Energetics of Ferromagnetism by Leon Dragone

Whan =z pecrmanent magnet is placed insids a coil,; and.the
current  in tha eoil is turned on, the egilts field can
514 or ecancel the B’z field, If tee ooil canceds the
py's field, the magnetic energy of this Field is last fron
the enviornment. where dges this energy go? To answar
+his gueestion, et ug descrlbe Lhe parianent wmagnet in
tarms of itg cireuital Amperian currents, Ia'

constder a cylindrical permanent maygnet which 1= magnerized
along its axis as shown in Tigure 1a. It iz customary
to describe Ehe PM as 1f it were & colanoid having many
turns arcund the cylinderx'sz lateral surfage and carrving

an eaffective current Ia' Sze figure 1o. In this case
A

mia czn describe khe PM's field energy by the Bormula %Lmla,
wherea L_I1| iz the effsctive induckance of thz PM as iE it

wore an actual coil carrying the curcenk I, -

How suppose that we pot thia Pl inside -+ =« coill as shown
in figure 2, We switch Che cotl on in such a way as to
canesel the PM's field. The fiald energy for thls situablox

can be wrltien as
m

i

LN .
Roag © {;Lmla + éLGJ:

MI_ L,

where LG iz the ipductance of the coll; Ii iz the current
put inco the coil, and M is the mutueal inductance betwesn
soil and PM which is bo be thought of as a solenoid, When
the coil i rurned on, Ehe Fil aching &= if it were really

a coil driven by curvent I, chenld be aided by an induced



cmf #a Tthat the currant Ia ahould increass.  However; IEI
sa  atsnle origin and cannobk  Pe altored. Thuz oy the
reciprogal relation which  exis:s betwaan ooil  #1 and
permatent magnet acling as ooll ¥2, thaizs indueced emf oust
end up in sail #1. Thereforsz the induced emi pcts to huild
up the current li* This makas sense 5inge we gtart with
the magrnetic field of the PH and erd up with oo oxr aloost
no magnatic field. Tha fleld energy that disappears EXom
vz .'..E%; avstem must  avpear in some other foxm.
pifferantiating (1) with respest Lo time We ek Ehe iopuk
poweT
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1+ is seen that this= can be neqative 1t Ij_ apd I, wvary
vlfhin & certain range. From this we iR ponpnte the ooln's
input volbage as

Vig ¥ DTy - mxaxifli

If L, o+ & W o= %LHI; and W = 0 %o that oo back enf can
axiat in an unexcited coil near A EM. gut if ii e

r - : ; .

the back gnt xback = MIaIiIIi poagans Lo buaild, In any
pracrical demgoslration of kiis effect, we must incluode
the IiR Arop s thak

$in = LcIi + RIi
gives the input waltage Lo the coil. For ceclain wvalues

- MTaIifIi

af I, and I Hi-i i



¥or a numerical example, suppoess I, S0%% from @ to Fhma

in .lsec. II b, = 2,000H and ® = 20,000 chms, then W,

2,000k.3 + 20,000x.03 - ma}:m. Wwe man only eatimata
A and I, bul. typloally Ia iz teps of thousands of Timss
L - Furthar, M= jf;fﬂ;f.m which itself iy al least an ordar
of wmagnituda. Slnoe we know that magneric field onerygl
dizappears, we Know that vy musk be pegative and Judgioy
from =he ordar of ragnituwdes of egach of the Leroms 1o '.f_,i_r
is irselt at least tares oxders of ragnituda. Thus for
thw pumbers given, we would expact the input powar of
barween -30% to «3I00W or sSc. Thas W, = & jut within a
gerraln range of values fer I, ard ii‘ Inlsa,

o

: =
F:‘.n = L.l:LiI.L -+ ‘HIi - t-:Iﬂqui £ 0

Tha interesting choarvation €o be made bers is that En=
PH's fiel-:i‘:gcga be “suue GF]E'”]:-? sutpatting i1fs eparpgy into
Litg exkernal circuit., I1F alt the =samz insvant L. the
exrernal cl=onit ware removad, wWe hava no closed aircult.
bowever, wWe oan predict the final rasule: the P fisld

will agein be present and the ocurrent i the eoil will

Y

coass. But how can the isolated coil-PM mysten™gain back
rhe FM'e Tield energy when it has been cut frem the axbernal
sircuit® The situation appears as in figure 3. What
nappens in kb transieont phase?

Prom what we keow abounk coils and back enf's, sowmething
must happen within che coil that will allow Ehe PH Lo agaln
bacome ungovared; 4.e. obviously Llie cugrant in Lhe oodl

will g to zero, From an snsvgetics point af view, a Ilsld



o encraoy &Lmli will appear and the ¢oil current chst rolax
in sweh a way thak rhis energy «hich was Tormerly dwnoes

inta the aﬁzernal cirouwib, will mbe petrisved from khe coil-
2

Jﬁas new lsolated, o cases ooour: a) The cil

Bt avshem
is shorred immediatsly upon removal of the external ciwewits
and k] Tha coil is 1eff apen, In e&lther case the ond
rasults are the same: after transients, Lhe Pz [iedid

retarns abd the coil becomes passive.

Tn caze bi, we nead nec worry abovut the coil's IER loszes
or abpul the ooil itself during the rcelaxation process.
We @an them tnink of thiz transient vhase ar fallows:
imagine the coil to be a Ferrocmagnet:ic sample and EBEhe 4
is to act as a magnebizing agenk, The <oil, actlng asx
a ferrcmagnet, has a reanant field which =t tﬂ jnak cancels
the [H's field, M the transient progess begins, Che FPH
field @izt unmaanetlze the ooll.  EReaenber, khe oail i1s
acting like a [ferromagnet with a Iemnant field, At the
and gf the process, thke net field «will be H_ which waz
what the PM's field was before the coil was exgited.  The
graph fur thils progess 13 as shown 1In fignre 4. Clenrly.
t4e snergy for this process is given LY B ox erﬁB as it
ik in any magnetizinyg process., 20X the ourve showa, E
= ‘F HAE » @, Do that the PH is deing werk OF tha coil .,
The =neray reqeired for ihe B Lo 58 act on the <oil comes
from che amparian eircuital surrents oOr frem the PFM's
ipternal encrgy. Hence, these clrouital currente sl far

an eoergy less an an atemic lLevel, Bul it iz impomasiblie



[er Lhe cireuital currenks to diminish kecause guantun
senditinng within the atom are far more sbkringent than
the little perturbing force of the coil. The loss of ensryy
will rhan be drawn ELrom thse Fd's thermal eoercy on the
lewel of xT and wikhin the ™M itself. The Lhermal enerygy
of t4e PR will thus decreare and 30 the P will ooal,
Ppig latter phenomaron occurs because o assumed that toso
PH dmes not change duriny the enkize process; i.c. rhe
coil's field, on ox off, QEEE_EDt alter fhe PM's Jdonain
atprpcture, This iz a fack which is known to be practicatly
attainable. Turther, we can always choese 2 range of IL
valiyas so that the vhole process will lie onr a Barkhiusan
jomp whers the B of the PH remains caﬁstant while the chil
ghanges provided the currest I,, so choeen, Brid 1ts raba
Ei’ A ga lie in Lhe negatlve 1lnput power range. Alxa,
lyy making the coil physicaily large, Lhe remele part G E
tha Ph'es Fiald can ke canealed without unde stress on the
B figld cear Lhe EBY. Thus large amounts of magnatic filsld
anergy nen be canceled from the <oil-PH syshem arsd this

ansrgy dumped inte cthe external <izcult withoutb stressliog

Yha EM o change inbBernally,

Phe atntropy of the PN will rewmain constant durirg The the
gwitch orn process. During relaxatien however, the eotropy
af the DM will &Gecrease becsause ibs incernal eanergy will
Arop =z il drives the “rempnant' field oul of the ocoll.

Osoling means &n entropy drop even Lhough there 1z no change



in the P'z deomain structurc. Thae PH o will not drive the
il to posibive nagnetlzation since at E¢¢11 = [I, the

coil becomes oessive and all curreats within bhe coll Ceagd.

e finm}! state, alber trapsients, is of course, identical
to the Lnitial slate. "herefere this prasess cao ..
repented cyclically. poring each <yvele an ameant of heat
0 will ke absorbed by the Bd so that 1t can remalon Lo
therpal eguilibrium wwith the surraundings, The entice
gyele wonld reguire Exww 10 to 190 millisas 3o that from
19 ko 100 cycles can be wmade per sec. The numbers ehasen
herein are typicsal nf the orders of magnituds that I have
experimented with. Chviously, they are ool eritical with
tha exceplicn of the large coil because ibks relaxation
time is long encugh to switch off at time £, . IF the switch
off Lima dt iz of the same order o maganitude as Lhe coili's
rmlaxaktion Time, ©The negative power will ba diye ipatad
in khe switeh or rabrieved by the cell from the external

oirculit.

since the anergy dumped inko the external ciroeit i guuil
t~ the energy that disappears from the PH's £field, wWe cand
alzo calovlate the “Eres anscgy” directly from the paxt
af the EM's Ffield cancelled. I Eu. i the waiye of the
TM's fizid, the speryy of Ltz field 1o given by

E - 1flﬁ_§ Ezﬂv mhare the integral is over all sapace.

may
.
Far from the FM, B2 = Tqufri and rywically E.I:J is Twimﬁ.



e thus have Emag = ifﬂﬁrﬂi‘hd rlﬁingdrdgdeﬁ or 4 x
1728 BE-J*1frﬁif: Since t;e angular part gives 4 I and
Al = 1D'2, and we are going to chodse RQ to ke Larger
than the phwveical dimenziona of the FH, we can write Emaq
= affine E-Dg
the FM's Bize is but & fraskiaon of 2 meber zo0 fhat 2_ =

1IRG. Osing B, = 1wfm2, and asguming thaz

im 1z far from the BM, wWe can extimake Emag Lo he 224
«Ff = 14 T, If only 1/30 of thia fizld energy is cancel i
by Ethe coil, aboul 20J of energy will pe dumped ifte Th-
aukarpnal cireonik per  oyole, Far 10 ocycles per second,
we get 2004 sutput.  This means thez @ = ZO00N = Bhuvalfsac
will be Lhe ztate that the ?M will draw n hear frowm thes

gurroundings. wor a 100 lb goil-Po system, we oel 50

calfses = A TsM = & TL.oi1zalfg)(v00 la}i454gilkl ox
AT = 30/4384 ®k/seo, where we have assuned 2n average
snenific heat af ,11calfg. Tor an adiabatig oroopss, the

coil-PM  system nmust suffer a temperature drop of 1,100
af a degree Oslzigs per =second,  dneratiog afisbatically
for Five minubtes should cause the system's temperature
ta  drop 3.07%¢, Temperazures of thiy order of naghltods
have been actualiy obsexved en the Elegtro-Entropic nolor.
Of aourse, the motor's ooll-PM syetem was nat thermel:y
ignlated =o that a contiaual drop in temperature with bime

was not observed.

It steuck me that when big coils ware switochbed, sometimes
yary large are fack would ocour at the s@itch and ouher
Limes victually noe arc back wag okserved. Tho pretious
Aizcussion clarifies these gqualitative bahavicrs, For-

certain valves of Ly and L., the neguabive powey was DaEind



toat in khe switch okher times it wasz not, OF course,
I was dealing with a rotating #M and was not contralling
Ii o ii at.  atl, It waz by cheaneca that tne cocorract
combinations of curcent, curcent rats, and cycle Line were
combined. Thiz explains why nigh sfficiesncies wers Ieasured
anly wader cerrain operating conditions. JFor the Elactoio

Entropic mokor effigiencies cf 2000% were weasured. T
measuring process wWas 8 na Load situaticn and the oily
lomd waa the accelerating % Ka armaiure., The copling effe. "
maz  alsc bast pobed undar bhese oBerating cgnditlons.
Alen ro regard was given to the welaxity so thal somskimas
£he mokor operated by repulsien as ik the Jomaeg' notor,
and sometimes by abtraotion. Clearlf, hegative power &nd
coaling  regaires wEbyaittion betwesn coil and  armabure,
Mozt of the Lests mads wers with an eve towerd toward
repeakability, T tperefors ussed wariouns input woltages,
anrrenks, and polérities withcout neticing what thay wars
insomach ag I was gettaing the cocling effect repaatably.
Mow I will yenew Lhase Lests wWith an eye toward bhese
differences. again, ané for che record, the 2-E moior
has an effigiency of 20 to 1 ia a oo lead situstion, 1
thins this maotor should be tooked at by bhe Inscaitute and

this owver unity zffect can be werified fixrsh hapd by vou.

The "bleck box" davics was my attempt te do away with The
kevinsg armature of the motor. A3 I menbiconed, this doevicwe

had mr ovar wnitv efficiency for the otwow bLests I e Eermed,



Further Fests are ooeded. However, Lrom Ehis device can
be gleanad the arc-switch, This switca and a fev sicple

circuil components, ¢an control I,r anrd guarantee fast

_-i_l‘
cerrent off Eimes. Even zolLid state devicas have difftcouliy
in turning OFF larga curreets i shork times. Tac are
gwitch has a =hut off time of 4% microses for a carrant

wl &0 mpmps at damonctrated on the scoDe.
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