motion of sodium to greater delgree
than that of mercury .,

With sodium, then, in the nitrogen atmosphere, voltage stand~off
capabilities due to the high pressure are offset by a shorter arcing path.
Aréon due to its lower ionization voltage reverses the trend of higher
efficiencies with higher press.ures .

Figures 33 and 34 show the percent of perfect transfer versus maximum
inductor current for different pressures of nitrogen and argon.,

b} Powered-Interruption Mode

Experimentation was performed with the MS1-3 interrupter switch with
liquid sodium as the interrupting medium and in the driven mode of operation.
The driver coil was; again mounted so that the B-field was parallel to the

filament current. This coil (L ~ 8ph) was energized from a 30 pf copacitor
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bank with voltage capabilities of 8 kv. Field intensity measurements of this
configuration with an aluminum plate positioned so as to simulate the pre-
sencé of the liquid metal indicated a 3 kgauss/kv field at the interruption
point. The field rises from zero to the above value in-about 20 psec. .

| . Results from the powered interruption' mode with sodium are shown in
Tables Vil and .Vlli. Only a slight increase in efficiency is noted as the
pr'essgre is i_ncreased. A comparison with the values in Table I {(page 31),
however, sﬁows sodium to be 2.5 times as efficient as mercury in the driven
mode,

C) TRIPLE-CELL MULTI-SHOT INTERRUPTER (MS!-4)

1) Design Considerations

Because of the desire to attain a higher voltage hold=off than seemed possible
with the M51-3 configuration, a switch was designed which incorporated three faoinfs
of inferrﬁption in series, thus increasing the impedance of the switch during operation
by a factor of about three. The interruption chamber was again machined of réflon
and was designed to fit in the MSI-3 switch body.

Two féFfon inserts were used; these are labeled MSi-4P and MSi-4T to indicate
that the B field of the driver coil and the current density | are parallel to each
other (.-4P) or perpendicular (transverse, -4T}. These inserts are illusf&ctgd dia-

grammc:.tically in Figs. 35 and 36.
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TABLE VII

POWER INTERRUPTION OF SODIUM AT ATMOSPHERIC PRESSURE (NITROGEN)

Bank Bank Max . Inductor Energy of Energy % of % of
Voltage Energy Current Perfect Transfer Transferred Total Perfect
(kv) (joules) (amps) (joules) to Load  Transfer Transfer
i 400 580 280 117 29.3 42
1.5 900 870 630 254 28.3 40.5
TABLE VIII

PRESSURIZED POWER INTERRUPTION OF SODIUM (NI}“ROGEN)

Bank Bank  Max. Inductor  Energy of Energy % of % of
Pressure  Voltage Energy Current  Perfect Transfer Transferred Total  Perfect
{psi) (kv) (joules) {amps) (joules) to Load Transfer Transfer
100 1.5 900 870 630 292 - 33 47 .2
300 i 1.5 900 - 870 630 320 35.5 50.7
500 ! 1.5 900 870 630 322 35.7 51
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Certain modifications also were made in the base of the switch bady to
accommodate electrodes and heater elements for all four metallic pools. Also,

a different driver coil was designed and installed in the upper section of the
switch body. A cross-sectional model of the MSI-4T is shown in Fig. 37.
Only the insert is changed in the MSI-J.![-P.. | |

One of the more difficult aspects of Qoridng with fhi.s switch is that of keeping
the cross=sections o.f fhé three metallic filaments as nearly equal as possible so
that interruption accurs at the same time.

In bof.h these configurations the same driver coil is used. .The coil is similar
to those u.sed' in the 551 series of switcheﬁ'(a pancake coil wound out of copper
strip) .- The coil is positidned parallel to the interrupting fluid-and just above it.
A much better magnetic coupling than that of the MS1-3 was achieved because
of the greater compression of the magnetic field flux in this conﬁ'gurqfibr{.

2) Results with the MS1-4P

A complete set of data was taken with the MSI-4P with mercury as the inter-
rupting medium. The self-interrupting mode of operation with the M51-4 type
switch is not particularly applicable in that interruption of one of the filaments
would prevent the others from breaking, thus negating the use of three simultaneous
interruption points.

Table IX presents the significant results obtained with the MS1-4P. As in

previous switches, it is noted that efficiency increases with pressure. In this case,
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dry nitrogen is used as the pressurizing agent. Best hold-off voltages are observed
to be appreximately 75% of the maximum attainable, with 366 volts being the
highest value achieved with a .42 ohm load. Also observed are energy transfers
of approximately 90% of perfect into this particular load. It should be noted that
this is the first instance of efficient energy transfer beyond 1 kj.

The graph, Fig. 38, shows the percent of perfect transfer versus pressure from
the data presented in Table IX. |

Higher resistance loads have been considered for use with the MSi~4. From
the data obtained with mercury, this switch seems to allow for the possibility of
transfer efficiency in excess of 70 - 80% into loads of 1 to 2 ohms, or perhaps even
higher loads.

Sodium testing was initiated in the MSI-4 while still retaining the HI)
teflon insert. When interruption was attempted, a self-sustaining chemical reaction
was started in the interruption chamber of this switch, Pressure produced by this
reaction rapidly increased to such an extent that the top section of the switch was
blown off. Pressure has been estimated to be in excess of 5000 psi. The reaction,
believed fo be the result of sodium combining with fluorine in the teflon, had nok
been observed in prior work with the MS1-3 due to the low surface-to-volume
rcﬁoj of the teflon in that configuration. In the MS1-4 the teflon separators
apparently allowed a sufficient contact surface to maintain the reaction triggered

by the arc. Mention appears in the literature® of the use of alkali metal dispersions
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for extracting fluorine from teflon, but no indication is given of the possibility
of developing an exothesmic reaction as encountered above. At the present
state of materials technology, there does not appear to be an insulating material
known to be inert to a high temperature alkali plasma as formed during the inter-
ruption process. The damage to the driving coil and teflon insert made them
irreparable. The switch container, however, was sufficiently sturdy so that
damage to it was slight.

After building another driving coil, testing was continved with the MS1-4T
_ (Tand B fransverse) and a mercury interrupting medium.

3} Results with the MS[-4T

Because of the chemical reaction that was produced in the sodium operation
of the MSI~4P, experimentation with the MS1-4T was conducted only with mercury.
Testing in this regime has included the use of argon as the pressurization agent in
an attempt to reduce contamination of the mercury.

Table X shows efficiencies, voltages and other parameters calculated from a
set of data taken with a 1-ohm load and using an argon afmosphere, Table XI
compares results obtained at vario_us pressures of nitrogen in the MSI1-4T with a
load of .42 ohm. Comparison of this data with that presented in Table VIII shows
the results of the two different inserts under identical conditions.

As postulated previously, the use of a higher load increases the voltage

developed across the interrupter. In a 1~ohm foad circuit with 500 psi of nifrogen,
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490 volis were ohserved across the load. This is shown in the cscillogrom below.

200 v/cm; 2 msec/cm

IND-1 charged to 2500 joules

500 psi nitrogen

1Q load

Driver coil energized from 30 pf
copacitor bank @ & kv.

Testing of the MSI-4 interrupter switch configuration was thus concluded.

The decision to discontinue testing of the MSI=4 sodium and mercury device was
based on three factors: (a) the present lack of an adequate dielectric materiai
for use with sodium in the presence of a high temperature arc; (b) the somewhat
random energy transfers due to variations in the depth of the liquid metal upon
resetting, and (c) the development of a prototype switch that appears to offer

several advantages over previous models.




e

D) COLUMNAR VERTICAL FLOW INTERRUPTER (CVFi)

After limited success with the MS1~4 configuration, a new mode of operation
was investigated. The new switch requires no dielectric material at the point of
interruption, except perhaps pressurized gqs.. This switch, labeled the CVF| (colum-
nar vertical flow interrupter) is shown in Fig.39. A liquid conductor is placed in
two reseryoirs, one situated above the other ot height h. Electrical contacts are
made with both liquid pools and connected so that the switch is electrically in
parallel with the desired load. The switch is equipped with a nylon plunger valve
to control the liquid flow. The liquid in the upper reservoir passes through this
valve into the running tube which has a diameter of slightly over 3 mm, past the
tube orifice, and into free fall. It is in the free fall region that the experimental
work was conducted,

This configuration has the additional advantage of automatically resetting
itself after interruption, thus showing its applicability for réperifion rate operation.
The "open time” of this switch is determined by the distance between the lower
reservoir and the point of interruption. The configu.raﬂon could also be easily
converted to a "multi-inferrupter" by éousing the column to break simultaneously
at several points, |

Experimentation was first undertaken to determine the stability of the vertical

column with respect to relatively high current pulses. Subsequent festing of the

- CVFl was aimed at démonstrating that an externally applied pulsed magnet field
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could intarrupt the cclumn,
To determine the stability of the column under the application of relatively
high pulsed -srrents, the CVFI prototype was used as a series circuit element in
the IND~1 rarging circuit. The column used for these tests was about 10 cm
long and s.ghtly greater than 3 mm in diameter. Current risetime was about 2.2
msec with the maximum current determined by the capacitor bank voltage. Charging
the IND=1 at 1 kv which corresponds to approximately 520 amps resuited in no ob=
~ servable instabilities, even when the storage inductor was crowbarred at peak current.,
It was found that, when using the crowbar, the current limit was about 870 amps at
which point instabilities would occur occasionally. At currents of 1000 amps
instabilities were consistently observed, At this current, self-interruption of the
CVFI, when used to switch current into a 1 ohm load, produced energy transfers of
about 15% to the load. This compares favorably with the self~intérruptions of the
MSi-3 which, at atmospheric pressure and mercury as the interrupting medium,
achieved only 10% into .42 ohm load.,
One fact worth noticing regarding the mechanical stability of the columnar

flow in mercury is that the Reynolds number Rp is refatively high
Rp = vdp/M )

where p = 13,6 grams/em®; 1 = 1.7 x 1072 poise; d = 3 mm, and a reasonable

estimate for v is 10 cm/sec. Ro is then 2400.
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The frOns‘it.ion from ‘lczmincu; :Flow.. to ?urbul e'n.f flow takes p’l.ace at Rp = 2100
to 4000, so we are in that range, Judging from photographs of the column, how=
ever, with a column length of 10 cm, or less, inherent mechanical instabilities
were not present,

To demonstrate the powered mode interruption, the column of mercury wds
allowed to pass through the bore of a coil which was somewhat unsuited for this
appiicaf.ion. The circuitry used in this experiment is shown schematically as
Fig. 40. The bore length of the coil was 3", Ideally, the coil should have a

bore length of the same order of magnitude as the column diameter (1/4" or less)

to concentrate the magnetic force on just a smali section of the column. Even so,

results of the experiment proved o be rather good (see Fig. 41). When the trace
of the oscillogram is along the zero line, the switch is open. The 60 cycle pickup
shown in the oscillogram is from the antenna effect of our observational circuitry.
The "open time" observed (60 - 80 msec) agreed well with the calculated fall time
of the mercury from the coil center to the lower reservoir.

In addition to the experimentation chove, external pulsed magnetic fields
were also applied to the liquid column when used in the IND-1 circuitry, The
appiied fields were of several different geometrical configurations, corresponding
to the various driver coils that have been used in conjunction with this switch,

The first type of external B field was generated by a pancake coil magnet

with an opening in ifs center about 3/4" long and 1/4" in diameter.
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. As in the prelim incm;/ f!'és’fing 'o"f.. -i'hé 'C.V Fl, éﬂﬁe 'ﬂ:'ete;n“:i".a'ﬁ'i'n_g! .:l iquia -r.neh.rﬂ Qés |
passed through the bore of the magnet, Results conclude that the external mage-
netic field in this case did not appreciably affect the interruption (see Fig. 42).
indeed, in some interruptions the application of the magnetic field of this coil
appeared to lower the energy switching efficiency from that observed without the
applied field (i.e., self-interruption}.

It should be noted that in these experiments we have been using currents
through the CVFI that are themselves sufficient to produce self-interruptions. The
general procedure has been to measure the voltage and energy delivered to the load
with fhe self-interruption process and then with all other parameters held constant,
apply the external magnetic field and compare the resultant voltage and energy with
that previously described. From this method the effectiveness that the external field
lends to the interruption process can be determined.

A second type of external field was applied from d magnet in the form of a
Helmholtz pair. Figure 43 shows the magnitude of the horizontal B field of the coils
and the orientation of the mercury column with respect fo the coils. It was found by
use of magnetic field probes that the B field through which the liquid column passed
was about 1600 gauss per kilovolt potential stored on the 28 pf capacitor bank used
to energize the magnets. Results of this experirneﬁt indicate only a slight improvement
over the self-interruption mode. It was decided from this procedure that a stronger

magnetic field was needed to produce a significant improvement in energy transfer.



Thenexf step ."in..:lﬂﬁ.e dir.ec.:.fi:cml of 's;'ronig.ér. :f%iefid a...ean.s.ii'y.' Wcé .'fh.e.uf"iiEZGfl;OI;l...(.)F
a laminated iron C~core pulse magnet. Design of this magnet used a continuous
strand of RG-58 center conductor, wound 90 times radially around the core (Fig. 44),
giving a field geometry described in Fig. 45. It was found that for 1 kv bank voltage
(28 pf), a B field of 6200 gauss was produced perpendicular to the liquid column. In
this case, as well as that of the Helmholtz pair geometries, the force exerted on the
current carrying column is essentially a Tx B force which tends to move the whole
column rather than to reduce its diameter by the field gradient within the conductor
itself as the pancake coil is designed to do. Interruption thus occurs because of an
initial shearing force on the column which increases the effectiveness of the self-
interruption forces.

It is of interest to compute the horizontal velocity imparted to the liquid column
by the application of a magnetic field of this type.

The magnetic field acts upon about a 1" section of the flowing column. Then,
using the experimental parameters of the column, namely that the fiquid is mercury
and the column diameter is approximately 3 mm, it is possible to calculate the mass
of the mercury that is involved. Since the speed of flow of the mercury is relatively
slow with respect to the duration of the magnetic field, it is possible to neglect the
flow altogether. The mass affected will then be just the mass of mercury in the 1"

segment .

M = r%p ¥ 2,5 grams (2
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where v+= .15¢m, £ = 254 cm, and the density p = '%13.7:.grams/cm;3 .

Using the above result and the equation
XF dt = m(Av) 3

where F is given by
F = IT(TxB) = ILB,,, sinwt | (4)

since 4 and B are perpendicular, Due to the high inductance of the C-90 magnet,

it was possible to prevent backswing of the discharge pulse because of ignitron cut-

off {Fig. 46). In this interruption scheme this is very desirable in that no opposite
swinging B~field is set up to oppose the initial velocity imparted to the mercury column,
Since the initial horizontal velocity of the mercury column is zero, we can solve

Egs. (3) and (4) for vy, the final horizontal velocity

w/w T/
vip = (1/M) LF dt = (1/M) Brax I L) ~fosin(m) dt (5)

where we are inregrating over a 1/2 cycle s'nce there is no backswing. Then

Vi = Brax TH/M(2/0)

)
Vh = (Box? /M) (t /x)

Then with 1 kv on the IND~1 charging bank, I & 520 amps, and 1 kv on the driver

bank corresponds to .62 webers/m?, and T as seen from the field oscillographs is



about 4 msee.

(62 webers/m?) (520 amps) (2.54x 102 m)(.4x 1073 sec)
Yh T 2.5x 107 kg (3.14)

@)
Vi, = +42m/fsec

An example of the interruption produced with the C~90 coil geometry is shown

in Fig. 47. Although the efficiencies are relatively low, they compare favorably

with the atmospheric pressure results with the MS1-3 and MS1~4, indicating that

the CVFI promises even higher efficiencies in an elevated pressure environment.
Preliminary work has also been performed using two C~%0 coils to drive sections

of the column in opposite directions, thus increasing the shearing action (Fig. 48).

Interruption data is still incomplete for this coil configuration, but theoretically,

switching efficiencies should certainly increase.
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111) CONCLUSIONS

The interrupter studies conducted at Advanced Kinetics, Inc. during the
past two years have been guided by the concept of using the pressure of strong
pulsed magnetic fields to produce very rapid mechanical interruption. This basic
concept has proved to be a sound one. As a result of our research, we have added
a second concept which turns out to be equatly basic in all applications where the
interruption is to be repetitive, especially at high repetition rates. This is the con-

cept of using liquid metal as the mechanical element, and to arrange to have the

interruption occur between two secfions.of the ]iquid .
There are two over~riding advantages in liquid~to-liquid interruption:
1. There is no erosion of electrode surfaces, which we have found to be
inevitable in solid mechanical interrupters and liquid-to~solid interrupters.
2. The substantial energy which is inevitably deposited in the interrupter
element in the form of heat is easily removed by circulating the liquid
metal through a heat-exchanger.
These two advantages of quuid-.to-liquid interruption are so important for high=
powered, high-repetition-rate work that one may consider this approach fo preempt
comélefely the area of high~speed mechanical interruption. nitial experimentation
with the quuid—hﬁ—liquid approach has proved highly encouraging. Future research .
should be concentrated entirely on this line of progress and should seek to develop

present experimental systems toward practical interrupter units of high performance
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and re'i.icbilii')./..

This development effort will be very much aided by the fact that the theory
of mugnetic field interaction with conducting fluids (the magnetohydredynamic
theory) is well worked out by now, and is familiar to Advanced Kinetics personnel .

In the initial experiments, a correspondence of observed phenomena to hydromagnetic
stability theory has already been noted. More sophisticated applications of the theory
are planned. Research along these lines will be basic and novel in two senses: from
the practical point of view, the liquid-to-liquid method holds unique promise and

has never previously been explored by electrical engineers; from the scientific point
of view, the study of interruption as an instability phenomenon is of inherent interest
to magnetohydrodfncm icists,

The most promising specific approach to liquid-to~liquid interruption has turned
out to be the use of free~flowing columnar or tubular liquid metal streams. This has
the advantage of allowing interruption to take place not only away from solid elec~
trodes, but also away from insulating surfaces which also deteriorate and become
overheated. The free-stream approach has the further advantage of causing the in-
terrupter element to reform rapidly (at the stream velocity) and allowing rapid removal
of the dissipated heat. The most obvious immediate areas of research are:

1. The maximization of stream velocity and uniformity in the face of

ordinary hydrodynamic turbulence and surface fension. This is parti=

cularly important for the creation of uniform tubular streams. The
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design of the liquid metal ‘noz.ziie is critical here. The use of
interior turbine vanes may yield a significant improvement over
simple nozzles,

2. The study of stability of columnar and tubular streams in the
presence of large dc currents. The prediction of both ordinary
MHD stability theory and finite-resistivity stability theory are
clear~cut, promise a highly practical regime of operation, and
should be put fo a broad experimental test,

3. The optimization of the magnetic trigger element which initiates
the instability that interrupts the liquid metal stream. The element
needs to be miniaturized and placed in a geometry of maximum
effectiveness, so as to minimize the fraction of energy that is
lost in initiating the interruption.

4. The maximization of interruption v.oltage. Useful techniques, such
as gas pressurization and rhultiple interruption, the effectiveness of
which we have already demonstrated, needs to be applied to the
free~stream interrupter,

By following along the indicated lines of de#e’lopmenf, an entirely novel and
highly effective type of circuit element can be achieved. ' The hydromagnetically
driven liquid-to~liquid interrupter may finally bridge the gap between the solid me-=
chanical and the electronic switches and permit interrupter performance far in excess

of what has been possible by other means.
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Fig. 9: Density as a Function of Temperature for Sodium~Potassium Alloy

(NaK Type 78K ~ 22 Na)
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_Fig. 10: Density as a Function of Temperature for Gallium
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Fig. 11: Density as a Function of Temperature for Mercury
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Fig. 37: Cross-sectional Diagram of the
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Fig. 39: The Columnar Vertical Flow Interrupter CVFH v
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Fig. 40: Circuitry for Preliminary Testing of the CVFI
Interruptions are not assisted by self-interruption forces since current through
column is ~ 20 pa.

Fig. 41:
Voltage across the 1 megohm resistor
shown above. Shots are taken ot various
bank voltages, all at 50 msec/cm; 20 v/em.
When trace is on center grid line, switch is
open.

Fig. 42:
Example of Self-Interruption and Powered-
Interruption with Pancake Type Coil.
Top: Coil energized (30 pf - 6 kv)
Bottom: Self-interruption
5 msec/cm; 100 v/cm
IND~1 charged from 800 uf - 2kv.
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. Current~-Carrying Column

Laminated
fron Core

Insulation

Fig. 44: The C-90 Coil. The Tx B force is directed
radially outward from the center of the toroid.

Laminated
— Iron Core

- Mercury Column

Force Exerted
on Column

B-Field

Fig. 45: Field Geometry Produced by the C=90 Coil
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Fig. 46: B-Field Pickup in Gap of C~%0
Coil. Oscillogrom shows enly
1/2 cycle since ignitron cuts off.
50 psec/cm :

Interruption Produced by Self-Interruption and an Energized

C~90 Coil. Voltage shown on an oscillogram was transcribed

to make a {volts)? vs time curve. Area under curves corre-
_spord fo the energy transferred to the load. ' '
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B with Energized C-90 Coil
@® Self-Interruption o
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Fig. 48: Double C—Core Experimental Confi
Forces Exert







