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The Application of P.W. Bridgman's "Hew onf® to

Exploding Wire Phenouena.*

: t
¥eunath @, lossz end Thoodora Yernef?

Paysies Deportment, Tewple University, Philadelphiz, Ponna,

\\ s ABSTRACT

\
" Po¥. Bridguan propounded the possible existence of a\e'*'ew emf gonorated

in a condus’tor carrying a cuzrent due to 8 time verying temporature, . By-means

of thermadynamicel arziiginte Sridzman daduced that the emf genoxygi._ is given

'l'?(

“>This enf was not qetected by any researc‘mre due to the fact that the
magnitude of this genorated voltage is very small under normal conditions,

However, undar the conditions of an exploding wire tho rmgnitude of the euf e¢an

N\
bocoue increasingly important, It is shown . paper that this sffect can

1 !

7 po;saibly account for the exeess energy required to nelt and vaporize a wire

H
unfdcr the eztrome conditions of a rapid discharge, '« 3

DN

N\

; IRTRODUCTION
The emount of cnargy a wirs rocelivsa from o capzcitos disoharge, before it

undergoes a very rapid expansion, may ba much greater than the onergy roquived

?*

to corpletely vanorize it. This has tesn a well known experimental fuet for somo

havo boen reported by researchers in the £lold, For axanple, Kvartorhave and
his co-voricers™ rave shoun thai the magnitude of the sxccsa energy deposited in

a vire prior to tho rapid oxpansion hro some dsperdanca upon the inductance of

the diccharge circuit,
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tize, and oome aspects of the donsndance of the oxcoss Snergy on various perarcters
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Thay beve found Zhst in a lovw industonso divchaige afvouit, the wiva i1l zhuorb

NOT2 2a0Y ard hovs loos vesistance t-an & wirs vacdevesing o disehargd in g
) [ %)

mors induelive eivouil, iF 2ll olhor paraseders srz imchtanzod.,  Th2 excess crew

ime 2130 besn studicd W Klelhscwsr uhis hes dewonsiratsd et the cnergy chgor

whod

por ueit cass befors runivrs cin Ly loeronscd by raising the initiel voltuzo
v by inereasing the wire dinsctor vhils kﬂup‘ﬁﬁ 3 wiveniy characisrishice
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vlere I is the surrent 4n the cowdustor, L tho inductance and H Xs the Hall
aq qaT

cesfficisnt oF the conductors aI tnd 1% sro the rates of chennpe of thoe 211

costMhziont with rocpect to the tevperature and teiperatura with vsopsot o

tire, vsspocilvely. Bridgmen erpived ai this coriclucion thruuvgh an intuitlive

thermodynaaie orgatent, which we shall descride briefly, in cvdor %o nequolduf

#ha reador iith this effect.
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Conoider a Mll ciffcot situation in which a wagnstiic ficld B iz »atablished
perprndicular 9 e cocnductor of uvnit length and width a, cairying a current 1.
Tiera will exict o ill potoatial Vy transverso Lo both tha current, I and £leld

8, vhosa magnlitudo ia given by,

Ty = '1%8' (1)

t
uhsro wo have chogen i as ths Hall coofficient for claritysl Thio oystem can bo
traated thormadynomically as a baitery whose emf is gilven by eq, (1), since the

111 cocifislient 418 o slouly varying functlon of the Yesmperature. If we noglect

y

Por tho wumant any joule hoatving, ¢them ws can cr.loulate work done by the syetem

8 transvorcoly duas 4o the Hall field. The work done by

,'
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whic tecasvesrss Llov of crarge moving through tha Hall potontlal is,

WM = HB dq
af

Ilow, 1ot us nmoouwas Yhnt the stats of the systsn can s deseribod by the cov
of indepeudsat variablag ; end T, This agovmpllion implies that the intermal
!
1

amorgy, U, 0f tho cysten 1o - function of q and T only, i.0., Uz U(Q,T).

By tho applicatinn of tho firnt lay of thermodynomics ve got,

a0 W _@] dq -—a—g-\ g 2
g[aq* a T u 37 | ():'

mleinlying o2.(2) by 1/% w5 con form tho entrepy 48 of the cysten and by
impesing tho candi%ion 4hat d3 bo & perfect difforontial, 1.c,, ../ 37dq 3%/ 3q3 1,

w3 oviain t'o relaticn,

3 ..TB. N (iH :
3&'\'1""&" 3 ¢ )‘. SRS (3)
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Subatitating thias into e2.,(2) we can got the heat aboorbed por unit chkarge which
has flowed t(ransvorcely to ths cpplied filold, at conatant tomporature, undoer
tho assunptica thet tho wire has not undergons any expansion,

Y ~ i) (IH)
._3\1_ %"? L\

Ng a (4)

Bquation (4) demands the infloy of heat to tho cystanm in ordor to koep the
tomperature constent whog therb is a2 tranaverse current in the system,

Brlagman perforzsd en oxp%rimcnt’ uaing biznmuth &8 tho conductor at low touperatursse
in ordsy to coe if this e?fect could be detect;d, and ko found mogative results,

In i’i2 pager, ho prescatls en argumsnt on the b;oie of e&%ctry considorutions

&3 %o vy ¢hls effect osaoculd vanishe Yo 9hnllinot reproduce his reasoning,

wut ohall refor ths reador té his paper, Houa@or, if wo acccpt this result that
;ﬁiﬁ, mzt vanish ad conctant tonperatura, then we arrive at this rceult,

Aq
101 =~ - 131 (5)
1 Y

Thic velatlon shous that the current in a systom will change unon ths tsupazature
changes, while no uork will be delivorsd by the system during the changoe in
Yomporaturs, Tharcfors, BDridguan cencludod that "a Iow Find of eaf® must be
gancratod In e eircais undorgeing & tcmpsratura chenge, whilo earrying a cusrout,
ia ordor o nenducs thia changs cf curront,

menkal

In order o arrive at & value for thie cnf, lot ue parfoiu « oimple exporivoat.

tic ahall prepnre a suporecaductor in the fore of airing and by acue moans
egtablish o lreulating ewiroat in the ring. The'cuyrant i1l continuo to cir-
culzto dus Lo the éLIz encrgy storod in the induc%:nce, assuming tho enorgy

dizodpatod by the oimic raeistance is negligudle.




. Now, if wy incrsags the tawperazurs unifornly throughout the conductor, without

approclably incrsasing ths ohnic resistance, a counter &af Vy ahould be
goncrated according to Bridgman, end the primary current will have to do work
against this potential. The work dome agoinst ths potantiml by the primary

currs1t nust deplete tho onargy storad in tho inductance, accordingly,

d., .2 o - :
S L) o g8l o BT p:
e it dr 3t (6)

. But, from vz.(5) substituted into eg.{6) wo got the result

=
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Vv, = -
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H 3 . | (7
Tale equation is indspandent o the oxtormally anplied zgagnotio’ﬂold B, and
ponce, thia oof should bo gez;.eratod in eny circuit undorgoing a ohange in

tcmporature, while corrying a current., Tho effleot 15 not easily observable,

Zor undor norm2l conditions, tomporature changos occcur slowly with time, and

“the current in & circuit is usuaily rot vory lergo in magnitude, and fupthormore,

tho M1l cccfflciont %6 sleuly varying E2'uu¢:t.5..on of the tzrperature, Thus,
tho magnituds of this eaf would net notmelly bo vevy largs. Bridgmaa was not
able %o deonctenlty the exiginncs o'i‘ this end d:uo Yo those reaccns, ia addition
to the maskiug of this voliage by ohmie iwatiag; offacts, wvhich cannst be
e].i-.-:i.m;’a)d in a practical oiperimont. Hcmver,? in oxploding wire atudiss the

i
offect btoco €5 Incrsasingly iuportant eingo we deal with large currents and

rapidly varying louperatures,
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Ia order to cvaluate tho cpnlicabllity of %als sifoct %o oxpleodingvrs
phanomont, a eories of euorgy mecacurczments wors aken of wiros oirleded ina
diecharge oircuid conaisting of e 19 niorofarad, 3000 jJcule copmeiter, Tiw
ringing poriod of tho circuit was 13.55 micrococonds, and the valuos of the
rcecictancs and inductanse wairo nllliokms and 0,3 micirohanrics, roeopesiively,
Tho ciroultd uas dissharged by moans of 2 {lat lsveotron type tviggored eir gop
switche The ouiteh aoud cryitching procesa is the topic of anothor papor wihleh
wd £aall prossat Lo this conforonce.

Tho curront 21 the cireult wos msasurod by Aicplaylng tho iategrated
output voliogo of a euell ceil on omo ghammal of a dual bean onclilossepss
Ths coil) ig placad in cloce proxinity to & currsui laad of tho diasharzs elireult,
Thic has boon found 43 Lo & convoniont wsthed of ovlaluing %ho inslantonoous
cureant la tho dischavge oireuite Tho voliago wovoforud usro yocovded
sl-ultnancusly with ths currost, oid thd zoceond chammol of the Iurl beaw
caeillonccpo,  Tho voliagd ecrovc 4o wlre wms mcasurad by 2he nothed of

-
DR 2]

A
alestronic ennenllctden’ vhieh Amhibite tho dutvoduaticn of grouad lespo and

sgurlone Indeetlys vouliagns inteo D monouring apparaitus, Tha indicansd ricd

Wins of Uhu apparetuo has booun deterdned Yo b2 loog than 0,04 nicrousconds

toy

;0-.

he delaiiinatlicon of the pewer dopositad iIn the virs tag fouad ty ploiding
tho produst of the instautanoous wwluoz of thz surroul id volings.
Intogratlion of tho pouwse curved yields k3 dtotal omovyy in “ho i, and by

sudbracting the iuductive cuavgy storod in Whio wmegrritle £lold of tho euryont

ot a glven time, we arrive at the onsrgy dlesipatizd in tha wird.
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RESULES

The wlvsin vhish i hwvs otudled oxhibly tho phmmouea 0 engrent dvwolle.
Flzuce 1 42 2 ¢yvienl ciwa-de of tha cvrrant and vollogs wavsferas wa rocerd
with our vpparoines The verticle dofleaticn osnsitivity S Q.75 k7/div ard
28,7 v/eiv Qor 4o vellngs end ourrcond, rocpeciivoly, cad ths cucop epood 1o
2 nigroces./dive Tho initiel volicge on 4ho capsciter ¥2ao 10 KV and tho wiro
wider otudy ia Fip, 1 vos o £25 B2S pouge (12,84 mile) coppsr wives In ordow
%o saleulata the Rridgwon wvf, wo tool the Tiret discentinuity Inm tho voltage
vavoDera eas tho indication €hal ho temperaturs in the vira hed rsachsd tho
naliing polint of ccapar, 17 ﬁ‘o Re Tho discontinelty has boon interpratsd by
othsr 3ue ai‘chu?sﬁ t0 Uo the point 0% valch tho wiro cicioncsd to change fron
tho oolid %o the liguid state., linco, %o con ovaluate the average chango ol
the tomporaiure with recncot €0 Yime, by dividing the differance baluson roon

tomperatura cad tho walilng polud of coppor by tho timo intsrval fram the

[
&

Wiiey

Yoo

on of the dlzeharge to tho dissontinuity, vhich o oblain foom the voltaga
wevoformss %This 10 4ruly = vough appr E’:i.matia'a, siuce the tempsiadure shango io
zot lincar in tims, as con bte sgen by t.:: vcry vapid riso of voltaze at tho ond
of thie interval, Thiu point will bo diccuased furthor later in thio paper.
Tho resulte cf thio parer ave confinsd to tho intorval prior to the firsd
discontimuity. The reccon for this is that infoimation of how the Hld
coofiiciont varios with tomperature adove 600%C is not cvailable. iowover, it
i knowm to changs linsarly with tompsrature tslow 600°Q, hance, w3 can
oxtrepolete at loas? to ¢tho melting point. The slops of the Fall ccefficiemt
with tamperature as daterninsd frem the data of V, Fran‘.:s has a valus of 12,1

5 om’/coulomb. This elepo wo assuze remains concinnt duving Zhe hoating

period id which the wire is brought up to its meliing temporature.
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DIoCuissIon

Tho rosults of thios atudy ocn bo izlken uz en indieation that tho Aridgman
oaf pay B9 liportund in nccownting for tho excass cnorgy. Fowsver, the cale
culaf.;‘;on of tho Bridg:=n omorgy mus? W rofinsd to climimmto the errors in tne
eotued of ealculution, Tho lincey epproXinalions sage oa tae toaperaturod
variction 18 tho najor aoured of crrors This orror can bo greatly roduced by
tho urd of a result ovtainod by x:cilhackora for tha tonporature of the vire
a8 a funstion of tho curromt, end tims. 7ho tine rate of change of temperature

can b caleuluted from his rosults end is given by ¢
- o Y J
= L raes £ Zndt:
where & 18 ths oceficiont of lincar oxpansicn, & the conduotivity, @ the
density at rocm tomporaturs for coppar. Tho radius of the conduotor is a, end
; rsprosonts tho sverage sposific hszt over tha temporaturs rangoe in question.
Talo calouictiiosn chall bo domo At acns faturo time,

Tho doversnzo of the thoory {ron oxperimontally dotermined wluco of tho
2ac9ss ommegy oaleulatsd for dhicier diameter wires iv Miloved to by due to
tizdn offactis,  Tho giaraclorictds %3 5 /:a‘aai‘or the thlsker wires 1e of the
same opdoy of varilsude a3 tho poriecd oy tno disahkarge sciroull. Ba::noifca ks
choun thad ¢hiu is %She condition for tho tyansiond sxzia cffect to beccis an
impertant factor in axploding wire phencuonmae Tho 45‘::&:1 ni'toot causes o non-
uniform distritution of the currsnt donsity, and tempernturo gradients are
ootabliehod in tho conductoy wnicn groatly ocmplicates the situation.

Tho offect aiioun qunli'tut.ivo cgroonont with cxporimort, for it Lo very
sensitlve to the rato ¢f admiusion of onorgy into the wire. This is bora out
by tho fact that tho excees onorgy imaorenses with an inoromns in u:o ini%ial

voltago on the ecapneitor bank and o Jdasre2ss in 2ho eircuit indueinrnco,




Tka offcet of sharging thoas ruremsters 46 to laercace itho initiul alopa of the
curront rise, thus reising s powsr in the wlee, The fuolsr wo apply onorgy
%o tho wire ia ordor %o inszsccs 4hs rads of honting, tho groater will be

A

ho oncrpy oxpcuied inm doing vorikc sgainct the Bridgaaa caf gounsraizd as a vosult
of the rapidly changlng tomporatures Tids enorgy vhich is lost %o tho Bridguan
acf connot go inko heating the wire sud must bo accountod for in a nicrozcople
nedel of %ho coumdueticn process,

The changing M1l occcfficiont with vsopact to tomporaiure ray proveds tho
ansuor %o the oxee22 onmorgy. 71Tho Hall cooaffleoiont is proportional to the
reciprocal of ths donsity of efYectivae chargs carriors, Thersfore, the Bridgmon
o coculd bo iz rosult of insrecsing tho donsity of the effective charge

carricre, and the oxzescs omary £oos into the crention of these ghiarge carriccrs,

Cadalp oS

T

I3 oporedch ho tha prehlen must lic in thy cyplicatica of the Boltznan gquation
o thy mensquilibelua proceca of a rapid diseharge of curpeal dhrongn o cendustor,

o gom oY - 0 Y S - S 4 ), & - 0 o hod .
vador Sha reoiricitlons of Terml.-Divae statioctico,
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vaped fudicals thad the Eridguna oflfeat Ls worily of
condinued givdy and wuith vofiusnont of ths ealeulations way provids a monng of
caleulatling tha anount ¢f oxesvs enovgy doposiltsd in tho wilro, Undor & nore
vigorous cralyalo, the effest may provide a dosorviptlon chouleg wlisre tho oxcess
crorgy ia uwtllized 4n exploding vuico phounomenn, Tliozo inveselsntions aro now in
progzoes and ko rosulls of thooe studiae will be nado evailabdble hon tho work

is complodzd,
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Figure 1. Current and Voltage for #28 B & S gauge Copper Wire
A - Vertical Deflection 28.7 KA/Div,
B - Vertical Deflection 9750 V/Div,
Horizoatal Deflection 5u Sec/Div.

Figure 2. Current and Voltage for #28 B & S gauge Copper Wire
A - Vertical Deflection 28.7 KA/Div.
B - Vertical Deflection 9750 V/Div.
Horizontal Deflection 2u Sec/Div.
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