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Summary

Inductive enargy transfer betwean two magnats can
ba aclideved with almost 100X afflclency with a
cransfer capacitor. Howvaever, the bulk and co3t will
be high, and rTel!wbilicy lov 1f conventional
capacitors are used. A homopolar machine, used as &
capacitor, will be compact and economical. A
homopolar machine wvas designed with counter=-rotating
vopper disks completely immersed in a liquid metal
(NaK=78) to work as a pulse capaci:ot. Absence of
solid-brush cullactors aminimized woar and frictional
losses. Wetting of the coppar dlsks cthroughout the
periphery by the liquid mata. minimized the resistive
losses at the collector interfaca. A liquid-metal
collector would, however, introduce hydrodynamic and
magnetohyd-odynamic lossss. Tha wesalected liquid
metal, e,g., NaK=78 will produce the lowest of such
losses among the available liquid metals. An
alectronechanical cepacitor of this design vas tastaed
at variuus dc magietic fields. Itse measured capaci-
tance was ahout 100 farads at a dc magnetic fleld of
1.15 tesla.

Introduction

Inductive energy transfer between two magnets can
be achleved with almost 100X efficlency with a
transfer capacitor (Fig. l). However, the volume and
cost will be high, and reliability low {f conventional
capacitors sre used. A homopolar machine, used as &
transfer capacitor, will be compact and aconomicsl.

A homupolar nachine can be considered to be an
energy-storage device. It would bs spun up by
turbina, or charged as a homopolar motor (from a
charglng supply, and thean clacharged to a load. An
Altarnate use which we propose, Lls (o employ the
homopolar macnine am a2 traasfer capacitor, 1i.e., the
electromschanical capacitor (EMC), between an
{nductive eneryvy store and an Inductive load.
Initially, the rotor would he at rest vith the dc
magnetic fleld energlzed. During energy transfer, It
would be mspun up and spun down agatin, all Ln a time
period of a few nilliseconds. Since rotatfion persists
for only & very short time, the brushes and bearings
¢ould be more frictional than vould be peraissible in
a contlnuously running machine.

Tha opaeration of the homopolar machine in based
on the Faraday disk. A wmetallic disk, wovnted un
hearings, will rotate around tts axis vhen a magnettic
fleld Ly appllied (n a direction perpendicular to {its
dutfics and 4 curcant in passed through Lt in 4 radlal
diractton via brush contdcts. The voltage gunerated
between thu hrushes bhv  the rotatlon of tha dink n
Aiven by
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where V = gensrated voltage across the diak, V,
v = paripharal speed of the disk, n/s,
B = magnecic fileld, T,
w = rotational velocity of the disk, rad/s, and
TIhTg ® radial distances of the brush contacts

from the axis, a,

The effactive capacitance of the homepolar machine can
ba derivad by equating the kinetic energy of the disk
with the alectrical energy stored in the homopolar
machins. Thus,

c = I(wv)? . %)

Subatitucting for V from eq. (1),
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where C = capacitince of the machine, F, and s
I = momant of inertia of the disk, kg -~ a"~.

Los Alamos Design of Electromeclanical Capacitor

Description of the Davice

The conceaptual dJdesiyn of the elactromschanical
capacitor (EMC) 1is shown ir Fig. 2. It constets ol
two  counter=rotating copper Jdisks electricail:
connected in neties. The Jdisks are 20 cn in radiua,
.48 ca thick, and coapletoly fmsersed in the llqutd
metal NaK (an alloy of sodium and potasuium). The
current paths are akwn bv arrows in Fiy. 2. Shawty
of {nsulation are . serted between tha two disks and
betveen tha disks and the stators tv prevent short
clreuiting of the current by the liquid metal.
Contact {s made to Lhe outside of the dimks and from
disk to wtator and Jisk to disk by the liquid metal,
Complate flooding with liquid w=etal preventn
interference with brush contict bv hydrodvnamic and
magnetic forcen.

1,2

Liquid=Metal Brushen

Liquid metal bridying Lhe gap hetwaen the
rotating dinks and the stattonary current=collecting
ringe shows connidarabla promiss.  Ligutd matale arfaer
the advantage of high current Juneity, low lone, jeds
muincenance and saving in space and vie.

Mercury, galltum=tndtum allov, ant an  alloy
sodtum  and  JRT by wetght of potassium (NaK=78) aro
Liquid at room temporvature. Therefora, the » metaln
ciuld  be umed  an liquide=metal bhrusnens. “hetir
pertinent propartiea are shown in Tahle 1,

Two faportant criteria are that the rotor/stator
slip=ring »surfacen should be watted by the liquid
metal, and that any chemical reaction hatwesn the
surface and the liquid ahould be negligible during the
life of the machine. Howaver, the abllity tn wet way
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Fig. 1. Clrcule for transferring magnetic energy by
transfer capacitor. Energy transafer s
iniciared by opening switch 5; and closing

switch S,;. Switeh S4 13 closed at the end of
anergy transfer.

iNSULATORS

CONCEPTUAL DESIGN OF
ELECTROC-MECHANICAL CAFASITOR

Fld: 2. tonceptual Jrawlng of eleactromachanical

capacitor (EMC).

bhe related to the compatibillty of metaly as indlcated
by hinary=phase dlagrams, so that wetting and truedom
trom attack miy o some uxtent be conflicting
roqul coments,

Low deasity and Iow viscosity are  desirable to
Ataimf e hvidrodynamts lowdes,  and  high wolectreical
sanduetperte LD rmibies o ohmle Logses, AN svident

LI AT suitable

Tablee 4, Nak 1 the mount

thiv application,

Ligqutd atal

Marerials Compat bl t_‘.'_) "

Sak 4 a0 higaly  reasctive  liquid  metal, and
ondegquent by la lncompatibla with  many matsrials -
metald and nonmetals,  The EMC was manufactured  with

copper becauss of  Lte low slectrical resfstivity and
compat thility with Na¥K, Nttrile vas usad  for D=rings
and  gankets, amd poivearbonale dhewls Wetrs dded [0 Lhe
MG o Slelectrle material. Al though Copper in
compat Thla  with  NakK, sven a mteron: Dhick copper anfde
Laver provent WaK  trom wetting the vipper
Yo mahanen wntting, chemteally eloanml copper
cogbedd with A= Thiek dllver, Nak
wilver ol et the coppste o aurtace, Silver
a0 e rltfetal natertal.

IR
(R TN
mrtace Jan
11 g e
A0 Phagy
Dant ||”'|.|_l ot Dt

Al adi
Vil ate sl
Wil ety

cateh Hte
Viotuntle with
hvdrogmn, Thoretare,

ch am Nak
albla The? al
Tihwr st by and fantr ey
ther  auat be pad bl vader 4 dey fnert gas ch as
Arpone the palvearbguite  Haelactrle ahonta ang the
nltrile Deptpgs ol gankots wores cleanml with Aleanax
wolut ton el stthey goncons or methvl  aleshol . rinesd
tn owater, drted  awpl packaged  in polyeathylenae bags
hofars (owtallat fon,

et gl AN

el

The cleanlliness and compatibility of the filling
aystem are also imporrant. Stainlesa steel was used
for the filling sys:em because VaK wers stalinless steel
wusily and thus flows beatcer. The whole system {.e.,
zhe EMC and the filling system, musat be leak cighc;
otherwise air will diffuse through and form oxldes of
Na and ¥ which are solid. Welded Jolncs and
compreassion=fitcing Jjolnts were used 1in the system.
fellows-sealed valves werea used for definite closure of
the valvas. The stainless ateel piping and fittings
were also chemically cleaned.

A echematic uof the shown {n

filling system {is

Fig. 3, and {(ts photogranh {in Fig. 4. The filling
system and the EMC were evacuated for 24 hours bafore
the cover gas line wvas pressurized with argon gas and
the valves | and 2 of the NaK container were opened.
Once the EMC was completely filled and the XNak
regervolr half-fillad with NaK, tha EMC and cthe MNaK

resarvoir were dlsconnacred from the
inscalled inside the water-cooled dc

filling dystem and
magnet (Fig. 5).

Tests on the EMC

The circuit for tescing the EMC {s shown In
Filg. 6. A bank of 280-mF elnctrolytic capacitors was
discharged into the EMC through an ignitron and a 1n:l
step~down transformer. Tests were pearformed at various
lavels of dc magnetic field and pulse current to the
EMC. Tha following ware measured:

1. Current through the dr magnet,
2. EMC rotor pulse current,

J. Volrdge acrose the EMC, and
4. FEMC rotor spead.

The de magnetle fleld was calculated {1om tlhie
meanured value of the magnet current. The caleilated
vitlue was previously checked by actual measurernt o
tle magnetic flald by a gausametoer, The pulse current
was measured with a Rogowski flux coll, .and an
fnregrator, and displayed on 4 dual=heam cathnge rav
oncilloscope. The EMC wvoltage was measyred with
differential preamplifier. The rotor spend was
maosiraed with . rotary epncoder having 1ooh 1ae nagr:
and 4 {N0=kilz frequancy=to=voltage converter. Fliure
shows the typleal osctllograms ot a4 test,
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voltags acroms the EMC,
charge (njectad (ot the EMC, 7
charging carrent, A, and
nftactive capacitanen ot
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tndleated that tho EMC han a0 lown component

If the tlme ta pewak ol the pulas current -

signtlileantly ahorter than the time (o
roro, then the cuarrant

tall haeck 1,
wave e o oapproxtmated as



TABLE I

PERTINENT PROPERTIES NF Hg, Galn and NaK

— Hg
Electrical resistivicy, uwim 1.04
Density, g/cc 13.55
Viscosity, kg/m-s 1.2 x 1077
Melting point, °C -38.9
surface temnsion, dyn/cm 400=500
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Fig. 3.

Schematic of the NaK-fllling svstem.
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Flg. 4.

Photograph of NaK-filling svstem.
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Oscillograms from EMC test.

Upper curve:; applied current pulse,
10 kA/div; 1) ma/div.

Middle curve: rotor speed

450 rpe/div; 10 me/div.

veoltags acraas EMC

1 v/dlv; 10 me/div.

Fig. 7.

Lover curve:

The effeclive series resistance represents ohaic
logses in the rotors, ohmic losses at the
stator/NaK/ractor Lonterfaces, frictional losses at the
bearings, fluld-dviamic (viscous) losses in the Nak,
and yHH lossey arislng from the magnetic €i{ald 1in che
Hak,' !

Lf the olnlc loswes ware pradominant, the voltage
drop at current pesk would have been i{in the range of
1.4 volts, This s not the casse accordlng to Fig. 7.
[t appears then that moet of the losses are friction,
tlutd=dynamic and MHD. Friction losses at the bearing
Are proportinnal to the square of the rotational speed.
Fluld=dynamic lowsad and MHD losses are proporticnal_t
the third power of the rotor surfice veloclty.7'
Thervlore, these losded aro the highest at the maximum
spead of the rotor when the cutront (s Zaro.

The EMC iy completely tlooded with NaK, and the
SaF Anelde  rhe EMC (s under hydrostatle pressure
hoecange ot the higher olavaclon of the NaK resurvolr
CFLde ) Thivrat ofe, the viscous and the MED lomses
AT minimt ted., Lt appears that trictton .at the
Boarfags 14 the qaadh dotres gl Loses.

The capucltance ol the prasent model ot the EMC (a
muel higher  than  for  practical application, Tie
vapacitaner  can be reduced by Lnersaning the magneeie
teld, decronalng “he dausity of the rotor material, am
shown  fn eqe (2D amd aldo LY connealing 4everal
Aodales In anr{os Sur futurs  Work will forcus
attention on thewe problomn.

Conclusions

Although the cotucept of the homopolar machine is
not new (Faraday, 1331), our proposed applicacion which
1a directed to energy transfer, 18 new. This
application requires simplevr design than rhose when the
homopnlar machine (3 wused for energy storage or fur
power generaClon,
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