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ABSTRACT

An "interrupter" sw1tch was de51gned and fabrlcated for use with

7. inductive energy storage devices in pulsed modulator appllcatlons.- The
: storage inductor and related- circuitry has also been designed keeping in
mind the cooling techniques to be employed and the uses of the modulator.
-system. The switch makes use of a low impedance llquld metal - metal con-

tact during the conduction cyele and is opened by a pulsed magnetic field

"_which phy51eally‘moves the liquid metal away from the solid metal contact.




EVALUATION

INDUCTIVE STORAGE SWITCH STUDY

This effort was an investigation of "interrupter"

- switching techniques for use with inductive or magnetic

field energy storage deviceg in pulsed modulator operation.

‘The techniques were to be investigated for operation at
~pulse lengths, pulse repetition frequencies, and pulse
“energies suitable for use in long range radar systems.

" The switches developed were to be in a form that could be
‘easily integrated into .the total modulator unit and that

could function in the cooling environment of the storage
element., The fabrication of full scale working models

- was not anticipated in this effort but the switching
techniques under 1nvest1gatlon were to be reduced to device
. concepts. :

The contractor estahlished design parameters for an

'j_optimum inductive storage system and fabricated a 10
“kilojoule inductor for use in evaluating switching

techniques. A comparison of cooling liquids such as'water,'
liquid ni“rogen, and liquid helium was carried out, In a

' state-of-the-art cryogenic environment, this study .
established that the best coolants were water or llquid
. “nitrogen, Of course, a major breakthrough in the develop—-
ment of super-conducting magnets capable of high transient
" ecurrents could change this and make super cooled devices

more useful. The relatively high resistance of plasma arcs
makes them inferior to solid or. llquid metal contacts in’
the low impedance inductive storage systems., The o

""interrupter™ switching technique developed was a magnetieally-
- opened liquid metal ~ metal bar contact, The use of

relatively high conductivity llquld metals such as liquid

" godium in the device and the careful design of the storage’

element makes room temperature inductive storage: systems

~ _potentially useful in pulse modulator application. - This is-
- @specially true where their inherent high energy storage FEE

m?j.density can be used to advantege.-

This effort is part of an. investigatlon of energy‘

storage techniques having higher energy storage densities’’

than is posgible with conventional capacitor or .electric

. 'field systems when used in pulse modulator applications. eBo;h
magrnetic field and mechanical energy. storage systems have

higher theoretical energy storage densities than capacitor

e;_systems ‘do., Mechanical systems with a rotating mass as the:
.- storage eélement were investigated under Contract. AV30(602)—'
2149 with P.I.E. The preliminary results in this nrogram o

iv




: ﬁ,;}.f T yindicate that electromechanical or rotating mass storage
T ' systems are superior at very long pulse lengths, the
‘magnetic storage systems are superior at the middle pulse

lengths and capacitor storage elements are superior at the.

very short pulse lengths,

| Egﬂﬁﬂ#Lli- 4-255/226245;1;
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1) PHYSICAL PRINCIPLES OF !NBUCT!VE ENERGY:

STORAGE.

The energy density stored in magnetic field is -

1 ,

w o= [Ha O
which simplifies fo_ : o L
w= & @
8w -

‘if pH =B, with eons'ron!‘ p. In ferromognehc morerlols, pis generally not con= .

"sfcmf, and Eq. (1) then yaelds cons:derobly lower . energy densmes for a gwen _ |

sforoge !"leld B fhon does Eq (2) This is fllusirated in Flg. : Accord:ngly, s

| when iron is used the energy should shll be sfored outslde fhe iron, From Eqs. e :

i N ond (2) we see that the presence of fron ulways Iowers the energy fhot s -

stored in @ g:ven volume at o glven field B, The odvonfqge of usmg lron Iles

- purely in lengf'hemng the L/R decoy-hme of the mduchve sl'oroge Fuclhfy, thus
o sowng on the chorgmg—power requaremenf or on the omounf of conductor needed
in the coui ~Since bulk iron powder is relahveiy checp, compured wrfh fmlshed

conducfor wmdmgs on a volume-For-volume bosls, it mokes sense to l‘hmk of B

usmg fron | in mduchve energy sforoge focuhhes. -
ln order io deduce fhe opt:mum amouni‘ and shape of i iron ond conducfor, o

we corry_ fh_rough a generohzed analysls, whrch o?so mcludes fhe case oF the pure' '




E __.defmer

‘,TE/ 4“Idv //{QL ‘.Oi

. alr~core coil.
Let the energy be stored outside the iron, in any case. Theﬁ Eq. (2) -

qppiies, and the tota! si‘ored energy-"ls

kv&u ;, . f”  :  “®

The flux pc:ssi.ng fhfough_ the coil is |

§?~3Mn-§' -; . 3;  ' M. 

Ac

. where A¢ is the inside coil area and % the unit normal. The power consump=~ :
. Henis. ‘

"':‘whére I is the total ampéré-turns in the coil and R is the resistance of the

el :f it hc:d on!y one furn.

Now PR rlgorcusly correcl‘ reluhonshlp is

- where d& is an elemeni of lengi’h ulong a fleld llne, ihe ml'egrul bemg l'uken B

- all c:round a clc—sed loop. Lef ) be the decay-hme oF the stored energy. We e

&



: From Eq. (7) we see that .If i is !urge almost everywhere fhen T tends to be
very IOng, and we can’ cFFord to economlze on conductor material by mcrecsmg
R: On the other hond, os clrecdy noted, fhls c:pproach gives us less cnd less E:
' For a glven B, and since B is limited fo 10 20 kl!ogauss by fhe safurahon orf the = -
. aron, we run lnfo the h'oub!e of sfonng foo little energy. |
| o .s.,ee where the prc:chcal ophmum iles, it is convenient to use the -

e foHowmg analysls. Let the volume mtegra! in: Eq (3) be dined Ups

g

. 'wh.ere A(L) is the effective area of the flux at some'poin.t'b along a represenfa~ -
tive field Ii'ne'(see Fig. 2. Let p and B be approxrmafely constant over A. Us=

mg the fact fhcf the Fiux 8 IS consfanf along 4, we then hcwe

E = ;é.jdf;z | e
Y T

whlch we recogn:ze, in Facf, as bemg exacfly correcr s:nce g = LI cmd
21 S
3 5 L1? . For 7 we then hcve, of course, T = L/R

o 'We 'now consrder fwo alfernafives mr-core conls qnd corls wound around

“an iron yoke with an orr-gap, In the. gir-core cc:se, rhe Flux comes from @ =LI,




50 fho'r P and E are Proporhcnai | in the uron-core ¢ase,; @ constcni sqtura; -
- tion flux § = Bm Ac is set up over o wide range of I, Thus, E varies only czsl
Cpia wﬁ’hm the current range lying befween suturahon and quufe smoli vuiues
of 1. Geneml!y spec:kmg ' the iron-core mefhod is most cppropnui'e when DC
' '_ -power is very limited and weight of the mductor is no serious cons:derahon.
The air-core method is more cpproprmfé when there is pleni‘y of DC power |

and one desu'es to keep down the we:ghf of the mductor.

'l) Analysus oFAlr-Core Inducfor :

The coil thaf has the greatest mductance For a- gwen res:stance s . _ e 7-7' B

the Brooks co:l shown in Flg. 3. For a smgle turn, the. mductcmce s - e

. 'L.:

0127 d '_ pf. e R PR o

|1

i

12.7d --_.'_e.'m".h.- L - R -(n)' | _ ;;'

: - . where d is the inside coil-diameter.  The single-turn res'gstaﬁce for .. =" ‘- T s

aluminum alloy of twice copper resistivity is Ll e gz e -.-;,..::';_: NS

o

. __.8_'... s

- §-c.¥—6 104 e.m.u. e ()

' so that - .'

'r= 1.5 d? 10°% sec e ': - (13) . o '




-

N Sl e S .

5o that

From Eqs. (5) and (10) we then have simply

lP'r
2

" The weight of the coil is

M = .82 7% tons R () .

A 2-ton aluminum c0|| w1|| thus requnre 'Il kllowal’fs to s!'ore 10 klloloules.

Thls is rather meFFlcient energy sfomge, since the mean storage fleld is low. o

To ca!cu!ate thls, we note fhaf

| .'LI.'_-‘-._ A B-._o._"...' i o ..-.-'_'(17)_'

C

_Now Ac ~ d2 <1,2 304 cm and 1= 120 kslocmps— 1 2 . l(}4 e.m.u.,

- 50 fhaf the mecm stomge fle!d Bo in fhe |nterior of the cml is only 1400 guuss. =

o 'fhe same sfomge coil cou!d easnly w1fhstcnd 400 hmes the energy -

densuty == in other words, 4 mega |ou!es s!'orcge al' 4 4 megawaﬂs chcrémg R
.power Such a h!gh chcrgmg power is not unrecsomble |f drawn trcmsnenﬂy

from rotctmg eqmpmenr. Aiternotwely, one could cut the c0|| size by usmg

: _hlgher power at 550 k:lowoﬂs, one obfoms 50 k|10|ou|e storage in a 63 kllo-

gram cml at By = 18 000 gcuss. Thls kmd oF operahon is porhcuiar!y

i  -5-




o :cppropricﬂ?é ff the inductance is charged from o slow ccpqcifor bank, for
test purposes, or to make the capacitor energy more rapidly available.

- If, ﬁoweve_r_, oﬁe needs to remain at low chc_rgi'n.g_pc.awers,.then ff\e
‘most eédﬁoﬁféﬁ l_.mQVe.. '.is'.._ro_use_ a chedp iron=powder core. in that case,
B .rises to By, without expenaifure of power. Thus , & becomes mufﬁ-

plfed by Bin/Bo, which is a factor of.cbouf 7. in i‘h'e. 1400 gauss exqmplg
qﬁofed above. From Eq (10) we then se.e'r fht_ﬁ' .tﬁe enefgy storage in=
'creose.s.by the scu‘ne'Fqctor. Bm/Bo ._Witholuf_a_dded power needs. In prac- -
" tice, one must take into d’céounf the relative cb_sf of co'n._duc!'or dnd Eron,_._ ;

and optimize the proportion. -

2 .A‘nd!y_si.s.of |r6n_-Ccré Inductor PSR o ey

_'Frorf_l Eqs.'(5). and (!0).w.ehc:ve

R ~which shows right away that this method becomes ﬁdﬂiculurly _oppropriarl-_e' -. '

~ for small P. For a coil of cross-section s? and diameter d, we have .




where T is the resistivity. If the volume of the conductor is

2

Ve = wdst ey

and the volume of ifon needed to make a nearly complete yoke of cross=

“section A¢ s , : o
v, ~ 3d° @)

f ‘ e we can rewrite Eq. (18) as o
P m i i
T E = '_072 1/2 VI /3 | VC_A..

_ Nexf, we opﬂmlze VI relahve ro V . lf the cost of iron powder se |
hmes fhe cost of conducfor per unit vo!ume, fhen Iet us deﬁne - |

e 'so fhuf Vc isa rneusure of rhe toml cost., Max:mlzlng E for constant Vc P
' ~ The corfespond__fng_ eneré)f_i_s"" R _
: E 041 '“1’4_'31",’" Vc ST (.7)-




e -mokes up fhe )foke. (Use of chcrglﬂg Power higher than P = 10 ki!owafts o R rrmd

_'we ca!cuiute i-he porqmefers d = 120 cm, s = 55 em. RIS Ll w e

.For aluminum windings as in the prior example, ond for a conservative

: B, =10 kllogauss, we have at P =10 kilowatts = 10** e.m,u.,

7.2-10n M7
: 1

I

a.m,u,
¢
. %8 e '
= 7 2 = M2 k:lopules - {28)
gp deede @)

‘where Mt is?.the'mdss of conductor correspond'ing to V', Comparlng this . _- o

.' with the air-core Eq. (16), we see d marked mprovement. When M* =2 fons, e - -

e = _.2, we now have E = 23 k|l°|ou_|es.“_ SR e SRR -'lgg-f-f---;-_:.-.:'

Wheh M*'=5 tons, we have '-E = 50 kiloioules; In that case, fhe réal'

- conductor mass is 3 tons and the i iron mass is 30 tcns. Thls amounf of i fron. is

3 not too mconvenlenf when shlpped in modulur units ond used to flﬂ a box that

- _-wou!d a”ow @ mass: reduchon proporhonal to P %. ) For the 5-fon exumple, 3




__II) RELATIVE USEFULNESS OF CAPACITATIVE AND INDUCTIVE :

ENERGY STORAGE AT HIGH REPET!TION RATES AND HIGH :

LOAD INDUCTANCES

Ecoﬁomcc studies have been curr:ed §ut prewously‘ for the case of s:rrgle-pulse

. operaﬂon, comparmg the cost of fhe mducfor coni P_I_L_:s_ charglng supply, wufh the cost
~of fhe equ:valeni‘ CdpQCIi'Of bonk and accessor:es. It is fyplcaﬂy found that only at the
100 kllo;oule level does the mduchve sforoge begm to become odvunfageous. U

Af hlgh repehhon ra'l'e, fhe snfuahon is ultugefher difFerent The L/R decay flme '

- T of the storage |nduchnce determmes ihe mass M of the coil (typical excmple- copper e

. Brooks cml), .

The requ:remenr on T is now T 25;‘ 'r ’ where I/'r is the repehhon rafe. This con- '

o :l'rc:sts w:th fhe smgie-pulse snfuchon, where T = 2E/P and where T must be mode

R !urge sf fhe chcrgmg power P s to remcm moderqfe. For h|gh-repefihon-rote opero- |

i'lon, Pis Fixed af o
Gk ”9"’ B @

whether cc:pacnfchve or mduchve storc:ge is used The cddmonai cosf for fhe co-

pacni‘ors rhemse!ves is proporhoncl to E, roughly at the rate of 5300 per kslopule for . Co

B .



a very large bcnk .m.'nd' $1000 per kf‘loioule for a small one. The cos; of the induc-
' frve storuge at very high repehhon rate is olways llmtfed From below by the me=
: chuntcol si'rengfh of fhe COII Ai' a conservoflve 25 k:logouss storage fteld which -
cduses no mechonlcal or heaf—removol problems + One stores 2.5 |ou|es/cm ; corre—.
o spondmg very roughly fo $10 per kllo|ou|e for large fcclhhes, and $50 for small
ones, If T s large enough to set fhe lower llmﬂ' on corl size, vio T >> 'rl., then
the cost foliows From Eq. (I), _ond is _g:ven roughly by_ _ | ” |
- $ = '1_0,0.00 A | | o o @)
_. These various conslcierahons are mcorporafed in fhe |lius¥raftve duagrom of Flg. 4
These cons:derahons obour the cost of fhe stomge facility, howevar, may not
turn out to be of critical lmportance in the cho:ce ofo prachcol umi'. At high
repehhon rate, the cosf of the power source tends to become much greai'er fhcm N
" that of the storage focullty. In that case, ihe key :rems in fhe comparlson of o ca=
pucnfors und mducfors are: (o) the energehc eFf;c;ency of fhe dtscharge, and (b) .

| . the relohve cosi- of hlgh-voifage and Iow—-vohoge chorgmg power. B :

The energetlcs o!-' the d|scharge Wl” tend to Favor copoc;fors, excepi' in unusuc:l' o

ysttuohons, or in case a hughiy eff:clenf mterrupter elemenf can be developed The -

economics of fhe chargmg supply fend i'o favor !he mduchve si‘oroge. co
'. IF the load has hlgh |mpedance, s0 fhaf !ow-currenf, ulfm-hugh-voltage puises e

" are ccl!ed for, fhe induchve storage is pofenhclly at s besf, since it mu!hplies

Ca10-




the charging voltage, while the capacitative system _mulﬁplie's' the charging

current .. With suitable design oF the interrupter elemeni‘ , the storage inductance.

_'can generote any desnred voltage dlrecfiy, wuthout need of an clux;hcry transformer. :
If the' ;nferrupﬁ-er elemen{' ccmnoi‘ be des:gned to folerate the needed volfcge, fhe

' tru_nsformer feo_i-ure can be mcorporared-d:recrly into the storage inductance, thus

- mlmmlzlng stray magnehc energy (Flg. 5)

One notes also i‘hﬁfaf high repehhon rates, where the cosf of elfher mduchve

L or cupacufahve sroruge becomes small relahve to the cost of the needed power

o supply, it makes sense to comb:ne the two, placmg a shunt capacﬂ'or across rhe _

load to maximize. the effsclency of the mterrupfer element (Flg. 6). In th is way ' |

_ -low-volfage chcrgmg of fhe mductor can be combmed wufh nearly 100% efflczency

of energy fransfer, as For the cqpocﬂor bcnk For u!tra-hlgh-voifage operahon, '

L the shunt capccutor con’ consusf ofo series of capaclrors with graded potenhals, and,-

' due to the franStence of hlgh voltuge ; the corona problem does not become severe.

-1




Ill) ANALYSIS AND DEVELOPMENT OF BROOKS COlLS

"FOR INDUCTIVE STORAGE

1) Considerations Regarding Optimum Inductance Coils :

It is found that for maximum inductance, with r'a-given tength of chosen

' wire, fhe mean diameter of fhe furns should be 2.967 ﬁmes the dimension_

5 OF the squure cross sechon ( 20 - 2 967) However, fhe maximum s mther |
s ¢

flat, For all prachccxl purposes, if this parameler is chosen to be 3, such a
' con] offers an lnducfance only 2 parfs in 100 000 Iess than the maximum .

cffcmoble with the chosen wire Iengfh The lnductance of fhls coul is glven

e

: by the formufa

L= .01'69'940 NZ ph S

' Where:a is mean radius of turhs and N is the total number of turns. How- i

_ever, th:s formuiu has a bunlf-m assumphon of a complefely filled cross- :

_ -sechon cmcl a umform currenf d|sfr|buhon. The effecf of a unlform msu!afmg L

oy 'space_ be!ween furns cnd befweenj !oyers is gw_en by o ¢orrecrion term

AL = 0041ruN [Ln.ée + 1381+ E] @

~ where - 2 is the disfdhce between .cenfers of.qdiac'ent wir-es cmd : 51 is the

B dlamefer of bare wire', E is - constant dependlng upon fhe number of Iayers L

) e c:nd number of turns in ecch icyer.' E is usual!y qssumed to be 017

Cs2-

e
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¥

- and so we have - -

_ | C:c,r_a_sequently, the corrected value of the_.inducfance becomes :
L+ ﬁl_. = {l + _(.739/N) [Ln (p/&l) + .155]}L |.xh_'_ (3)_

Whtle the dependence of the mducfcmce L on the frachonal cross=

section of conduci'or A Is seen fo be quite weak fhe resusfcnce R is, of

' cou_rse,, inversely propor_i'lonal to A, The resistive decay hme T s then di-

- rectly proportional to M dnd we huve'for the stored energy

- '-E ;.

-;— P_T‘_’ 7'\7 : S | ” (4) " |

~ where To is the deccy' ﬁme for a coil of =1, The welghf of an air-core

. Brooks conl (see Eq 15 in Sechon l) is now reduced fo

For A= I, we get the mosf energy sfored For a glven P cmd M For A< ]

L (hoilow fbblng) fhe needed mass goes like 2™ é For f:xed P and E : )

For an iron~core. c0|| Eq (!8) of Secfion l becomes
CE =l n Ac f’i 'x% R e

13-




: _éo that the magnifude of A drops out. ;fhis just means that with c.n'iron-
core of a given size it does not matter how fhe conductor cross sectlon is
dlsl'nbui'ed ms:de the core window.

The relations that exusr befween the prmcnpcl dlmenslons of fhese

' ophmlzed stomge colls are ll!ustmfed in Fig. 3.

2) .(::Qnstrucﬁ..on.of Exéérimeﬁt.{:.ﬂ” Enefgy Stbruge Indﬁctor .. _'
A‘srﬁaﬂ experimental inductor was d.evelop'ed with .a threefold ob-__'. ._
' 'ier;i-ivé: o | |
iy To prp\(ide on.experimeﬁ?ql .induc':ic_nr at 10 —20 ki_loiodles s
' Stﬁ.rag.e.', i_nteﬁded for studying the discharge and iﬁterrupﬁon
o -'_'ﬁréblems'. Powering is by a cqpﬁc_:itor bank, .di_schq.rging_in | |

1 millisecond info the inductor. -

.
=
© Y

To étudy the efFecti\)eness and opfimum shdpe of iren cores, '
_._-usmg the capoctror bcnk or fhe IIqUId mtrogen plus DC power.
THIRE To sfudy the effechveness of Ilquad mi‘rOQen coo!mg, chcrgmg

. .the :nducfcnce from o DC power supply

The mductor we:ghs 50 kllograms cnd is waund of copper conductor, _

with a smull ho!e for cnrcufchng water or liquid nm-ogen. The induch:nce.
_ o _..L =.;_.:-.23 N ph- - . . (9):_-_.__
: '-':_.w_here'_'N is fh_s-:_nl.gmb__elf- of ty_'r.ns._' o .. Lk




___bcmk

The resismnée is _ :
o R = 2.3 N2 10-8 Q | B | __ Rk E '(1_0) B

' Th._e'deéay cbﬁs_t_cnf is T =100 miﬂis_ec_..: T_H:e dimension "C" | is 9 cm,; so
" that the diameter is 18 c?n, - The mean storage field is 15 kilogauss,
For chcrrg_ing from ﬁ,capacifor bank of 10 kilojoules energy at. 10 kilo- |
" lets'; with a chﬁrgiﬁg time oF ] milliseé cmd a éurrenf §F 3 kilocmps, we
need N= 90 turns., The conl is rnqde of 10 windmgs of 9 turns euch, w:th '
.thetr ends exposed ) that they can. be connected in various ways fo srep

_ _up the dlschurge currenf or to cllow more I'Gpld chcrgmg by the capac:tor B

For DC chargmg at 3 kl!oamp peck, it would requ:re at least 200 kl’O"..
._:..waﬂs to achieve 10 kilopuIes srorage.- Wlth I|qurd—nafrogen coohng, this
:ccm be cut to 24 kllowqtfs. The cocllng down costs $7 und the operahon

.. L costs $164 per hour. Each churgmg opemhon should only take about 4 sec- o

_-onds, 50 that the cosf per pulse is only 16 y! - R |

Slnce the mean storcge fleld qt 10 klIO|ou|es is 15 k:logouss, iron ls.

-not helpfui The poml' here is. that iron becomes economnca! only in the |

o case of low charging power, i e., for larger cmls and Iower siorage fie!ds. :

o Whut we cdn do, however, is to study the eFFecl' oF aron, leﬂmg the storage_ =

o -:-energy drop, for exomple, to 1 k||o|ouie, whsla the DC power drops to 20

L kt.lowaﬁs at room tempe_rofure,- _or to 2.0 kilo_waﬂs at _LN femperoture. “For .




" convenience, the iron-~core coil can c:lso be pulsed on by capaci!'or

“bank.. The core can be Fllled with'iron powder convemently conramed

_ “in plashc bags ,—-whlch are- then iGped together to- apprexlmete the de-"

'sn'ed conf:gurohon. Table ! presents a paramefrlc study for the s!'oroge

' :mduci'or For two cases of ?\ 0 31 and A=1 and fwo conducfor mcrerla s,

- copper and alummum . The geometry outlined in the flrsf colum_n was-

. selected for the first experimental inductor, IND-1..

_ - iu =
G — o
o -~ - ~

o ;6'_'--' .

S

e
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3) Expenmenh:l Studues wnth IND 1

a) Measuremenfs of IND 1 Electrical Parcmei’ers

To determme the elecirucq! pardmel‘ers of the mducfor IND-1, .
che ends of the corl were clcmped securely wﬁh alummum biocks |
o the 1gmtron mounhng plate of an 800 pf- 4 kv cupamfor bcnk
g The bank was charged to the desired voltage and the :gmfrons were
__theh trigéered shorﬁﬁg" fhé édéﬁcifors. info IIND-III . .The féguiring |
dlschurge was observed wsth a high volfage probe across fhe coil
-and a Rogowski loop cround the conducror. Pictures of the oscdlo-'
scope traces Furmshed the dafa reqmred For ca !culqhon of maxumum
i §0|l curl;ent, corl lnducfanée; con! resusfance, ond efﬁc:ency For

& energy frcmsfer. The analyzed dara prcvnded the followmg resu!fs S

Measured Parameters Computed Parameters

"'__in.d.lJ_cfance'-'.- C 286x10°H _255xm"3"H_'7""'
. _Rési's-t'.ut.\ce' {room temp.) 0.097 ohm 0.075 ohm '
...Currenf (ut 1 kv, 800 Pf) ' 512A . = 542A | |
Y 2kv, soo o 102A _3-___1034;;
Tm'nsfer Energy Efflt:ien::yﬁ-- S o ) ‘- R
(k) 0% 4%
_ .::j._(z kv) - o .. o ot

ST P




The computed current values were obtained by means of _
L Vv | o
ARy _.( o -

" using the measured parameters, as listed, and t =7, = 2 msec.
: . ' . ) . ) T . )

o b) Fleid Scuns of IND leorage Coil

To determme the mcgnetlc Ete!d conflgurahon of the !Nb .]- o
| _si'oruge coil, @ field pick-—up probe of An= 3.945 cm? was mounfed |
o '.ron a stable sccmnlng device whlch could be moved along three perpen=
_dtcu!ar dn‘ectlons. With the scannlng devnce in piace over the storage
coil, the capacitor bcnk (800 pfat 4 kv, 6, 400 |oule) was d:scharged
.'-..through the conl Eoch fleld meosuremenf was made under ldentical
- -condlhons 50 as to. obfmn i'he f:eld proflle of the coil.. .
The mfegrated Ol:prUf of the probe was dlsplayed on an osc:llo- P
' scope and the fleld values were then calcufcted usmg the recorded
‘ ‘.-..trace cnd the kno;wn parumefers of the prébe. - |
Fleld scans were mode in the Follow:ng manner:

-.Verhcq!

o DR Lo o _' _ o a) - .Flux densuty c:long axis of IND~- -1 storage conl
- e ! . (see Fig. 7a) : :

Cb) Flux densﬂy ulong mside wcll of IND- 1 storage |
'-coni pcrallei to co:! axis (see Flg. 7b)

S [




c) Flux densﬂ'y along outer wcll of IND-1 stomge coil
parallei to coil axis (see Fig. 7c)

" Horizontal

| a) Flux density of IND~1 storage coll in the equatorlal
plane of the co:l (see Flg. 7d) . .

- - -~ - - - - - -
e = i - = - - e
- 2 -
e - R - R
El

-':;20.-




IV)EXPERIMENTS ON IRON POWDERS

1) Geneml Experimenial Procedures

~ The 6biecf is to determine the optimum shape of the cofe, ond the
| ﬁerférmancé_ of various po.v'.rders.'. The M caﬁ be measured directly on
| 'g.niall samples by uﬁing the standard forsionfbalonce fé_chnique ,7 ;Sr by
' embe’ddi_ng different~shaped magnetic probes. This is ba#ed '_o_n the fa~-
: .mﬂiar confinuify of.B L | |

ldﬁdH

norma tangenhal

To determ:ne the perFormance of powder cores in the mduchve coil,
it is conven:en{' to make meqsuremenfs on the curcuﬂ' msfead of on the -
' mechum We wunt fo measure bofh dr /dl- and ofso V across the COil usmg

-a fast enough osclllahon 50 i'haf R is small compured with Lw. Then -
V = 1(dL/di) +_-L(a1/dr) S

dnd we caﬁ detemine-ﬁow both I and L vary. _We_ ﬁpw define o
ChETA, @

o _'where Lo is the cod mductance in the absence of iron. Then pc = 1 in_

'E‘-:ithe absence of iron, We also have S
feanz e
., .Lo'.rh " ) (7)

mo o m
no

Co-2-




which we want to maximize for a given h. This situation corresponds
" exactly fo the usual expression
= ‘[d\/ jH dB o i - (8)
As dlscussed prevnously, we must avord havnng b reach its maximum
) value for too smuil un h. Thls ccm be occomphshed by mi'roducmg
o cur-gaps, as needed mto the iron core. - | _
To measure b, we |usi- mi"egrate V across the coni To measure h, .

we mregrate dI/dt. To obtain the normal:zmg factor Lo ;s we flrst

~ run the measuremenfs-wu_th no iron in the coil.

-2) - Permeability Measuremenfsﬁ |

Permeoblhty meusurements were conducted oﬁ the foHowmg types.

of powders avallable from Hoeganaes Sponge fron Corporahon, anerton,‘- o

- New Jers_e?.- |
SE R R TS RiE s R Denssfy (Q/cm )
Type - Composition (nor compacfed)
- :-m}.iod_‘ . 9.8%Fe o245 B
| ) ’.EP:—1.024__'_. 99...0.% Fe = _::' 2,55
o ._.'MH-SOO?" : .:"98_'.0%'- Fe,_O;'Z%:SiO; o 280
 GradeB  %6.5%Fe,03%C 240




.The values of B fo_r.fhese powders voz.ries considerably oeoendiog on ‘rrhe
..".pocking factor”, .i eur .i'he ratio of the voluo\e of the metal to the |
- 'volume filled by the powder. The groph of Frg. 8 |ilusfrofes this phe-_
_. .nomenon for a fyplcol iron powder. ' |
The cost of the iron powder is refuf:vely smoll For example, the_
'.cosf of ooe or more tons of Grade B powder is $ 0925 per pound
The method for fhe determination of the powder permeoblhhes in- |
:irolv_ed the use of three I_tesf coils with differe_nf--inductonces. The pc:-.- B

~rameters of the coils are given as follows: .

Coil - . A B cC

Layers ._ B! '-___.'2,'3' 3

Number of Turns 262 655 | 933 |

Length (cm) 1719 7.80 | 7.80

Radius (em) = - | 0.91] 0.92 | 0.93

~|Inductance {uh) - | 360 | 1500 | 3375

R_aei's‘fonc_:'e_ (oh_ros). 5.98 | 12.98 ] 19.53

| Thé coils were formed'by winding wire Type AWG.SO ona '.groduated B
e test tube. After obfmnmg the coil porqmeters a contro!led volume of |

. the powder under lnveshgohon is poured mto the tube and lnfo a beoker S

'_ 'whlch encases the tube. ‘Since the mass of the powder. is olso-deterrnme_cl,




. the density is a'ccurcfely known, During the experiment the powdaers
' 'are not densrflad in any way, The density values of the powders at
the hme of the permedblllfy meesurements are given in Table I,

Wlfh fhe powder in cnd about the coai an mdhcfance measure=

. ment Is made and recorded, Employlng the mduch:nce Formu!a fora -

_coil ' '
3 '4¥FN2 S

- where r is the rudlus of the coil, N is fhe number of. furns, and -!-
s rhe lengi'h of fhe wmdmgs, |t is posslble to determme the perma- -
N obxllty, "'p s of ?he powder from fhe relatlonsh:p

: _.-'where Fa cmd L, are the permeablhry ofulr and mductcnce of the

o coul ln air, respechvely, cnd Lp is fhe measured mductcnce oF fhe
. coil in the powder-'.

Durmg fhe meqsuremenfs oF the mducfances of fhe vurlous

" | powders, a vacuum tube volfmeter is placed fn fhe c:rcun! so. that

o cml frcm the re!c:honsh:p

".the voli'dge reading of the conl can be cbfaaned Usmg l'he voltage '

"'3__'obtamed, Ii’ is posmb{e to dei'ermme the vc:lue of the current in the

V/R :” " i j“ lUU;3

-24 _'_ i




where R is the measured resistance of the coll.
- Utilizing the expression _ } _
=NIA o (2
- we may .reddily'_dérermine the value of the magnetic field intensity, H.

- The flux density is obtained from !‘he.ralaﬁonship_ o

- .The resulfs obramed are summanzed in Tablé l.l Figuré é(a) iflusfrateﬁ =

.the relohonshlp of the Flux densui'y and the magneflc Fleld mrenslfy For B

S i‘he vcrtous powders. . Included in this flgura are the resu!i’s from each of
the expenmentc! coils. Flgure 9(b) expresses the permeabnhty of fhe.

B -'-‘_powde_rs as ¢ Funchon of excitation _cur-rent.‘ o

=25




. TABLE

COIL A

POWDER

DENSITY] L

g/hnF'

mh

A%
v

T

amp

gauss/Qe

| MH-T00

2.45

1.582

0.13

0.022

4,52

0.080

gauss

0,362

EP-1024

2,72

0.13

0.022

4.69

0.080

0.375

1 MH=300

- 2.63

1.640

1 ._390

0.11

0.018

3.97

0.066

0.262

2.69

0.09

3.60

Grade B

11,260

0.015

. COIL B

0.055

0.9 |

MH-=100

2.45

17.020

0.86

0.66

4,67

0,55

957

2.70

7;042

0.90

4.69

0.58

EP-1024

© o { MH-300 _

2,64

6.375

0.78

0.69

0.60 |

4,52

0.50

2.72.

2,13

5.345

0.64

.46

| Grade B

2,64

0.49

o coc

3.56

0.41

I MH-100

15.53

1.96

0,100

4,60

1.20

5,52

EP-1024

2,45

2,75

16,10 .

2,00

0.102

1.22

1 5.82

2.64

13.53

0.087

477

417

| MH-300

1.70

1.45

4.01

1.04

' '€3  f; Cﬁﬁde B

2,69

0,074 |

3.54

4_26-- P '

0,89
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lron Powder Experiments with IND-1

" @) . Uncompoacted Powders

.' The Fd“owing secﬂon illustrdtes the inductance change,s iﬁ-_ :

'volved in placmg iron powder packed in polyefhylene bags in

- various conf:gurchons in cnd about the IND 1 Brooks corl

The mductonce measurements uhhzmg the iron powders are

= - obtained by means of o one-turn field pmk-up cozl by which it is

p0551b|e to measure the current. change wnth respecf to hme, dI/df

This value; together with the expr.esslon I_

L = n2/4niC SR o e

---'whéré T is the period in Seconds and C is the capdcitance in farads,

- determlnes fhe mducfance, L.

In Table fris presented a schemahc of the cmf:gumhons of iron

'powder used in the expenmenfal evaiuahon und fhe observed :nduc- '

h_:nc_e mcr_e_cses, AL, where_

NRENIORRY IS R

- It will be 'c':bser.Ved that "'!'he grecfesi‘ in&ucfcnce incfeas_e occurs_.

E for configumhon D in. whlch the poiyethylene bags of powder are

- placed throughou!' the entlre core of the conl

'.--727 -' -




: '_R_eshlis with other configurations may be summarized as

" follows: . _

."..__-Configumﬁo'n R .AL=(L§- Y/

D-1 | 54%

H- ~ 65%

K T 8%

- Powder packages are arranged similarly to Configuration D

except that packages are lengthwise in the vertical direction

. permitting o greater volume of powder to be placed in the
center of the coil. . Lo

- Powder p&ckages arranged with center fully packed as in

D=1 and with opposite continuous rings of packages. -

~Center of coil as in D1 with two continuous opposite pairs
-ofringsc_t~_90°‘. _ _ o R Lo

Center of coll as in D=1 but with three continuous opposite
pairs of rings af ~ 60°. ST j

_23 B




~ IRON POWDER CONFIGURATIONS |
CYABLE 11l

. Configuration A

P - Configuration B -

Srs

' Threa bags u!lgnad ulong'—
: aquutormi plane _

LP—180mh
AL = 6%

G

Configumtion C

Six bugs a!:gned along equafonal :

' p!ane o
' -LP = 1.74 mh

" Configumtion D
N N %j o 4 .

 Center of coil complarely ﬁlled

- w:th powder packages ' -

. _Lp = 2,11 mh
”-A'L'= 24%

anfigﬁrat_ioh E

QOC .
Powder packages arranged in continuous
ring abouf coil . o

.LPI-_ 1.91.;;._!1-
aL = 12%

- Conflguruhon F

AN

AL = 14w

Powder puckagss in opposﬂa con=

o tinvous nngs V
R 1.94mh_--

- Cﬁnﬁguwtidn G

Opposﬂe contmuous rings ioined by' -

: '_ powder packages

L, =2 07rhh
AL = 22%

Co-29-




.b) Ccmpacfad Powders

Various grcdes of powdered zroc were compacted hydmullcqily
B _at different pressures in i‘he range of 10 - 20 tons. The degree of
= _densuﬁcaﬂon obtained for the various grc:des of powder as ¢ function
of the apphed pressure is :Hustrated in ng. 10 Measuremeni-s indi=
cated an increase in the permecbllnfy of the compacfed samples byc -
factor cf two -over the non-denufu ed stote : | | |
The pcwcle_rs were compacted icto small cylinderé of -oxial lengfh
~ 1,5" and radius ~ 0 J5 Approxlmately 50 of these samples were
B ploced in the core of iNDe The gecmefry of the samples precluded_l
a _comp!er.e__packing. of .r_he _core._-Consequenfly, d _total u_|r'gdp of
.fe 35% rerﬁained in IND-i . .An in.ducfancze r.is.e,: AL,_'. of 34% cyer S
the air.indccfance, Lé , was obsen..re.d. with rhis configuraﬁon. The i
' _placing of small undensd’led powder packqges around fhe perlmefer of
..__..._jthe core produced on. mductance rise oF 49%. Thss !otter confnguwhon
stiil possessed an air gop of 25% in ’fhe regzons befween fhe md:-
'wdual compacted samples.. These meosurernents are somewhaf less fhan |

T the observ:ed mcremental mducfcnce rise, AL for the undensnﬂed pcck-".ﬁ

L _-mg of the entire core volume (see Conflgurohon K) Consequenfly, .

o - with ophm:zed packzng of the compacted bi!lefs, i e., w:fh the ehml- L -

~ nation of fhe 25% air gap, an mductunce rise far i in excess of the value '




' obfained for the uncompacted configuration would result.

. From the above considerations, it is apparent that o more com~

~ plete optimization of the inductance rise may be cbtained by the

“adoption of two measures.

One pld:{ would be to select a more appropriate cross section for

the compacted samples s0 as to increase...the..perceni’age' of iron ih the
- B cora vofume. it is feit at this time fhat compachon in the form of
' prlsms would offer a much more effechve method for fl!lmg i'he center _

';oFIND 1.

A second measure wotaid be the appllcahon of greater pressure fo

- fhe samples ; thus :ncreas:ng the packmg facfor und consequently, the' :

permeubuhty- of the sample. o




\'23 THEORETICAL CONSIDERATIONS ON INDUCTIVE

SWITCHING EFFICIENCY

We treat here _rhe.sIdr_u_dord :Ircuit for discharging a storage inductance:

Lt < I <~ " Storage
' ' Inductance

: LM{ZD 134(:/ o

) We WIII c0nfme ourseres toa dwsnpahve type of mterrupfer (as dlshnct frcm _

cupucﬂuﬂve), and we wull caiculate the energehc efflciency of the CITCUII' [

E .Inductdnée, etc. _. ' o
| Af time t =_O,._w'e h_a.ve |

© for the mosI' generu_! type of Iood impaddnce, mcludmg nrne-varymg re_s!_sbnce, -



i the initial energy in the storage inductance Ly = Ey , then the amounts
-of energy that have gone into the load and interrupter, and the remaining energy =
~ In the source are given by

& fodf_v:f:' e

B = E -_[odf.YIs S B (5) o

 We ';;°'9 that the voltage -V across the source can be written )

 so that .
©where .
“Wealso have . - | . e s : -
LG

Using Eqs. (7) and (9) we can write (4) in the form

-3




“From {2) and (7) we have | _ _
_ _ 5
I, =1, +°

o o Lg
where &, Is the value of & at t=7,

- Thus, Eq. (10) be&omes
g-Jog - rgm-ab an
' Finally we write (3) and (11) in the form
=] @, 0
Yo ' o S -

 7;103 *'

" From this result we see that the efficiency

" becomes 'o:p.firﬁ_ol when fhe..{'.hird term on the righ:i-'in Eq; (13) is sm@li,: |.e, c
when ey
I>>-~ = = (T = Iy e (18)
S S LGB

‘5o that only a smulHrcction ofzthe stored enérgy is extracted on a given pulse. -

' ;34-




‘Concentrating for the moment on this regime, we then have left:

1l

Eg, | de@ :.[‘L

: .- o
=8 L - J;.CW IL

This shows i“hut the efﬁmency depends basnca!ly on the & - I& relahonshup |
_ {"cr I'he load that is, on the load |mpeddnce cnd ifs t:me-dependence.
1 the toad imped'onc'e V/IL' is_ihifiully'high and then drops oFf, as for -

an inductive load, we have fypical!’y'the fol_lowing situation

-_.'_?_'Whe.re the shaded area represents ‘E,g_, , while the .ligh_tl'y dotted arec'répresénts' '

E;. Specifically, if the load is a constant inductance Ly, we have

8 I'.f,

df

In that case we get E,;_, E; und e = 'I/2

e



" If the load impedance is a constant resistance, Ry, , we have

Ry Iy = V- (18
o1 ds e
T4 S - S 9
b Ry dt -

In that case, ‘we are free to control the relation between I¢, and &, simply by
“the fime-hisfcry of the impedance in the interrupter, Specifically, we should

' try fo interrupt as quickly as possible, so as fo obtain the type of result illus-

trated here: e T e ST

i

Iy

.§1 |
In ﬂ‘NS case there i isa conhnued flow of energy from the mductwe source l'o the
resistive loud P oﬂ'er the mferrupter is open. Hence ’ another way of descrlbmg

the situation is to look back at Eq (13}, let the I-L - & re!ahonshnp be slmply

' I'L = §/RL 'T ’ o 0 s t <r i | (20)
= Il_ : ' f:-r
n . wee




. and to obtain

. R 1
LY 2y B

Vl'_ 2’1 (R{,T + Ls) |

%Ru e+ 5 ey

The energy transferred to the load during the time T is only
but thereafter the energy l.Ls 12 remaining in L; is transferred in addition.
- Thus the net efficiency is
_ RLT‘"Ls |
R,L'r + L + R,;,'r (1 + —_—

ENE
w1

A 1+(R&T/Ls) (24) -

~ which céam ieuds to. the p.re.wous r.esulr fhct thé Interruéhon h;ne shoﬁld be
as shorf as poss:ble | | |

If the load impedénce .ls. capﬁcifative (of ;ﬁvoivés an mdﬁcténce th.c.tt.
. mcreoses sfroﬁgfy wuth hme) %hmgs are shll more fuvorable, becau;e iL | R

' necessan!y becomes lorge before @ does.‘ We then huve

IL—C*» . _‘W TN 8




. which leads naturally to patterns like that of the second picture. If, for_'

simplicity, we adopt the model =~ =

I, =8/Cyt? , O0stsT

L, ter

TSE o

_ISf r

" We can follow the same procedure as for Ry, and obtain

Eygﬁvzx;;g;:if;,yﬂ i . : _;:

e =

R PR VIR N

- "For short interrupter times, the efficiency becomes very high.
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V1) THE INTERRUPTION OF THE INDUCTIVE CIRCUIT

1)) Inr:lucfive Discharge Circuits

A srudy was conducted to anulyze the- crrcuat configurchorrs of-lnteresi-
and their problems and merlfs. The most surfab|e c1rcusf would seem fo be
the one grven in Frg. H(a) ‘When the mferruprer Is opened only the
:' voltage L IQ/T will appear across rhe DC source, where Ls is fts in=
o ductunce cnd '\' is the time for decny of the currenr in the sforcge mducfance. _
“'.Even this volfuge can be kept as small as des:red by using ¢ shunt cc:pactfor
Ce qnd/or a nonlmear resistor R. The one end of the load remains grounded
durmg ihe interrupter action. The sfomge coil will rend ro Float up to the !
oltage LT /'rr ; buf thcli' Is not much ofu probiem. | |
Notice thaf the a!fernahve crrcurt in Frg 'H(b) cctually causes a .'
- larger volrage Ls o / i to appear across the DC source durrng mterrupter

' '_'achon in the fime 'i‘l . because the curren? Io rmtmlly flowmg in the source .

o ) Problem of Suppressron of lnterrquer Spork _

If the lead is prlmarlly resistive, i'hen maximum energehc eFflciency

= AL s cch:eved by opemng the rnrerrupfer as qurck!y as posslble. However,

_the resrduel mductcmce LL in the !ocd wrll glve rise toa voltoge IL:,/T-_ _'

"across !he mferruprer, whlch becomes large for smcll mrerruphon fime. 'P. R
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| ..This difficuity con be compensated for by means of g small non-inductive

‘shunt capacitor C, . The appropriate magnitude of C, is obtained from
G IT = Viax LR )

where .Vmﬁx {is'the maximum desired voltage during interruption. 1f 7; is

o much_ less than the resistive energy-exfracﬁ_oh i‘ime'Tr from the storage in-

- - ductance, then the energy-raﬁhg of C; can be much smaller than the total

' energy transferred.

E - A second important element in spark-suppression is the prop_e-r'desigri

| and operation of the interrupter itself, [f the interrupter makes use of @. . o

- strong magnetic field, _ds in Fig. 12, then the _cross-fie!d arc between'the' '

fixed ring electrade A and th'e.mova_'blé disk electrode C is foréed_ to rofate |

obout the axis, creating a bock=voltage. The acceleration process for the .

| n.r_c p.l_asma is described by

. gy | 2

" where p is the plasma mass density and ‘i and B are the current density S

e and mqgnéti;:fiefd-._- The é!ec_:fric field mﬁking the bac_k-vo]to'gé_ is given by :
E+9xB/c=0 " @

- If the plasma density is low, then Eq. (2) sﬁoWé_ihof thq_arc_is.immed?afgly.”_".: L
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’ cgée!emted to a high vel#ciry, 50 thqt o. large back-voltoge .d'évelops
“according to Eq. (3), thus holdmg off the Further Flow oF current in the 5
.mterrupfer. if the p!usmu densnry is htgh and IF neutral gas is bemg
) continuously s;.;vept mfo it, as would be the case at ctmos;:henc pressure; -
_' then a large curren!' can flow occordlng to Eq (2), without producmg ..
a hlgh plcsma veloclty or ¢ mcrked bock-voltage. In the laﬂer case, fhe =

' _.-m!'egrafed current and rofa! heahng of the elemenf C may be very Iarge.

To get some specuflc numbers, we mc:y treat the plcsma befween 3

| elements Cand A as though it were @ capaclfahve elemenr, w:fh G dl" o

electric constant

CAwe

~ -and then apply the usual geometric relation for a rwo_-p_late capacitor, )
For a gap z bét_we_egn’A and C ,'w_e get .

- where C; is fhe--effective capacity of .thé p!uéma'-,-'und -'rll ‘cm'd L ,aré the':"r- .

_ inner an'd'c'\uter radii of the 'ring elecfrode A If the mass densny o of fhe :

'plcsmo is !urge, then K is large and Ciis large, and then there can be :'-__’ B

a consrdercbie current flow fhrough Cl. Conversely, tfp is smal! there _: co

“can be only a small current flow.

.. -.'.;. 4] -




Extensive experimenfs have been done on the back-voltage phenorne#'

non, bofh at low densli'yz ond afmospherlc densny3. At Iow densﬁy, and

- witha well localized pldsma, back-volfages of up to 20 kv have been ob-

' tamed4 However, the ccfuol realization oF such high vo!?cge requires

' _l exfreme care in the placemenf of insulctors, otherw:se the d:scharge will

.cross the magnehc fleld lines at the insulator surface, cmd the cdvcnfage '

| of fhe bcxckwoltage in the volume is i'hen lost. When Usmg mrerrupters |

of smaﬂ size and slmple construchon, it rﬁay be most prochca! to dlspense
with the bc:ck-volrcge effect, ond use hlgb gus pressure, relylng on the

ordmm'y hlgh-pressur_e |nhtb:hon of brec:kdown r rofher f.hc._n on the n.r_!a.g_-' :

" netic-field inhibition.
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VI MAGNETICALLY ACTUATED SOLID ELEMENT

CINTERRUPTERS -

1) General Principles

A strong pulsed magnefic.field can serve simulfdneoesly to'inferr.upf a
| mechumcai contact and to suppress the resulh:mt arc:ng. The basic design -
s rl!ustreted in Flg. 13. In the "closed“ poslflon of. Flg. 13(0), a metal
- .dlsk anvil makes con!‘acf with @ confacfer embedded in @ magnet coil, When
-the coil fleld is pufsed on, fhe mcgnehc pressure cgamsf the cmwl dlsk moves
it upward and brecks. the contact (Fig. 13b) Ai' fhe same hme, the mag-..
o nehc fleld appearmg bei'ween the confac?e: and the anvil raises the nmped-
_lcnce of the arc. - Parhcularly when fhe dewce is operoted in vacuum i'he j '
2 ¢urrenf flemng between the.confact_e'r und the anvyl, across fhe mognehc.. :
| _fieid, 'acce'lerates the plusrno-in'the -|x'§ difection,:and_-creufe.s'q-..chk-

voltage that Qreafl)} raises the impedance. ln genercl the current 'in such o

dsscharges iends to be dlverted ulong the mcgnei'lc fle!d to the nearest in~

! sulofmg surface, where it breuks down g_:_:_r_c_aﬁ !-he mcgnehc Fleld if the vol- S
:.tag.e becomes exceesIQe.. - | “ ” |
- The problems in deve!opsng an l.ni'errupfer. ef this klnd are:
) The size must be sufflcienfly smaH s0 that the kmeuc energy of
the anwl plus the mcgnehc energy of the cosl represenr a smcﬂ

frachon of the mducflve sforage energy. Since the presenf study :
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is aimed af a range of energies, from 100.to 50,000 joules, we

will be interested in studying a wide range of interrupter sizes,
If, for a start, 10% of the energy can be used in the interrupter

mechanism, then in the 50,000 joule case, a kinetic eﬁergy of

-2500 joules will be appropriate for the anvil, For example, at

i ~ the attainable velocity of 10* cm/sec, this means o weight of '

_.'_"ii)

" 500 grams for the anvil,’ _Fﬁr a 500 joule storage, the anvil

_.sho'uld weigh 5 grams. Both of these numbers appear reasonable

in terms §F p.rac'ﬁcd! devices.

The mterrupter mechamem must be cooled, in the case e of high '
rep.t‘%hhon rate. The greaiest msfanfaneous heaf load is on the &
c_mv.nI, whose mﬁss is resh-lcfed . The besr cqohng procedure is :

probably 'to_c:ooi the stationary contactor and press--the cnvil |

' Flrmly ugclnsf it between pulsas. The size of the tnterrupfer |

' LV.mechamsm can be mcreased, in case of severe heaf Iood by

' reducmg the opemng veloc:ty, and thus mcreusmg fhe open- .
. ing hme.' :

' The p!asmu behowor after mferruphon must be studled, wnh a

o view to avondmg breckdown clong msulutors supporhng the conl

§ ‘[‘he voltage. obtainable wull be hm:ted and th:s in turn sets a ;: e

- lower Ilmlf on the uftamable opamng time.




" Iv) The simultaneous interruption of several contacts made by the -
 same disk should be studied, since this is one important technique

for stepping up the output current of the inductor device.

2) Study of In?errupter Switch Openmg-Tsme

A smgle-shof m%errupi'er switch (SSi-1) composed basically of two
copper clamps for ho!dmg a rnefol rmg-—d:sk in place over a splmlly-wound
L pancake shaped con! (RG-SB fef!on-covered center conduci'or) was fested
' for Openmg time as a function of energy mpuf to the COII (see Fig.- 14)
| A 2 pf capacitor, chorged to various volfoges, was dlschorged fhrough !
o i‘he mterrupfer coil. The resulﬂng Fleld produced in the :nrerrupfer conl
' (see an. 15) then reocfed wuth the mefol-rmg dssk in such a manner as to -
: force the rmg-dlsk upward and out from under the edges of the Mo copper. ,- .
'_ clamps, thus breokmg cpntctct between the clomps. : | |
Velocmes |mporred to an H gram copper rmg hove been os high as
N 150 mefers/sec. Velocmes were measured by usmg a s!'roboscope, and o | o
. 'phofogroph produced by thls meons is shown ln Flg 16 Typ:ccl results of.
fhe ve!ocity versus energy curves For two ho"ow co;aper rmgs is lnc!uded |
| ".os Flgo V7. | e | |
P .'-; _ - ﬁ. o | By plocmg the combmotmn ofo boﬂ'ery m. senes with o. resasi‘or across -
,fhe clomps, the opening of the swnch resulfed ina voltoge appeormg ocrose

?he cIomps. The volroge across the clomps wos observed wnth a 'IO 1 voltoge
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__ probe and an oscrlloscope. In addmon to the clamp voli'age, a Fleld p;ck-
: up coni in fhe vscenzfy of the mi‘errupfer coil cllowed the derermmahon of
: fhe rrsggering sequence._ The inertial opening time of the switch was taken
s the time interval bei'ween triggering of the mferrupfer coil fo the time
- when Qoltage appeqred across the clamps. Obvrous!y, there are fwo hme
lnl'ervals involved in the merhal opening time descrsbed here. The ftrsf time -
_mtenml is the hme from actuuhon of the mterrupfer cefl ta the hme when
éon_fqéf-s_eparahon starts and .fhe secqnd time interval is ﬁ'om the srurf?_ng of
maia."i.c‘.separaﬁon to i'he time whéh éUrr’éﬁt stops floﬁing in the -in'l‘errupfer
‘ciamps._ With SSl-1, spomdic break-make oPemng was observed on some
shots before complete meta” ic separation occurred The frlggerlng sequence S
: _was; dtspl_oyed on the same oscrl!oscope‘ trace (A-B mput) for ease oF deter~ |
mining opening hme. The besr opemng hme.was obtmned with an aluminum
. rlng~dlsk weighmg 06 grams. Wlfh an energy mput to the mferrupter corl
.__.of 16 |ou|es, the mterrupter switch opened in ubout 17 psec. Wlth a copper e
rmg-dlsk welghmg 24 grctms the besf openmg hme was about 170 psec fcr |
b : an energy mpui‘ of 16 |ou|es. The openmg hme versus energy mpuf is d:s- E

: played in Fug. 18 for both the copper and c:fummum rmg d:sks. S
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~ 3)  Transfer Experimeni‘s with S51-2 and IND ]
. A second and more advanced mferrup{'er, the SS!-2 ‘was developed
- .fo condu;::t explorafory tests on fhe smg!e shot mechumsm of energy frans- |
Fer (see Fig. 19). Mercury-weﬂ'ed elecfrodes were used to produce conm;::f
res:stance in the low ml_lhohm range,
- Initial tests sh§w§d opening times of approximately 20 - 30 psecl: with=
out lood, .Th.i;. Wa§ déhieved by disg:harging 240 iou.les (9 kv - 6 uf) into the
551-2 coi!.Qvith a riseffl;ne of-upproy.dmately 20 psec (I'..Ir.ld.L.Fsing. a25 grq'rh |
_alummum shaped rmg. | B e - | |
The cnrcunt in Fig. .20 Qas used to study energy tru"nsfer from the in-
' _l -_duchve storcge dewce, the IND-1, mto the load An lgnltron crowbur
: dasconnects the chargmg ccpacufors from the IND 'I when mcx:mum curreni‘ :
.' | is Howmg, fhen, with the load 551~ 2 and a cupacnfor in parcl!el ihe
SSI 2 is fired d:verhng the current through fhe Ioad e
: The louds used were made of 041 Y dlumeter mus:c wnre Qith n;es:s.tonces.'
o ..'l'of 061Q, .1609, .236(2 und SOOQ .and wnfh correSpondmg measured s
._ mductances at 1 kc oF 3 ph, 5. 8 ph, 8 Sph and ]8 2 ph o
 Shots taken usmg no shunt capccﬂor and ccpacufances of 2 pf 15 |.1f |
'~ and 100 pf show that the chunge in ccpac:tances varies the lengfh of fhe
L '_._urc across the $S I-2 but I'he effect is so smull as fo be mcsked by other fac-" o

i'ors, l.e., the exact pos:honmg of the rlng r.md fhe mduatance oF the SS1{~ 2




T

“itself. Clearly, much larger values of C would be needed to affect the

voltage acress the arc, on the order of Q/V ~ (10° amp « 107° _sec)/lozlv -

. = 10 mf,

Usmg relahvely small loczds, as we have been doing, we must reohze

" that the energy dissipated in rh_e IND-1 and the remaining circuirry isa

significcnf porﬁon of the total energy in the éircuit In fuét, .“perfect"

fronsfers into Ioads of 0610, 1600, .2360 and’ 500(2 consnst of 32%,

| 55%, 5% and 80%, respechveiy, of the’ fotc:l energy sfored in IND 1.

ln all shots the IND T was energzzed to 370 |oules before mferruPhon.
Also, in ecich case,. osclliographs were taken of |
e dx /dt in the ssi2,
2) dI/dt in the IND=1,
L 3) ‘. curre'n.f -in the IND-1,

- 4)  the voltoge across the load

N Wath all these vctrlables under observahon, thera are severc:l ways of calcu-—

lahng the energy transferrad to the lwd The method used may be described, '

. '___by the Foilow:ng procedure- B

- where R, the load resish_hcé', .is a funcﬁon- 6!-' the energy already transferred -

e




M is the moss of the load, c is the specific heat and k is the coefficient
~ of resistivity.

From these equations we have

'or.

j(i + )dE = v 0w
- R -
E/2Me) +E= [Vi/Rodt (B
_ T T

_ The solution to fhis ﬁuqdraﬁc s L
Mc:/k {(1 o ~fvi’/R dt)1/2 - 1} G)

Arcmg is fukmg pIace in all cases when ctfemphng mterruphon wul'h

Bt _all three oF the. hlgher reslsfance loads. The energy diSSIpOl‘ed in fhe arc

s an appreclable fraction of the total energy, hence the re!uhvely low =
| values in the "% of perfact rrcnsfar" coiumns (see Table IV)
| Even under relnhvely hlgh vacuum condltlons, enough heat is cppcsreni'ly
'hbe.ra?.ed to véponze the insulation (epoxy) around the electrodes and even |
' 'smull porhons oF the ring and elecfrodes, 'fhus producmg frcnsuent-ly an ahnos- n
| _'phere wheré an arc ﬁon ocr;ur. When mterruphng the curcunt, pressure is ob-'._ -

- _served to go From < 10~ Torr to~ 10"‘3 Torr almost lnstantaneously. o
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A typical interruption under vacuum conditions is illustrated in Figs.

s 21 (u)_ and 21 o). The:resulfs c'u-'e.summorized in Figs. 22(a) and 22(b).
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VII1) MAGNETICALLY ACTIVATED FLUID-METAL INTERRUPTERS

.'|) Theoretical Considerations

- a) Mcgnet-Drlven Inl'erruphon

The solid eiemenr interrupter conflguratlon is hmlred regardmg repehhon L

rate, A new geome{'ry which obviates this resfrlchon makes use of the same

basic geomefry as in the single=shot mterrupter a sfrong pulsed magnehc fle!d.'_

is used to dlsplace a DC conl‘acfer, ond af the same time prevents sparking . |

across the contacter. The problem is that the cont&cfér'musf be of small size,

cmd will therefore tend fo create a heot-removal preblem when hi'gh repetifion -

_rofes are used The narurcl soluhon is to employ o conduchng fluid in the

‘role of DC contacter (see Fig. 23) The mass of Fluud that has to be dlspicced .

then shli remains modercfe!y small ‘and the heat is carried off reodtly by the '

hbulk of the fluid. Another udvunfcg_e ‘IS that an ord:nqry..cqnt_qc.f_.erwould fend_. B

._fo érode,-whereus. fﬁe Fluid.pfes.ents;. no su;:h.prol:)!em. | The prinﬁi;ﬁcl remain- o o

3 mg problems are the coolmg of the pulsed mogne!‘ thci dlsplcces the contacf-‘ '

'mg ﬁu:d and fhe mlmmlzohon of erosion ai‘ the contact elecfrode. _

T° find fhe OPG“'“Q flme of the confacf, we |magme a Fluud flow-—pattem o
' hke thul' in Flg.-24 If the wndth of fhe depressnon in rhe fluid is u, and the -

s ﬂepfh-.of th_é depressi_on is"_t::l_, -_then-for _'mc_ompressibi_e flow ina layer of thick= - .

ness s we have

"o
e

?_-V.'_.-V" . | L
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-and the kinetic 'energy per unit surface area is

This Is min_imized'for s =a, and we have then for an opening time T,

A e @

‘where we have equated magnetic work and kinetic energy per unit area.

*Thus

B
- The cﬁcracferisﬁc’ b§ening time is'. the transit time at Al_FQen-“ Qe.-oc.ify over |
_.the geometrlc mean of d anda . B . | R |
The best resu]fs would be achleved w:fh hqusd sodwm under a !ayer of .
hght oel In thuf case, for B = 20 kllogcuss and a =1 em, d = .2 cm, one.

"'.'wouid obi’um 7= 100 psec. Thus, a rother weak pulsed fleld is sufﬁczent.

' .u-s soon as @ hlgh repehhon rate is reached. -one can swutch to coolmg tha

: sodsum instead of heahng it, For a prehmmary exper:ment one could use
? " ; S .' :_ _' .marcury, but !has hus the dlsadvontages of much grecter mass dens!ty Py ond
o poorer electncal conhct and conduchvxty The latter feufure is lmpm‘fﬂ"fr’_ |

o _' ‘pcrhculcsrly to insure good couphng to the mterrupter magnet. The skin deprh

The techmque of heahng sod:um unc!er o|| is. very stralght-Forward and -



 in liquid sodium is about | R
| -‘.a 3o~r’2 | . NCY
_whlch gwes 8 - .3 em in i'he above exarnple of 7 =100 psec, while mercury
":w/ould give the ruch iess sahsfactory flgure of & = 1 cm, as well as fendmg

" to give slower T.

b) Self-Field Driven'lnterrupﬁon |

The magnetic.'pressure'due to the cuffent that is being interrupted will

. tend to muke a crater in fhe liquid metal (see Fig. 25) This effecf could

B become upprecnab!e for currents on the order of kA und hlgher. As a matter

of fact, this effect could be used for currenr mterrqphon by 1fs¢lf, without an
.a'u'xilic:r.y coil '.(_Sel_f—Fié?d-.f-Driven Ihrérruﬁtioﬁ Mode) . | o
The way to c_dlculcte_fhé effect is o e

COHF the mductance current is furned on rapidly, so that fhere is skm effecr,

- ixB : :s|pg

ihen Eq (7) means roughly

_y/&a;fvasgée&déi@é.'_  9f®;';f

_where I is the current in amps and h is the depth of the resultant depression. . - -

For I = 1000 amps, and Hquid. sodi&m; we h.av'_e'.roughly

el O

= 54 -
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This mdlcores that rhe radlus of the conchfer should not be too smull For

mercury this efFect is 5ess rmporfant It mlghf be expedient to meke a con~

tacter where the pulsed mferrupfer field con get l'hrough (see Flg. 260)

“ the mducrance curreni‘ is rurned on slow!y , the srfuohon is less crmcol be-
cause the mugnehc Fleld penefro?es into the liquid mefal (see Frg. 26 b)

: _Thor means the magnetic pressure term is !ess efFectwe, and we have

|IKB|~ Bz/B‘TrR | (10)

where R is rhe i'hlekness of the current !eyer. Then R takes the place of h

in Eq (8), and no such deep depresssons resulf.
In order to handle high storage eurrents ¢ the contact Perlmerer has to be | o
..mcde Iorge. For exampie, we mrghl' eonsrder the geomefry outlined in Flg 27(0)
: which, upon pulsmg of the coil, generofes the s:tuohon 1l|usfrafed in th. 27(b),

-where rhe arcs would race around in a circle, proc!ucmg a back—voltege._ The

. _'fore, t_has is a. kmd oF power omphfler. |

For the case when fhe storage current is furned on slow Z the confrgumhon

“in Flg. 28 does not produce a depresston at aH even at stmng currents The

L '_reeson is fhuf, because of 'fhe up-down 5ymmerry, rhe |xB pressure is purely

' radsol There is, oF course, fhe possnblhty of serhng up MHD turbulence in rhe |

- liquid mefa!, thus mcreosrng the reslsrenoe. - o

T it

sfrengfh oF the tni‘errupfer f ield would conrrol the bock-voltoge perFectly There-



”Another possibiiity isfo use 'th.e pin'ch éffect to udvunfagé in.getﬁng‘
.'ihe desnred bcsck—volfage, as oufl:ned in Fig. 29 | | |
1f the interrupter capacitor is ffred a back-voltcge is lmmedlately
._.esfobhsheti against i'he srorage mductance (I .e., Geross the locd) and the
-current flowmg through the hqu!d-metcl lnferrupter can be greatly mcreused
_As_a result, the e[ecfrode loses contact, and a pinch develops in the lqud |

_element. The capacitor serves fo regulate the voltage by acting os o reservoir,

c) Stablllfy of the DC Contact

For strong DC currenis the column of metal makmg the DC contact wnll be-

- come uns!able, thus leading fo premafure currenr-:nferruphon‘ There qre two

 basic types of ansfqbal:ty the "sausage' ‘ mode, which is axlsymmefrtc, cnd the

: '"klnk" mode, which is !'he lowesf-—crder asymmefric mode. New Ilqmd metol

| of course, tends to move in where !'he o!d is dzsplaced but turbulence and arc=

: ing wull easily result (see Fig. 30) . . _r o

5 o -
The sfab:hfy condmon ugamst the sousage e mode | T T

<dp/a> sl 03+ o) u 1) e

| "where pis fhe ﬂuid pressure, y Is the ruho of Spec!flc heofs, in our case very

Iarge, csnd Bg is fhe ammu?hui fleld of the DC current, whlch is re!afad to p -

- by the pressure-bulance condlﬂon '

d L)
(p/dr)___ w

s




- In the region of current flow, we have roughly uniform current density iz

| _in-tPli'a_'_D_C limit, so that from |
duip = - = (b))

-we get

' NQw. f_rom.Eq.' 11 we hq've, for lc':r‘gey 3

= (dp/dr) < Be /21rr R __'(15)"-_" 2

_and usmg Eq. 12, we get
d s 8g) /o < 2ae" T a9
~ 'Thus we see fhat Be ~r s |usf margmally unstabie., lf iz gets weaker al' ;
'_ large radu (whlch, in fact, it wrll do in pmchce), then By wnll rise !ess o
strongly than- r, und Eq. 16 will predicf sfcblhty agamst the sausage mode.
If, on fhe other ‘hand, the current is pulsed on rupidly, 'fhen skm effect may
':_‘_'cause Bg to mcrease radlully more rcpidly fhan r, and i‘he sousage mode mcy

OCCUI‘ .

The condition agmnsi' the kmk mode |55- o
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which is impossible i'.o catisf_y in the region of the current flow. Hence, the
kink mcde is always vns_tcbl.e'. This .mode, howe_ver;,', is a little less vicious
than the sausage; furthermore, in a short colurﬁn of fluid, allowing for finite
- fluid yfscesify and surface tension, fi- mc} be .e_lffecﬁvely stcbilize’d . If not,
- there may. be some peinf in adding a weak DC Bz-field ; as from & permcnecf

magnet,

2) StUdies'with Liquid Mercury Interrupter Configuration MS1-1.

The flrst fluid metal !ni’errupfer developed mode use of liquid mercury and is

fE :Hustrated schemchccliy in Fig, 31. The electrode helght adjustment nut allows

accumte posshomng of i’he elecrrode w:th respect to i'he mercury surface. Windows

'are for observahon durmg the feshng phcse. -

. In operohon ' fhe openmg times of the switch wsll depend on fhree pammei’ers

(l) heighf of fhe co:l obove the fluid; (n} depfh of electrode in fhe flmd (lu) energy_

‘ uf whlch the corl is flred

Hei’ght of fhe conl above the mercury is cdwstcbie only by vcrying the amount-

of mercury in, &he swrfch Depfh of i'he electrode is conrmucusiy ad;ustcble even

unde_r‘high vacuum _or-a pressunzed a_tmosphere .

The MSI-1 coil cons?sfc of i'we' kidney-shcped coils cohnecfed in pc'rql_l'el, one

. wound c!ockwnse, fhe other counrerclockw:se, as 5hown in Flg. 32(0) Each'coil el

consssrs of 9 turns: of 1/2' x !/32‘ copper str:p cnd l'he lnducfcnce of ihe conf:gu-

""'rahon al"i'er bemg poﬂed |n epoxy is 2 4 ph the resustcnce cbouf 0. }Q wifh the .
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o '-cods in poro!lel This configuration hos.-been tested sUcc‘essFul‘Iy to energies up

"to 935 |0U|€o (29 uf - 8 kv) and hence to currents on the order of 28 k:loomps.

Fields thus produced are on the order of 30 kllogouss without a lood, and on the. |

.order 'oF 40 kilogauss wifh o. soff iron plate obove.the'coii surface. Toese fields
ore cons:dered sufficient for producing displooemenfs in the mercury f!und metol

type lnterrupfer swui'ch Deformohon of 1.5 mll olumlnum Fotl, placed over i'he

" coil Foce was studied to- sumulofe the stress dasrrlbuhon on the hquxd mei-ol surfoce.

_Deformotlons_of elhphco_l cross section __(see Fig. 32 b) (o =4em, b= 3 cm) and
- depth # 5 cm wefe produced at the plonned electrode Iocoﬁon. Af higher ener—

' _gles, obove 360 |oufes, the olumlnum foil was r:pped opori' by fhe mognehc forc:es.

: The magnehc fieid profiles of the Hz and H componenfs are glven in Flg. 33(0)

6

i

,-;_mdss(b) SRR R

Tests to dei‘ermme the opening times of fhe MSI 1 hove proceeded as follows N

" .""o six volt boﬂery with a current hmlhng res:stor was p!oced ocross ’rhe Msl- l terml- s

na Is. Osc:llogroms were fuken of the voltage drop across the termmo ls as i'he mter- s

: rupfer co:! was fired oi- various vo!foges.

Very fosf openlng times were observed 24 pseo ‘ 30 psec ond 34 psec for ener-

gizmg conl vo!foges oF 9 kv, 7 kv and 5 kv, respechvely An osca“ogrom oF the -

9 kv shot is mcluded as Fig. 34 These openmg times were observed before fhe

- ‘-.'MSl 1 was mcorporofed mto the IND 1 clrcmfry, the electrode (stomless steel) was

B cleon ond unscorred However, oFter possoge ond mterruphon of hlgh currem‘s '

Case-




: (~ 600 .t.amps) the eiééfr;:dé .beﬁclnéne pitted and the mefcury Wéﬁed the g!_éciroclga o
ﬁp:. Under these condifions, the mércury-surfécé hed to be depressed until ?he: )
'_ _we.ight of the meréury columﬁ under the electrode became sufficient to overcome
the st.frl-'cce .teﬁsion'of the herclury.a.l.-nld opening could occur. ..

| _ Low inductance loods (made of 005" sfoinleSs steei stri.ps_abouf 0.5" .Wide -
. d_ﬁd f;ided) of 2000, .4200,. alnd L7330 _Were u.sed_in th_é high current inter-

E 'i*uiotioﬁ r;ldde. : Tﬁe héasured 'induc?fan_ce of the ..7.33 Q. load was _<.'3 'plum, for_ul!_
other loads L = 100 nh or less, . o o |

- We have found that using very small loads reqsonuble energy transfer cou!d :

.be achieved by se!F-:nferruphon, f.e., usmg the currenr s own field fo move the
fluud-metcl away from the elecrrode. In one msfanca, wnth a .074Q Ioad, self— '
y mterruphon was able fo prcduce a frcnsfer fhal' was 72% of perfecr. _ k |
Expenments were performed with the IND- l enarglzed to 370 loules and with
- the MS! 1 opercted at dlfferent pressures v As in the case wﬂh the §51-2, the besf

Etmnsfer effscuencnes were uchleved under pressurlzahon ' Tab!e IV summarizes

) .'-.':'the resuil's obtmned usmg the MS! 'i hqu;d-metcl mterrupi'er in fhe magnet-dnven B

e '_mode. Figures 35(u) cnd 35(b) are gruphs of ihe same daio. o
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TABLE Vi ENERGY TRANSFER PARAMETERS FOR MSI-1
. s __AND IND-1 -
(Magnet-Driven Mode)

2aim Ny  datm Ny 6 atm ,Né '

_Lwioii:)'smce -~ 1,200 | .420|.733 | .200{.420 | .733 {.200].420 | .733

% of Total Energy

. . 60,6 76.4184.2 160.6175.4 | 84,9 160.6176.4 84,9
in Perfect Transfer . - .

- Energy Transferred 64.25 | 33.1(28.7 [45.5]49.9 | 27.3 |75.4162.5 |33.1 |

(iou!es).

- % of Perfect Transfer| 28.8 [11.72 9.1].' 20.3017.67 | 8,67 |33.7 (22,1 10.54

% of Total Energy | 17.5 | 8.95|7.71 | 12.313.5| 7.37 |20.4]16.9 8.95

' Makimum Vol.tage _ ’ N S .
Across the Load 47.2 | 50 |62 |42.2{64.8| 58.5 [39.0]67.6 {66.9
~(volts) : ' R A L :

Atmospheric ~10 pof Hg .

Load Resistance (2) | .200 | .420{.733 | .200] .420 | .733

of Total Eneray | oy 6 | 76.4/84.9 | 60.676.4| 84.9
- in Perfect Transfer : . g

-E"erga:;f::;e"ed; 4.2 | 21.2[20.8 |- <1 | 2.2

% of Perfect Transfer 18.3 | 7.6 6.6 | —=m <36 § .7

% of Total Energy .. | 11.1 | 5.7 5.6 --- |<.28] .6-

Maximum Voltage - | [ F T
~Across the Load - - | 35.1 - 45 1473 | === | 5. 14
el LT T

R R




3) Sfudles with l.rqund Sodlum lnrerruprer Conflgurchon MSl 2

A second llqurd mei'al inrerrupfer was developed in which use was made
of a molten sodium pool The MSi-2 mi’errupler switch has been mcorpora!'ed
_mto the IND-1 clrcurfry prewously described. As beFore, an lgnll‘l’OI’l crow-.
- bar was employed to remove the chargmg ccpcrclrors from the mduercnce-locd-
MSl-2 clrcun-when rhe current in rhe IND=1 has reached maximum , |
: Frrsf, the sell’-mrerruphon process was mveshgcled The m-erzi's of such
sysfem are many: it cl:vrotes the need of a power supply, trlgger unit and drrv:ng
. _corl and, fheorehcclly, could give a hlgher repehhon rate rhan an exfernally- :
drlven system. The brggesf slngle problem thus for encountered is rhc!' of not

S mferruphng unhl severcll mlllrseconds after the currenr has reached maximum (see

.' data in Table VI) The delcy is due fos cerrmg oF rhe contact elecfrode and sur-

| fuce lmpurlhes rn the sodlum The scarrlng isa result cfarcmg cnd can be reduced :

: "'by making the are pqrh more resrshve (hrgher- pressure) oncl, consequ_en'rly, fr_ans-.:

I

._Ferrmg more of the lND l energy to the locd and less to the arc.
Results l"rom the unalysrs ol’ dalu rclcen w:l'h a 074 a Iocd is drsplcyed as.

L Tuble Vl As noted in the lcble : borh energy—tronsferred and’ %—of-perfect-trunsfer

' :clrmb rcpldly as the pressure is :ncreosed Recdmg down a column of consrcnt

” T _.pressure shows rhot cllhough ihe energy-frcnsferred rncreases ’ the %;-of-perfecr- E

“ : | trcmsfer decrecses as fhe energy in fhe IND l is [ncrecsed Ccrnparlson qf consﬂ'}-ﬂ'f

o = pressure and energ)r for more resrsrlve loads shews, wrth few excephcns, borh less L
w/pj o 'energy-lransferred cmd a smaller %-of-perfecr rrclnsfer. R .. |
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Results from the MS1=2 in the mqgnet?driven made are incomplete but

the dota available is very promising indeed.

~ Using the driver oo_il powered from a 22 uf capacitor bank af 3 kv, the

| Fol!owiog has been noted:

. At 1 atmosphere pressure and with the IND—I energized to 360 iou!es vpor-

| mferruphon 88 joules were trunsferred fo the 074('} Iood Th:s is 22 5 % of

_ ihe total sfored energy and 62% of a perfeci honsfer wﬂ‘h a sfond«off voltoge .

- oF 22 volts

Ai' ZGtmospheres and same IND-1 energy, 113 ioules was fronsferred to -

the lood 29% of the stored energy and 79. 7% of a perfect transfer with a shnd—'

B _off voltage of 30 volts. |

Compor:ng these to Tob!e v (co!umns 1.ond 2, fop row), itis seen that by

usmg the externoily dnven mode, lncreoses ol" 21% ond 27% were och:eved in

_the %-of-perfect-tronsfer co|umn. e

Af 5 atmospheres, W|th the IND-1 energlzed to 1440 |ou|es, 400 |ou|es

'j-i""were fronsferred to ihe lood This fronsferred 28% o{" the stored energy wﬂh ¢
perfect tronsFer“ percentoge of 78% ond a stond-oﬂ" voltage of 65 volfs. Wll’h -
. a stond-off voltoge (moxnmum volfoge opplied fo the swnch wrthouf orcmg) oF

. 65 vo!ts, we are able ?o produce perfecr transfers . mto loads of up to 130 mQ

: when fhe IND-I is energtzed fo 360 |oules, up to 87 mQ wﬂ'h ?he IND 1 ol'

o 810 gouies ond up to 65 mf} wrfh fhe IND 1 ot 1440 ;ouies (see F:g. 36)




These shots all show stgmf:canf increases over those conducfed in the
self-:nterruphng mode and the frend is expected to confmué over the en.hre
B range. . | : |
Asa note on the w:de discrepancy in the % of perfeci‘ transfer and % of .
--Ztotal energy in Tuble VI the load plus ihe c:rcuut resistance tofa!s.~ 20 mQ,

showing that the besf fransfer_ possible is 36% for fhe 074 Q load. We would,

- however, expect the %-of—-perfect-transfer to remain consh:mr as i'he IND~1

. was lowered to LN temperafures. Thls should cut the circuit resistance to ~

20 ma ond consequently make the perfecf frcnsfer ~ 79% of the fofai IND-1

~energy. Then with 80% of p_erfecl_' frqnsfer we _wnll transfer ~ 6_5..%. of the total.'_ '

-~ stored energy.

 '- _'_64'_' k
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©IX) CONCLUSIONS

The mihol experrments with hqurd-mera! interruprers have demonsfrated
all the expecred features. The predfcfed self-mi'erruphon phenomenon has been

_ observed cnd in itself gives modemtely efficient energy transfer. Agem as ex-

e '- pected however, the use of an c:uxllrary corl for lnl'erruphon is more effechve. : .‘ -

E 'Mercury was adequafe to demonsfrate i'he prmc:p!es of the switch, but Irqurd
i sodlum shows a dremehc mprovemenf, as calcuiofed on the basis of its lower -
mass .densrty and hlgher conductlvﬂy (PH = 13.55 gm/cm ‘ PN 0 93 gm/cm ;

A 'ﬂ. =98, SW"cm; M

H -98pﬂ am).

Na.
Falrly scmsfactory operchon is ach:eved already in the present hqurd-
sodium swrfch (besi‘ transfer, 80% of sdeal transfer, 65% of forc! si'ored energy)
-There are several clecrr avenues, however, rhot should lead to much beﬁer per-
K formance yet. - | | - |
'I) The inrerruphon voltage thct can be achleved (at presenf about 80 v)
: depends on the suppressron of arcs, Followmg the physrccl dISpluce- '
'_lmenr of the sodlum away from the eleci‘rode. One c-ieorly demonsrrared |
e "__"wcry .of ratsmg this voltc:ge is to use. h.lgh-pressure gas over the sodlum. :
jln a surrab!y consfrucfed swrich much hlgher pressures fhan that |

"presenﬂy used ¢could be reahzed.' Ir wou!d also be of interast to_i‘ry S

high~pressure gas over a loyer of oil ove:r fhe_ sodium.
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-_The .sec.end possible Iine.ef adQence is to use c'High vacuum .over
.-fhe sodlum, in Wthh cose everyi‘hmg depends on- the demgn of- !'he -
._magneflc field and the insulurors, 50 as. to prevenf breakdown. (Thts |
.problem cmd the best appreach io its so!uhen have already been dis=
'cussed ebove N e o
. 2) _ | The md;lcimum current thei' can be inferrupfed at high. repeﬁﬁen': rate
will be Ilmnted in part by the erosion of the conductor. electrode.
-\ present we are mterruptmg currents of 1000 areps, cnd the. crafer;-
..ing effeci'- of arc spors is elready apparent, One premlsm'g so.!uflon j.
) | ;'may be to use liquid sodtum on boi’h sides ef the snferruphon pomf.
| _.The elecfrede—eres:on prob[em may, however, yleld simply toa
s!’udy of optimal .electrede ma!eneis - possubly a porous eiectrod.e.;_
wetted with liquid sodwm, for example. R o
.3) Eveﬁ wuhout radlcal chunges m the present deelgn, a sma!ler, snmpler;_ -
- .‘._;'__-'.and more funchoncl unit could reedlly be deve Ioped A cluster oF
such swﬂches, even if rhey did not exceed presenf perFormonce,‘ coufd Lt
-serve to dehver very prechca! amounrs of energy from mduchve etor-
" ' f‘ o s '.uge Unlts into h:eds of interest (pulse tmnsformers in klystron carcu:fry) ._
: . if_: o '. 'ut flmte repehhon rates. | |
i’he economlca! end spuc.e sov.mg feotures of |educt|ve eferoge ore tmpress-we

- even el’ the rec:d:ly eﬂmnebie Fteld si'rength of 25 000 guuss, the energy densnty is

-y




already 2.5 j/cm® versus the usual 0,05 j/em® for electrostatic storage (high
- voltage capacitors), nearly a factor of 50 in favor of the electromagnetic .
method. The possibility, then, of storing a full megajoule _of'energy in o com= -

“pact volume of ohly 1 m® is o convincing indication that Inductive storage might

_bec_omei_: most promising element in pulsed radar technology. =
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Fig. 21(a) Crowbar and lnferruphon
at 2,2 msec -

(IND-1 at 370 § (1 ky = 800 yf)
SS1-2 firedat 9 kv = 6 pf

Pressure: 10~*mm of Hg
Load: R=.160Q, L =5.8 ph

Upper* Current, IND-1
.05 v/em
2 msee/cm .
RC = 100 msec -
Lower: Voltage across Load + SSI-2
. 50 v/cm :
- 2 msec/em

Fig. 21(b): Current through SS1-2 and IND-1

—-

o Uppéi" dI/dl' fhrough SS! 2 (Rogowskl loop)
10-myfem. :
2 msec/cm

= Lower: dI /dt through IND 1 (Rogowskl loop)
' ~ 10mv/em

2 msec/cm :

Rogowskl Lcwp Constant 24,5 x iOsomp/v sec .. -
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' Fig. 29
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_ ' U.nperfurbed Configuration :
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Kk Mode
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20 psec/cm -
5 v/em

Fig. 34: MS! 'I Fired at 20 psec

Breakmg begms at 8 psec uFfer fmng und
is complefed at 24 psec after rrigger. '

- Upper: Current in IND-1 by
- Integration from One Turn -
Loop in Coil Cenfer '

.05 v/cm
5 msee/cm
RC = .5 sec _
Lower: Voltage, Loodand . -
' o MST-2
- 20v/em
5 msec/em

Flg 36 5 Afmospheres oF Ng ' _.074 Q Lood
Mcxlmum Vo!tage 65 v
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