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ABSTRACT 

A switchiny syst~m for high-fault-current 300- and 600-Vdc mine power 
systems is presented. The syst~n consists of paralleled main and auxiliart 
contactor circuits with a liquid metal current limiting device (CLO) in series 
with the auxiliary contactor. ~pon det~ction of a fault, the current is 
COITlnutated into the CLO circuit. The liquid metal vaporizes, increasing the 
CLU resistance and considerably decreasing the actual current to be inter­
rupted. This syste1a materially reduces the wear and tear on contactors 
because of the reduced interrupting requirement. Tne CLD is pressurized; when 
the current is interrupted, liq1.id metal flows back into the bor:. Thus, it 
is self-reseii:~g. Baste design principles, materials used, and test results 
are presented. 

I NTIWDUCT I ON 

Figure l depicts the equivalent circuit of a de system during switch 
opening. For the equivalent circuit, 

V = LE.!..+ Ri + Yarc • (1) 
dt 

Denoting the driving voltage, which causes the current in the circuit to 
change, J tie: 

~ = L E..!.. = (V - Ri) 
dt 

V 
arc 

(2) 

is negative, i.e., ~arc> (V -Ri), the current is driven toward 
extinction; if N:! is pos1tive, i.e., Varc < (V -Ri), the current will increase 
until a tie= O poir,t is reached and arc equilibriwn exists. For arc 
equiliori~~. circuit interruption does not occur. These conditions are 
depicted in figure 2, where the arc characteristic and th~ . load line 
correspondiny to V and Rare presented. 
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Tne interception of the loa~ line with the abscissa is detennined by the 
value of V/R. Incredsing R (decreasin~ fault current) results in a larger value 
of t£ and quicker extinction. Du;in~ arcing, the source is supplying energy 
wnich must be absorbed by the contactor. Thus, the 1.1uicker the interruption, 
the less the added energy. The work of interruption approaches the mi nimu;n 
value possible, pro?ongi~g the useful life of the interrupter and decreasing 
f au 1 t da1iiage. 

One ,neans of increasing t£ is to place a resistor ir. parallel. with the 
s111itch. Then 

(3) 

where ia is arc current and iris current through the shunt resistor, Rae· 

The ch~racteristic of the shunted arc can be incorporated into 
diagram solution, as shown :n figure 2 by addition of ia and ir to 
current. This is shown in figure 3. 

a graphical 
obtain total 

Th~ lower the value of Rae (the more the skew on the arc characteristic), 
the highP.r the value of re, and the easier it is to com11utate the current into 
Rae. However, the 1 ower the va 1 ue of Rae, the greater the va 1 ue of i r, the 
current in the paralleled resister. It is then necessary to complete the 
circuit interruption of a series circuit with resistance, R + Rae• Higher 
values of Rae 1 ose the advantages of easy coanutat i en of the current into Rae 
but make final circuit interruption easier. fixed value shunting resistance 
switching entails a compro111~se or tradeoff of the above factors. 

From the above it appears that, to interrupt the de arc, it is advantageous 
to have a time-dependent, nonlinear shunt resistor that has low resista11ce for 
easy corrnnutation at t = O and high resistance for easy total interruption. Such 
a variable resistor was developed under Bureau of Mines-sponsored research by 
the University of Pittsburyh. It •Jses a change of state device with small 
diameter filaments, or bores, filled with a high conductivity liquid metal. 
This device changes resistance by several orders of 1:iagnitude {when subjected to 
high current densities) t>y vaporization of the metal in the filaments; it is 
designated the CLD. 

It would be desirable to have the CLD •in line ·,· c;imilar to a conventional 
fuse application, but heat transfer studies ha·,e shown this to be not feasible 
because of the steady state temperature rise of the device. Thus the system 
incorporates pardlleled contacts with the CLO "off line", as shown in figure 4. 

The operation of the system is as follows: Mis opened, transferring 
current into the CLO. The CLO, in the unvapori zed state, has a very low 
resistance. The bore design is selected to cause vaporization of the metal in 
the vapor chamber in a short time. When the meta 1 vaporizes, the resistance of 
the CLO changes (increases by an extreme amount, nearly two orders of 
magnitude). This results in a very sharply decreasing circuit load line, 
reducing the fault current and pennitting A to be oµened while carrying a 
fraction of the previous current. 
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Tr: e l i ..; ,,i ,.; ,~t al in t he ,: LO is unde r l atm of pressure, which 
liquid metal bdCK into the bor~ after the current is interrupted. 
device is self-resetting. 

CLO CURRrNT-TlME RELATIONSHIPS 

wi l 1 force 
Thus, the 

Current limiting action in the bores results from vaporization of the 
metallic current carrying filament( ~) ·of the CLO vdpor cha~ber. Prior to 
COITJllutation of the fault current into the CLO, taken as time zero, steady 
state thennal equilibrium exists in the filament. Time, t, to vaporize the 
liquid metal is determined by equating the energy input from the joule loss 
within the filament due to current and filament resistance to the energy 
necessary to elevate filament temperature to the boiling point of the 
material. Heat co.:ducted through the electrical insulating material (tt·~ 
vapor chamber contdining the bores) is neglected, since t ne time frame 
involved is :n tne millisecon~ rao~e. 

ThP. incre.nental energy-unit time re4uired to reach vaporiza1.icn tem­
perature, assu~ing constant average physical proµerties, is approx imated by 

( 4) 

and the Joule heat liberated by current flow through parallel fila~e~ts is 

V 

t 
e 

C 
y 
r· 
i ( t) 
·-1 
R 
l 

and p 

2 2 
.!J.U R = .:!.ill ..e!. watt s , 

q q 111'2 

vol~~e of the n~tal in the bore, cm3, 
time, secs, 
temperatvre,°C, 
specif1c helt, g-cal/g-°C, 
density of the metal in the bore, 9/'-lll3, 
bore radius, cm, 
total current flow into the dev ~ce, amps, 
nunber of parcllel ~ores 1n tne d~~~~e. 
resistance of each bore, omis, 
lenyth of each bore, on, 
resist1vity of metal in the bore, ohm-on. 

From the ener~y balance, equating equdtion~ (4) and (5), 

(5) 

(6) 

Mercury and ftc!K (78:K, 2~Na) were evaluated fo~ use ;n the CLO. Values 
of K. calculated for 1 atmosphere gage of pressure and for a temperature rise 
from S0°C ambient metal temperature to the vaporization temperature. foliow: 

For Hg 
For NaK 

K = 43.65 X 106, 
K = 66.1 X 106 • 
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A model of the steady state cylindrical arc for liquid metals was 
developed, a1d the relationship between the volta~e gradient (volts/cm) across 
the arc. the bore radius, and the averaye conductivity of the arc was 
obtained. The data present average conjuctivity, a, of the arc as a f~nction 
of the prOduct of voltage gradient. E. afid bore radius, r. A curve depicting 
the E•r vs a relationship for Hg and NaK at 1 atm gage pressure is presented 
in figure 5. This (urve is a locus of arc temperature. As the arc persists, 
temperature rises, and the operating point, based on length, voltage, and 
radius, moves from low temperature (the left hand side) to a stable ~re point 
and t~perature on the right hand side of the parabolic curve, based on the 
value of E·r. A stable arc dictates a value of E·r greater than 2.0. However, 
values of E·r greater than 12 result in conductivity that is not sufficiently 
current limiting to be practical. Ttius, a CLD cesign para~eter should be such 
that 2 < E·r < 12. 

The E·r value, on the right hand portion of the curve, gives the average 
conductivity ~f tne va?orized arc, to be used for calculating current to be 
interrupted after the CLO changes state, or ·operates.• 

Wnen the current limiting action b~gins, the interior of the bore is 
subjected to dn arc dCross the va;,orized mr~tal in the bOre. The arc power per 
unit of bore wall area is 1ndicative of the energy being a~sorbed, ar.d the 
ultioate life of the bOre w.all is dete~a1ned by the intensity the energy 
absorption. The more intense the power per unit 3 ·ea. the greater the rate of 
erosion c1nd t.ore enlar~ement. 

The po...er per unit J1al l area is 

P., [2ra watts 
A -2- ~ 

(7) 

The power per unit lfd 11 area is contro 11 ed by the se 1 ect. ion of 1 and r 
and shOuld be a raini,nu.111 consistent with the other system requiremen~s. 

MECHANlCAL DESIGN CONSIDERATIONS 

The CLO bdsically consists of t'lfO pressurized liquid h!E!tal reservoirs 
insulated frcr.: each other except via one or more relatively small dia~eter 
bores fi 11 ed Iii th 1 i quid meta 1. The materials used must be compat i b 1 e with 
the li~~i d metal chosen. Tne CLO design describ~d in this paoer (figure 6) 
used ~ as the liquid rnetal. The •vapor chamber" through Nhich the bOre(s) 
were drillea was constructed of Corning Kacor, 1 a machin.:-tle glass ceramic. 
This m3terial nas low porosity, high dielectri~ streng~h. and high thennal 
conductivity, and withstands the extreme thennal shock situdt i ons where the Hg 
goes from N>Ol1 temperature to arc temperature in milliseconds. 

Juse of manufacturer and trade nanes 1s for identification only ana does not 
i11ply enciorsesitent by the Bureau of Hines. 
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The Hacor is sealed inside a Delrin insulating housing. Delrin, an 
acetal hc,mopolymer, has excel lent mecha:'lical. electf'ical. and thennal prop. 
erties. It is threaded at each end to screw into retalners of 316 stainless 
steel. These retainers are capped by silicone rubber diaphragms, which 
pressurize the mercury to l atm gage pressure and provide for the expansion of 
the mercury when tne CLO operates, i.e •• the mercury in tile bore vaporizes. 

After ass~nblJ, the un i t is filled and pressurized by pulling a vacuum in 
the didpl!ragm housing ci1ps while the ~ is loadeC: through fi Iler holes. After 
the holes ar~ pl ugg~d, the retainer caps are opened to the atmosphere and the 
Hg is then under a pressure of l atm. 

PRESSURE-VOLUME HELATIONSHIPS 

It is necessary for the diaphragm to ex;>and to acc011111odate the volume of 
vaporized mercury after the CLO operates. 

The mercury is pressurized to only l a~n gage in the cold or unvapo~ized 
state. Pressure increases after vaporization when tne mercury volu11e in­
creases, stretching the diaphragm, which in turn increases the pressure of the 
mercury. 

Based on the length and radius of the bort>s, the volu.11e and 1"\ass of the 
Hg to be vapori zec.J can be ca l c,,l at ed. Tne vapor pr~s sure and the density of 
saturated Hg vapor vary witr temperature. For given temperatures, the 
re 1 at i onshi p between pressure and density can be detenni r1ed and the data 
plotted as shown in figure ~. which is for a CLO with a single 0.113-cm­
radius, 6-cm-length bore. 

If the didphragm is treated as a thin circular flat r,late, uniformly 
1 oac!ed at p dt.m <1nd with edJes fixed, max imura stress is at the cent.er <1nd is 
given by 

where 

and 

stress= 3376 p~m+l)(~)2 Kg/m2 , 
t 

r: radius of diap~rdg~. 
t a thicknes·;, 
m: Poisson's ratio. 

(8) 

The tensile strength of the rubber diaphragm used was 7.734 x 105 Kg/~2. For 
a given ratio of r/t, dividing equation (8) into the maximt:m tensile strength 
of the rubber yields the maximum pressure pennissible, p. i n atmospheres. The 
next step is to detEr:nine if the volume of vaporized mer~:Jry is less than the 
volume exp<1nsio'l prJvided ~or by the diaphragms. lising the press.ire obtained 
above, tht:! v~por volume is detenni1red from figure 7 (plotted for a specific 
bore design). 
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The ~~t~r;dl spec;ficat;ons ~or the diaphragm material indicate a 
pennissible linear elongation of 5501. or 5.5 per unit. The un!:retched area 
of the diaphrag:11 is then calculate..:. The 11\dximurn surface ar,~a. s. of the 
hemis1,.1here seg1;ient for:ned by pressure i~ found by multiplying t ·.e unstretched 
area by S.S. Tne relationship betWcen s~rfoce area. s. the ;1eight of the 
segment, h 1 and the radius of the base. r 1 is 

s z w{h2 + r2). (9) 

Solviug for h and substituting in the equatiori for t•ie volume of a 
hemisphericdl segr.ient 

V '"' l 
6 

sh{3r2 • h2} (10) 

yields one half of the total volU'.lle a·vailaole to acco,anoda ·;e the vaporized 
mercury (tw0 diaphragms). The total volume available must :>t~ 9:-edter than the 
vol~ne deter.11 i ned fr~R fi~ure 7. The design . varidbles, for a sp~cific 
diaphrcl9fi! material, are the ra'1ius and thick.ness of the d"api,r~gm. 

STEADY STATE TEHPE~ATURE RISE 

ln the switching configuration. figure 4, it can be nor.ed thdt there will 
De a steady stdte 1 cont1nuous current flowing in the CLD. 'he r.iagnitude is 
oetennined bJ the relative resistance of tne Nin c11;d aui:ilicl!"'y contactor 
paths. Addition of externdl resistc1nce in series w;th t·.e :LD will hold tne 
current lliaynitude to a level that will yield an dCCeptable steady stdte 
(pr~slltitchi.19) ternµerdture ris':!. The Delrin housi:19 has j 11.aximum (;tlntinuous 
service te<nperature of 84.,C. A neat transfer anai1sis was conducted on tne CLO 
designed for tile te;t ;,rogram and it was detennined ,.ha: a steady state 
current of 80 A was penn issible. 

EXAMPLE DESIGNS 

The syste::i configurction of figure 4 yields the c;urrent-time relation­
ships shown in figure 8 wnile switching aqd interruption are taking place. 
Electrical desig~s for three typical systems. shown in Table 11 were made. 
Table 2 presents tne design parameters. F~gure 9 shows the time to fault 
current redu:tion as a function of the available fault :urrent, and figure 10 
shows the calculated reduction in current interrui>ted w·,tti the CLO. for a unit 
designed for Systeff 1. 

TASLE 1. - Systeni characteristics 

S1stem No. Nooinal voltage, Trip setting. Max irnw:1 fault C•Jrr~nt. 
V A A 

1 •••••• 0 •• 300 1,000 10.000 
2 ••.•..... 300 4,000 30,000 
3 •..•..•.. 600 2,500 14,000 
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Systen 2 presents a problem because the heavy fault current level 
requires more bOres than practical in one housing. Consequently, it appears 
that ~he most practical solution is to use three paralleled units, each with 
five IXlres. The !"esult seer.ts quite satisfactory in that onlt 47 V of arc 
vol !.age is required for c.o,Bnutat ion of the fault curr~nt, and the c11rrent ti) 
be interrupted is redJ~ea fr~n 30,000 A down to 5,754 A. This reduction 
sho~ld materiallJ decredse wear and tear on the contactor. 

' The design for the 
voltage, but in view of 
factorily. 

600-V system (ho. 3) does 
the current level, it 

have a rather high ~re 
should COCllnutate satis-

VOLTAG~ SURGE PROTECTION ANO CONTROL 

When ti·1e CLO changes state, its resistance changes by 
orders '.lf magnituae in a -:iillisecond tiine frar:ie. It ;nduces 
voltag~ to maintain con~tant flux linkAges in the circuit 
surge orotection is provided. 

approximately tWC' 
a relatively high 

inductance unless 

The surge voltage co,trol package U>ed consisted of placing metdllic 
oxide varistor~ (HOV) in pir~llel with each phase of the transforr.iEr second~ry 
winding and a dry-type elect rolytic capac i tor across the de tenninals of the 
rectifie~ output. 

The canacitors are sized by equating the energy stored in the trans fonner 
leakage reactance to the ~nergy that can be abso:-bed in cha~ged capacitors t,y 
elevating their voltage. values of C required for limiting the surge 
overvolta~e for 500-and 1,000-kva size rectifiers, ~ith leakage reactance of 
0.08 per unit, are presPnted in figure 11. 

TEST RESULTS 

Six different protltype confi~~rations were tested; only 
chc1,:ibc?r unit aei:ionstrated a satisfactory service l1fe. 
d ·?S i ~ned for the 300 V. 300 k.W surf ace rectifier ;><>we,· 
Pi tt:iburgh Research Center. Bureau of Mines, Bruceton, PA. 

the 1-\acor vapor 
The units were 

supply at the 

A GE IC3801 AY 125 G4 contactor and a Siemans-Allis Type 700 contactor 
were connected as shown in figure 12. The Sie:nans-Allis contactor is closed 
to impose a system faJlt through the closed GE contactor. Note that the GE 
contactor was oodified in that tr.e CLO and any desired auxiliary circuitry 
r·esistance were connected 'in series with the arcing contact of the contilctor. 
Thus, no separate auxil i ary contactor, per se, was uti1ized. 

Since the purpose of the tests was to detennine the ability of the CLO to 
withstar~ the tra~~a of the fault limiting operation, tests were conducted as 
rapidlt as poss i ble. Time between successive tests averaged between Sand 10 
minutes during the working days and the condition of the CLO was monitored 
after each test by Kelvin Bridge resistance measurements. 
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0.159 
• 179 
.198 

. ~-·· ·· ·- ·'t' 

TABLE ~ •• Typical CLO designs 

~emperaturei'fSi] Vapor, zat on re J>O•er ~u VO ts 
I 1n 1--i:rg- fnterface t4-t 3 l c,:rrent Parcfarea oTwa · 

yara 11 e 1 .1._ °CJ ____ 0 c ____ rnsec __ j_ ___ A ____ _ wa 11 ' W/crn2 ____ ---- V _ 

System 1, 300 v. Itrlp • l,COO A, Ifault max• 10.000 A 

-
15 12 

6.3 4 15 12 3,240 50,696 
6 3 13 10 3,566 74,250 

19 
16 
16 6 IT 

-- TI;TIJ.676[- 45.712 

- -- --- - -------·---
System 2, 300 V, Itrip • 4,000 A, lfault max • 30,000 A 

(Use 3 of the following units in parallel} 

o.139 I 4 r--5-T~L-~-~E~~~ 47 

System 3, 600 V, ltrip • 2,500 A, lfault max• 14,000 A 

0.179 12 1 4 _Ls--f::J--~ 59,293=r 69 



The CLO successfully withstood 141 operations (estimated 6 months service
in a reine) ~efore failing. It failed in the electrically open mode; the
failure was not tra~natic. T~e unit can be monitored for failure with a
relatively simple control circuit and an audio alann. or a contactor-circuit
breaker lock-out. 

A typical test waveform is shown in figure 13. 

COP..CLUSION 

Throuyh an evolutionary materials research and design configuration
process, a CLO c~nfiguration that is easily and 1nexpen-;tvely fabricated has 
been deve l oped and tested for life expectancy in excess of 140 operatio~s.
equivalent to 6 months or more vf typical mine syste:n duty. The CLO is
included in a switching system. Such incorporation will reduce the fault
current-time relationship and the magnitude of the current that must be 
interru~ted, for a given fault situation. Thus econ~ny and safety are
enhanced. 
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FluURE 1. - Equivalent cir~uit of DC sy~tem 

\'CL!AGE 

decreases ~e is negative 

characteristic 

increases 6e is positive 

arc equilibriUD te - 0 

l • V/R 

FIGURE 2. - Arc and ioad line voltage of the circuit 
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Voltage 

I 
!:.e with 
shunt resistor 

I 
s 

with:shunt resistor 

shunt res~stor 

~e without shunt resi~tor 

Current 

V/R 

FIGURE 3. - Effect of parallel~n resistor on de switching 

FIGURE 4. - Switching system configuration 
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