Jakub Purgal

BREARKDOWN HAZARD OF ELECTRIC INSULATION
1IN SUPERCONDUCTING COIL PROTECTED WIIH EESISTOR

1. -introduction

The superconducting coil loses its superconductive state if the copper
cennot give the full thermal stabilization for the filaments. Then the
coil resigtance increspes till the moment when the full megnetic fleld of
the coll will be dissipeted. The occll temperature is increasing =and the
conaiderable volume of the liguid helium is vaporizing. The high voltage
ocoured on the reaistmnce threatens the electiric imsulation of the coll,
Furthermore, the considerable rdge in temperature mey result in the ther-
mal faults of the insulation apd even burnout of Ffilament [1,2].

The common used protection for the supercondueting coile ie an elec-
tric cirecutt or a device (mosgt often resistor) which dimsipamtes the mag-
netic field energy outside the cryostat, So, the coil resistence is smell
and ss a result the voltage, temperature and the liquid helium losses are
rather limited. '

The diesasdvantage of thia method are covervoltages induced on the coil
by means of the alfernating current during the energy dissipation,This is
the sele factor threating the electric insulation of the protected auper-
conducting coil. The analysis of this bazerd ia given in the paper,
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The protection ayetem ie ’prqnentéti ip Pig.1. ¥When the superconducting
coil loses its superconductivify- the switch W opens abd the megnetic field
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Pig.1, The superconducting <¢oil protection gystem

epergy is disaipeted with the resistor Rz' in ancordence with the litera=
ture [2',3, 4} -
So » L
E = - (1)
-1 3+ck
2 [ o ZT= 35 %

where: B_ - protectiop res:.sténee,{&.]

superconducting coll mductanca,[H]

i, = current density in the copper (when the superconductive
state is lost), [an™"] |

o =~ copper puperconductor ratlo [?],

t_ « the time necessary for the detection of the losa of the

How
[}

o
superconductivity state and- for the ewitching operation[s]
j‘k Cou(T)
Z(r)= gt
A=) pe®
49K
where: I, = final coil temperaturé,[Az m_4_}

From the formuls {1) it mppears, that the grt;alen;lzr"liz the smsller final
coll tempersture T, after the energy dimsigation,

3. The analysis of the breakdown hazard

The znslysis leaves out the voltage between the ende of the conducting
region in the filament as well as the temperature in thie region because
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they are of limited wvalues without the ﬁractical effects on the hagzard
degree, The aim of the analysis is to state the voltege dlstrublon along
the coil when the epergy is diesipated on the resistor,

In the large extend, thig distribution is determinated by-capacitance
between the winding end the earth or cryostat. Thus, the volisge distri-
bution is temporarily nonline&é a0, there are the regions of the high
voltages. Thess phenomena have the greatest effect on the electric insu-
lation in thie cape when the coil end is connected with the earth or
with the cryocstet. This connection may be necessary for the reliable work
of the protection sgystem, Scmetimes 1t nay be due to the current lead
fault, The anslysis scheme ig pregented in Pig,2,

f it Re
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Pig.2., The scheme of the superconducting coil winding protected with a
. resistor (one end is joined with the earth or with the crygetat)

The Kirchoff’s I°° and IT®® laws used for the element dx and for the

voint P give the following formuls [5,6,7].

¢y (x,8) o 2u(ntl g 9 u (xt) 2)
o ot 2%
where: - K - the loagitudial capacitance along the coil,E?I

C ~ tHe capacitance between the coil and the sarth, [F]
ulx,t)-the voltage between the poirts x and x=0,[?]

The. voltage on the inductance of the element di is as follows

[5.6,7].
Du (x,t 2 1 24
Lu (x,8] | J’!(x,y)—l dy (3)
ax 3 ot
wheTe! g = the number of the coil turn

¥ - movipng coordinate of the current alement.
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M{x,y) — mutusl induction beiween the coil turns of x,y co-
ordinates in accordsnce with the following formula
6,7}
k(x,y) =
where: \ Ko — pelf-inductance of & coll convolution, [BJ
A = the constent determimed by the colil construction and

¥ N (4)

-

its dimepeions [1]

-4
*rom (3, (4 and L= °° Yo we obtain
A
Di{x. t) 1 Qulx.+ y ?2° u(x, ) .
— = g ( - — ) (SJ
ox L BI ?,LE ax3
Yexd, from (2) and (5) we obtain tne following formuls for the coil vole
taze
s 2 . N 2. o
o Jif:u -}K? ¢ Jjg‘tf “K 1 A2 ¢ Jéx,.Q . 0L 3? z ugE,,!
px” oz 2x° 8t ot
= 0 (E)
“he generml sclution of this squation (worked cut by means the Lapla-~
ces transformetion’ for +the initiel conditions
u(x'O) = 0 Mg 1] ('}')
2t
i ag Fcllows
14 Vo 5 o
uix,a; Ay BID T, X + A2 cog X + AE shrzx + A4”cnrzx (8}
where: Ai{iﬂ,,.,,.‘;; - constants
~ h— " I - a oA
SR PR < S (P A L. CL?\‘s‘]
) L
g > )
2 - %[12 v 1 226 4 W)Eﬂ-‘ﬂ )2 4 a1 thz}
wigress: , > r2
= A %1
T2 3 (9)
Exr
T—
c
Because 1(x,0} = I  and u(0,t} = 0 ae well a8 u(t,t)= ~1(1,t}E, we
obtein tne foilowing formulse,
h, + 4, =0 {10}

2 4



118

' nl r3 B, - :'?
A.‘[sin ry+ o o+ --)con r1] +'Az [m ry- o {r1+ 1—2)5_1:1 r1]+
B : 8

R O R in

* ‘3[ ad . "2 EX 3?2]“}‘4["”‘2* i, oo "'hrz] s
e (1)
The solution of the formula (8) has to comply with the introductory

equations (P and ‘(2) presented in the following formm

o 2 2 '
A1r17\ + ATy + 13:'21 -Az = 0 | {(12)

| _111'1 (Acps r,~ r,ain z_-., Yom Aer10u1n Ty+ I 008 Iy )+ A-sra(?\abrzi-rzahrz)i-

+ A zzmnhrz-vl-raehrz) - (13
30, we lay obtain the factors 1 with the following formulse
D .
S
Ai - A {14)

wheres A = the determinant for the equations (10), (1), (12), (13),
D, ~ the determinant obtained from A by the replacement the &,
factors column with free terms column.

_From the formula {(14), for A .3 {becaupe the magnetic coupling between
the coil turns is strong) we educe

. - 2slmr n1nr1:+r$ ein 7, ehr, X
u(x, )= =1 R —'2-
! ° R r1h2+52)
[(al.n T+ — cos T, rzahrai- (shr2+
LA s .
B 1, (2mr5) 2 -
+ chr,} 77 ain r] (135)
2 2 1 4
LA

usually C> K and A 30 so, from the formula (9) we achieve rgav,-rf and
the splution of {15} iu aas fellows

: shr, X
u(x,8) = =I Rea = (16}
¢s - B x, (a?-rz)chre
s[shrz +
4 l B
Dencting r, = 6‘ + 3T (because the scheme consists of the sctive and paa-~
sive alauenta) and using the theorem about the distridution [8]
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- ) Vis } %
u(x,$) = --g-%%)l + Z —_—f-f—(-s)—]— . eak | (17)
S T, |

where: B (k=0, 1,2 n) -~ solutions ¢of the equations W(s) = 00 by
puassy -
meansg of the inverae transfommation of the fomu}s {(15) aclution we ob-

+taln P

- = , shGI - = 3 ;Jkt

u{x,t) = ~-I R {eﬁ i k

[ . 1 Gk
ah€ - 2—'!_5 oh,g

[eék.sin('fx- 1'.')+e4 sin('fx-b-lit)]}

where: G, = T{1+—£)

k

Z, = L2 +kTg)

+186, ~g7Ty {1ty T )+ 206t Thel |

2t1319% ~(I-tH 6, g T e ~2in ity T e J

”s{[g (A-6L8TE ) + 2607 (R824 52825, ]}

{E"“*ELK bn"ln{R +ip: +2[ ? @z "'25:(&]
L(r-oéﬁfﬁ"ﬂk 26T A2 E )16, )

b= oy 7 {2[6 (R -6 T 26 IR )]
{fsﬂr )R8 F]T }(pz 2)26,T }

nhere:
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The fomula (18) enablep us to determine the voltage distribution along
ths coil winding if its end is connected %0 the eamrt- or to the cryostat
It mekes poesible to gptate the breakdown hazard of the turn to turn and
interlayer electric insulation when it is protected with a resietor,

Por the coill insulated from the earth and cryostat, the breakdown ha-
zard is less {beceise the voltage dietribution iz clo e %o the linear
ghape),

44 Summag;

Tne breakdows hazard sbalyeie for the electric insulation of the real
soleroid superconducting coil bes been carried out, This solenoid contal~
ning the cenal of the rectangular crose-seciion, is. uged for the invep-
tigations of mixture separation and slurries filtratioms. The coil height
ig of %14 mm, outer diameter of 163 mm end inner dlameter of 198 om, The
eoil concistas of 24 layers. It is wound with superceaductor of 0,6 am
diametert ita oL ratic is of 1,5. The electric insulation of
the wire is the polyester lecjuer of 22 jm ithickness. The polyester film
of 45 pm thicknmeas gives the interlayer electric insulation, The coll in-
ductance is of §,3 H} the current of 70 4 creates the magnetic induction
of 2,2 I,

We gasume, fhat the maxim ymtemperature in the coll after the lost of
the superconductive state im not grester than 60 K 1f the currsni is of
70 4. Por the litersture value of Z(80) = 2,35 . 100 AZen™* [3] at the
moment t =C, the formuls {1) gives the K, value of 18,25 K.

The capacitence between the coil end cryostat is of 12,65,10 "F mnd the
lonzitudinal capacitsnce is of C,7.107° F. The factor A is of 0,4 [10],

The voltage distribution, according te the formula (18), calculated

e

with a computer is presented in Fig.3. The greatesti breekdown hazard of
the turn %o turn electric insuletior existe in the colil and region (where
are the crestest voltage gradients). The marimum voltage between the adjo-
ining turns in the coil end region is of 0,37 V, According (18) the maxi-
musz voltage between the leyers e x = 0 and x = 0,917 co-ordinates as we

ae between the leyers at x = ' apd x = 0,083 co-ordinates is ol 41,7
The polyester film of 100 pm thickness used as &n electric insulation be
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wean the ainding and the core may be effscted by a volitage of 1277,5 V.

.

Pig.3, The voltage distribution for the muperconducting coll winding

protected with the resister of 18,25 & {one end is connected
with the ecryvostat)

The polyester filnm electric strength for tke teﬁpemture 4,2 K 18 about

of 230 KV m-1 [11] « S0, the voltages detem:.ned above do not are hagard
for the analymsed electric insulations. -
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