
QUENCH SIMULATION IN THE THIN SUPERCONDUCTING SOLENOID 

T. TOMINAKA, M. TAKASAKI, M. WAKE and R. YAMADA 

KEK 83-11 
Ju ly 1983 
TRISTAN(E) 

NATIONAL LABORATORY FOR 
HIGH ENERGY PHYSICS 

、

、

" ， • 
今白N吋 ι 、4生弘 一守'

一 i 一一 ，可、h、

KEK 83圃 11
July 1983 
TRISTAN(E) 

QUENCH SIMULATION IN THE THIN SUPERCONDUCTING SOLENOID 

• 
，
 ‘
 

!も‘

w

1
 • 

t 点 4 、 t

A、，.‘'伊、
i ¥ ' ママ司 μ 

町民 マ. ，一一 一i守、、色、、

Jい

亀柑J ・ 4 ・ 免 、、A 
' “ γ L 可吋， ，幡、

A ヰ守 " 

、ふん 号、‘'
"・'-".、'

j、句

.，も“~ . 
予

句

、

T. TOMINA陥， M. TAIくASAKI，間.WAKE and R. YAMADA 

NATIONAL LABORATORY FOR 
HIGH ，ENERGY. PHYSICS ' 

;， 

. 
1 • 

~ " .、智
弘J 寸、 1 ，. . 

F
 

.t '. ;"為



©National Laboratory for High Energy Physics, 1983 

KEK Reports are available from: 

Technical Information Office 
National Laboratory for High Energy Physics 
Oho-machi, Tsukuba-gun 
Ibaraki-ken, 305 
JAPAN 

Phone: 0298-64-1171 
Telex: 3652-534 (Domestic) 

(0)3652-534 (International) 
Cable: KEKOHO 

。Nationa1Laboratory for High Energy Physics， 1983 
KEK Reports are available from: 

Technica1工nformationOffice 
National Laboratory for High Energy Physics 
Oho-machi， Tsukuba-gun 
工baraki-ken，305 
JAPAN 

Phone: 0298-64-1171 
Te1ex: ‘ 3652-534 (Domestic) 

(0)3652-534 (Internationa1) 
Cable: KEKOHO 



quench Simulation in the Thin Superconducting Solenoid 
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Abstract 

The propagation velocities of a normal zone were calculated for a 

1 m<j> x 1 m superconducting solenoid and for a 3 mcf * 5 m thin solenoid 

based on a simple model using the one-dimensional thermal equation. 

The quench back effect can be observed in certain conditions. The 

quench of the large thin solenoid was also simulated by using the 

computer program 'QUENCH'. 
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1. Introduction 

To avoid the breakdown of a superconducting magnet during a quench, 

we estimate the quench characteristics of the magnet, i.e. the current 

decay, the coll voltage development, the coll temperature rise, etc. 

applying the computer program 'QUENCH' .l The results strongly depend on 

the quench velocity (or the propagation velocity of a normal zone). To 

obtain reliable estimation of quench characteristics of the solenoid, we 

calculated the quench velocities modifing a simple model2. The quench 

back effect3 can be observed on the large thin solenoid even with an 

aluminum bobbin of high electrical resistance. 

2. Quench Velocity in the Axial Direction 

The model adopted for the spread of a normal zone in the axial 

direction of a solenoid is illustrated in Fig. 1. Using a computer 

program of the finite difference calculus, we solved the one-dimensional 

thermal conduction equation in MKS after a quench was started as follows; 

,3T 3 „ 3T, . „ , „ ^ *b prZr-*d * TV^-j^ff + vp + vX V / j2- (1) 
2 

V 
Qj(T) - 0 , T < T C . 

- P c ( T ) i z ( T - T c ) / ( T c 0 - T c ) , Tc < T < Tc ( , . (2) 

CO 

where 

Y • Density of the conductor, 

C = Heat capacity per unit mass of axially one-dimensional rod, 

kj. •» Averaged thermal conductivity in the axial direction, 

P " Electrical resistivity of the conductor, 
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1. 1ncroducclon 

To avold the breakdown of a superconduct1ng magnec dur1ng a quench， 

we esti皿atethe quench characterlstics of the magnet， i.e. the cur玄enc

decay， the coil voltage development， the coil temperature rise， etc. 

applying the computer program 'QU剖 CH'.l The results strongly depend on 

the quench ve10city (or the propagatlon ve10city of a normal zone). To 

obta1n rellable estimation of quench characteristics of the solenoid. we 

ca1cu1ated the quench ve10cltles回。dlfinga simple mode1z • The quench 

back effect3 can be observed on the 1arge th1n so1enoid eve且'lithan 

a1um1血皿 bobblnof h1gh e1ectrica1 reslstance. 

2. Qu直nchVe10clty i且 theAxia1 Dlrectlon 

The mode1 adopted for the spread of a normal zone in the axia1 

directlon of a so1enold 1s 111ustrated in Fig. 1. Using a computer 

program of the finite difference ca1culus. we so1ved the one-di皿ensiona1

therma1 conduction equation 1n 皿 Safte玄 aquench was 8tarted a8 fo11ows; 

3T 3.. 3T. . _ __.. ~ POzrbtdc2.， 
yC_(T)ー=ー(kー)+ Q， (T) +ー」ァ一一ーよーjヘ ω 

where 

p'~/at -ay'.~ayJ ~ ~j'" • d_+ ~ 
D 4九τZ

匂(T)= O. T < TC' 

-PC<宝)!2(T-TC)/(TCO
明 t
巳
)， Tc ~ T三TcO・ (2)

-PC(T)jZ， 

y a Density of the conductor. 

主<T. 
cO 

Cp -Heat capacity per unit mass of a玄lallyone-dimensional rod， 

k~ -Averaged therma1 conductlv1ty 1n the axia1 direction， 

Pc = Electrlca1 resistlvlty of the conductor. 
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d = Radial thickness of the conductor, 

d. =» Radial thickness of the bobbin, 

r. » Radius of the bobbin, o 

Pjj « Electrical resistivity of the bobbin, 

T = Effective decay time constant of the solenoid current, 

j • Averaged current density of solenoid current over the area of 

the conductor, 

V- = Permeability, 

T « Current sharing temperature of the composite superconductor, 

T ~ » Critical temperature of the composite superconductor at zero 

current. 

The last term of Eq. (1) represents the effect due to the eddy current 

loss in the bobbin (see Appendix A). This calculation is based on the 

following assumptions; 

(1) There is no heat flow along the conductor in the circumferential 

direction. 

(2) The averaged thermal conductivity k in the axial direction is 

estimated from the thermal conductivity of the conductor (Al) 

k„„„ = - 1Q3 W/m-K, the width of the conductor I « 3.59 mm, con con 

the thermal conductivity of insulator (Epoxy) k, - ~ 7 x 10~2 

W/m'K and the width of the insulator I. - 0.1 am using 

% % % 
tot con , ins . „ „ 

t " t + Z » where £„ .. - I + I. 
*••>• fc—... K t o t c o n Ins 

con ins 

Approximately, 

ins 
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The averaged thermal conductivity k could be treated as a fit­

ting parameter, to compare with the data of the quench velocities 

for the 1 nuji x 1 m solenoid. 

(3) The heat generated by the eddy current loss in the bobbin spreads 

homogeneously over both the bobbin and the conductor. The ther­

mal contact between the bobbin and the conductor is good, and the 

time delay due to thermal conductivity between them is neglected. 

(4) The heat flow from the conductor to the bobbin is neglected, and 

the cooling effect of liquid helium is also neglected. 

The electrical resistivity p (T) of the conductor and the heat capacity 

C (T) are approximated by the following equations, 

Pc(T) =• A - T * ^ A, AEX: parameters 

CEX 
C (T) - C-T C, CEX: parameters 

for the temperature ranges considered1*. The thermal conductivity k 

-2.6 W/tn-K and the electrical resistivity p. - 3.05 * lO-8 Cm of the 
o 

bobbin are assumed to be constant over the temperature ranges considered. 

The eddy current loss of the conductor and banding are also neglected. 

3- Calculated Results of the Temperature Distribution and the Quench 

Velocity 

The time evolution of the temperature distribution and the quench 

velocity were calculated for the 1 m$ x 1 a solenoid and for a 3 n$> x 

5 m thin solenoid. 
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Ihe av邑ragedthermal conductivity k could be treated as a fit-

ting parameter， to co回parevith the data of the quench velocit1es 

for the 1 田中 x1 m so1euo1d. 

Pb ・E1ectricalresistivity of the bobbin， 

τ~ Effective decay time constant of the so1enoid current， 

j ~ Averaged current density of s01enoid current over the area of 

(3) Ihe heat generated by the eddy current 1085 in the bobbin 5p吉田ds

ho田og四国国1yover both the bobbin and the conductor. 宮古ether-

the conductor， 

皿alcontact between the bobbin and the conductor is good， and the 

t1me delay due to thermal conductiv1ty between them is neg1ected. 

(4) Ihe heat f10w from the conductor to the bobbin 18 neg1ected， and 

the cooli且畠 effectof 11quid he1ium 15 a1so neg1ected. 

¥1
0 
" l'er皿.eabUity，

T
C 
" Current snaring temperature of the compo8ite superconductor， 

T
cO 
" Critica1 te皿peratureof the composite superconductor at zero 

current. 
Ihe e1ectrica1 re8istivity p_(T} of the conductor and the heat capacity 

E 

Cp(T) are approximated by the fol1owing eq岨 t10ns，

The 1ast term of Eq. (1) repres阻 tsthe effect due to the eddy current 

10S5 in the bobbin (5ee Appendix A)・ 由主i8ca1cu1ation is based on the 

following assu皿ption5;

円
四
t

A， AEX: parameters 

C， CEX: paramete玄S

(1) There i5 no heat f10冒 a10ngthe conductor in the circ岨 ferentia1

direction. 
for the t岨 peratureranges con8idered¥ 涌ethermal conductivity k 

• 2.6 W/m'K and the electrica1 resi8tivity PL 3 3.05 x 10・8slm of the 
b 

bobbin are a師団edto be const向 tover the t回 peraturerangeS considered. 

The eddy current 1058 of the conductor and bandiug are 41so neglected. 

(2) The averaged therma1 conduct1vlty k in the axia1 direction i5 

estimated from the therma1 conductivlty of the conductor (A1) 

k.、 10'W/m'K， the widtb of tbe conductor t ・3.59mm. con ~con 

the thermal conductivity of insulator (Epoxy) k. ・‘ 7X 10-2 
l.ns 

W/m'K and the width of the insulator且ins・0.1.¥DIIl using 
包ぜ

3. Calculated Re喧u1tsof the Te四ρeratureDistribution and the Quench 

l. _ l 1. 
tot ..con. -1n5 
一-=一一+~ー.， where 1. ・1. + 1. kム k___ . k，__' --~.~ -tot --con • -in5 

con 1.ns 

主担且EI.

中

島

M

一」

The time evolution of the t回 peraturedlstribution and the qu回 ch

vel。巳itywere calculated for the 1坤誕 1m 501e回 1d皿 dfor a 3坤 X

5 111 thi且 501enoid.

(3) 

-3 - -4 ・・



1 md) X 1 m Solenoid 

A typical plot of the time dependence of the temperature distribu­

tion and the position dependence of the calculated quench velocities are 

shown la Figs. Z and 3. In Fig. 3, the quench velocity is observed to 

become faster in the course of time especially at higher solenoid 

current. The experimental and calculated results of quench velocities 

are compared in Fig. 4s'6. The calculated results roughly agree with 

experimental ones with the fitted value of k => 1.6 W/m«K. This dis­

crepancy may be due to the assumptions or the value of P_(T). The 

effect of the eddy current loss in the 1 mi} x 1 m coil is not large 

enough to make a 'quench back'. 

3 mj) x 5 m Solenoid 

The simulated results of the 3 msj> * 5 m solenoid are shown in Figs. 

5 and 6.' It reveals that at the beginning the quench velocity increases 

gradually with the elapse of time or with the distance from the initial 

normal zone. After some duration of time, the minimum temperature of 

the coil goes up to the critical temperature. Until 0.46 sec after the 

start of the quench, the conductor gets warmer due to the eddy current 

heating of the bobbin, and the quench velocity becomes faster. At 0.46 

sec, the temperature of the whole conductor exceeds the critical 

temperature. All of a sudden, the whole conductor goes to normal. 

This shows that the simple computer program can predict the phenom­

enon of a 'quench back' in the 3 m$ x S m solenoid, which was not ob­

served in the 1 4 x 1 > solenoid. The resulting resistive voltage In 

the coil afcter the quench back is distributed over the whole coil and 

is counteracted by the distributed inductive voltage, therefore the 

net maximum voltage will be small. 

- 5 -

4. Simulation by the Computer Program 'QUENCH* 

The computer program QUENCH was originally developed at Rutherford 

and has been applied for the design of the 1 m<t * 1 m coll and the 3 m$ 

x 5 m solenoid. Once again this QUENCH program was applied to the 

3 md> x 5 B solenoid under various conditions such as different time 

constants and the different quench origins. 

Our version of the program QUENCH was obtained from forth CDC-CYBER 

at Fermilab and converted for the HITAC-M200H. Some improvements such 

as the capability of graphic output were made in addition to the conversion. 

In this program the quench velocity U along the conductor (or in 

the circumferential direction of solenoid) is given by the initial 

propagation velocity 0_(cm/sec) as follows,7 

where I and IQ are the present and the initial current. Ug is given by 

0 TCpl/ Tt-T0 AYCpV Tc-T0 *TfCpY V y l ' 

where 

j_ » Initial current density of the conductor (A/cm2), 

A - Cross sectional area of the conductor (cm2), 

y » Averaged density of the conductor(g/cn5), 

C » Averaged specific heat of the conductor (j/g), 

p - Electrical resistivity of the stabilizer (SIcm), 

k • thermal conductivity of the stabilizer (W/cm-K), 

T - Transition temperature (K), 

TQ » Operating temperature (K), 

- 6 -

lm~ x 1 m Solenoid 

A typical plot of th邑 t1medependence of the te田peraturedistribu-

tion and the positian dependence of the calculated quen巴hvelocities are 

shown 1n figs. Z and 3. 1n F1g. 3， the quench v官locityis observed t。
became faster 1n the caurse of t1皿eespec1a11y at higher solenoid 

currenC. The exper~皿ental and calcu1aced rasults of quench velocit~es 

are compared in F1g. 45，6. The calculated results roughly agree with 

experimental ones w1th the fitted va1ue of k ~ 1.6 W/m'K. This dis-

crep四 cymay be due to the assumptions or the value of Pc(T)・百le

effect of the eddy cur:乃nt10ss in the 1 ml申x1 m coil is not large 

enough ta make a ・quenchback' • 

3叫 x5 m 501enoid 

百世 51皿ulatedre5u1ts of the J時 x5 m soleaoid are shawn io F1gs. 

5 and 6・‘ 1trevea1s that at the beginning the qu回 chveloc1ty increases 

gradually with the elapse of ti皿eor w1th the distance fra田 theinitial 

normal zone. After Some duration of ti且.e，tne min士mU1l1temp色rature。王

the coll goes up to the critical temperature. Untll 0.46 sec after the 

start of the quench， the conductor gets warmer due to the eddy current 

heating of the babbin， and the quench velocity becomes faster. At 0.46 

sec. the temperature of the wno1e conductor exceeds the critical 

temperature. All of a sudden， the whole conductor goes to normal. 

This shows that the si皿.plecomputer program can predict the phenom-

enon of a 'quench back' 1n the 3 m中x5 m solenoid， which was not ob-

served in the 1田中 x1 m so1enaid. The resulting resistive voltage in 

the coi1 af.t邑rthe qu邑nchback 1s distributed over the whole cail and 

1s counteracted by the distr1buted inductive voltage， therefore the 

net maxi皿四 valtagewill be small. 

-・ 5-

4. SLmu1ac~on by cheC，，-mpuce~ progra皿 'QUENCH'

The comput目 programQl百四c1l百回目iginal1ydeveloped at Rutherford 

and has been applied for the des1gn of the 1 .，中 x1 m coil and the J田中

x 5 m solenoid. Once aga1n th1s QUENCH progra皿 wasapp11ed to the 

3田中 x5 m solenoid under vario凶 conditio田 suchas diff償問tti国

回国tantsand the dlffer回 tqu阻 chorigins. 

Our vers10n of the progra皿 QUI町CHwas obtained from forth CDC-tYBER 

at Fermilab and converted for the HlTAC-MZOOH. 50me i皿.pro嶋田且tssuch. 

as the capability of graphic output were made in add1tian to the convers1an. 

1n tbis program the quench velocity U alang th~ conductor (or in 

the circumferent1al d1rectionαf solenoid) is given by the initial 

propagat1on velocity 0
0
【四Isec)as follows，7 

u ~ U~-J-.. 
o IO 

where 1 and IO are the preseot and the initial current. Uo is given by 

~=者広三走;J吾去;広
where 

jo ~ ln1t1al current dens1ty of the conductor (A/c皿勺，

A -Cross sectional area of the conductor (cm2). 

y * Averaged density of the conductor(g/cm1)， 

C
p‘Av町 agedsp民 ificheat of the co凶 uctor(J/g)， 

P -Electr1cal res1stiv1ty of the stabllizer (Ocm)， 

k.. thermal conduct1v1ty of the stabilizer (W/cmoK)， 

Tt .. Tr血 sitiont個 perature(K). 

TO .. Operating temperature (K). 

-6 -
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L = Lorentz number (=• 2.45 x 10"8 WJJ/K2). 

The transition temperature T is approximated by the mean between the 

current sharing temperature T (= 6.4 K at 1.5 T and 4500 A) and the 

critical temperature at zero current T f l (-8.6Katl.5T). The 

volumetric specific heat YC is taken at T . From the Wiedemann-Franz 

Lorentz law, the averaged value of pk Is written pk = LT . In the 

program 'QUENCH' the last equation of Eq. (4) was used. 

The transverse quench velocity U in the axial direction is given 

by 

UE - eU, 

e = v^ITk, (5) 

where k is the averaged thermal conductivity in the perpendicilar 

direction and k that in the conductor direction. 

The input data of electrical resistivity of aluminum and copper, 

and those of heat capacity of aluminum, copper, titanium and niobium 

for the program 'QUENCH' are plotted as a function of temperature in 

Figs. 7 and 8 respectively. However, the electrical conductivity of 

NbTi in the normal state is neglected. 

1 mij> x x m Solenoid 

For the 1 m$ x l m solenoid (conductor size 2.0 x 0.359 cm
2), the 

transverse quench velocity (in the axial direction) derived from Eq. (5) 

is also plotted in Fig. 4. This adiabatic transverse quench velocities 

are much larger than experimental ones. This difference many originate 

from neglect of the cooling effect by adjacent parts and liquid helium, 

the inaccurate estimation of transition temperature, etc. The estima­

tion of current density in Eq. (4) may also not be adequate, because, 

after the transition to normal conductivity, the diffusion time of 

- 7 -

current: distribution across the aluminum matrix is not small. 

3 m<*> x 5 m Solenoid 

We tried to estimate the quench characteristics of the full-size 

solenoid by the above-mentioned method. With the condition of the 

magnet current 4500 A (or overall current density - 4.2 x 107 A/ra2), 

the calculated results are summarized in Table 1 - 4 . In Table 1, the 

quench characteristics for the cases with various external dump (or 

protection) resistors are summarized. The longitudinal quench velocity 

is 0.18 m/sec. Since the diameter of the solenoid is 3.0 m, this trans­

verse quench velocity means the effective longitudinal velocity of 140 

m/sec. For the case with a dump resistor of 50 oft, the time variation 

of the manget current, the coil resistance, the resistive coil voltage 

and the maximum coll temperature are shown in Fig. 9. The case when 

the power supply does not turn off by an accident corresponds to H-l 

of Table 1. In that case the resistance of 5 mfl can be regarded as the 

resistance of power leads. Even in this case the solenoid seems to be 

safe. 

From the Table 1, it can be seen that the maximum, temperature rise 

after a quench T , is roughly related to the actual time constant of 
max ^ ' 

current decay (or current decay time) t though the following equa­

tion,7, 

T 
max 

f YC (T)dT 
I -fer = 'o J2dt = V ' a c t (6> 

T0 

where Y » density, C (T) » specific heat, p(T) » resistivity and J » 

current density. Also the maximum resistive coil voltage V (resistive) 

is closely related to the maximum coil temperature by coil resistance. 

- 8 -

L = Lorentz number (= 2.45 x 10・8WIl/K2). 

The trans1tion te田peratureT~ 1s approximated by the mean between the 
t 

current shar1ng temperature T_ (m 6.4 K at 1.5 T and 4500 A) and the 
c 

cr1t1ca1 temperaεure 4t. ze言。 currentT_n (-8.6 K at 1.5 T). The cO 

vo1umetr1c spec1fic heat yc_ 1s taken at T_. From the Wiedemann-Franz P -t 

Lorentz 1aw， the averaged va1ue of ok is written pk = LT
t・ 1nthe 

progra皿 'QUENCH'the 1ast equation of Eq. (4) was used. 

The transverse quench velocity U_ in the axial d1rection 1s g1ven 
t 

by 

U
t 
s e:U， 

e: =ぷ刀工 (5) 

where k 1s the averaged therma1 conduct1v1ty in the perpend1cJ1ar 

d1rect1on and k that 1n the conductor d1rect1on. 

The 1nput data of electr1cal res1st1v1ty of a1.皿1且WII.and cOpper. 

and those of heat capacity of al.皿1nu皿， COfper， t1tan1u皿 andniobiu血

for the program 'QUENCH' are plotted as a funct10n of temperature in 

Figs. 7血 d8 respectively、目。wever，the ele.とtr1calconductiv1ty of 

NbT1 1n the normal state 1s neglected. 

l ml¥l x 1 m. 5畑leno1d

For the 1田中 x1 m so1eno1d (conductor size 2.0 x 0.359αn2)， the 

transverse quench ve10city (1n the axial d1rect1on) der1ved from Eq. (5) 

1s also plotted in Fig. 4.τhis adiabatie tTansveτse que.nch ve.l。巳1ties

are阻uch1arger than experi皿entalones. This differ阻 ce皿anyoriginate 

from neglect of the cooling effect by adjacent parts and 1iquid he11um， 

th色 inacCuTateest1皿at10nof transit10n te田peTatuTe.， etc. The esti且a-

tion of current density 1n Eq. (4) may alsD noc be adequate， because， 

after the trans1t1on to normal ccnductiv1ty， the diffus1cn t1皿eof 

-7 -

current distribution across the al四1nummatriX 1s n日tsmall. a 

3E申 x5 m So1eno1d 

We tried to esti且atethe quench character1st1cs of the ful1-size 

so1enoid by the above-mentioned method. W1th the ccndition of the 

magnet current 4500 A (or overall cu町田tdensity・4.2X 107 A/mz) ， 

tbe ca1culated results are sumt回 rizedin Tab1e 1・4. 1n Table 1， tbr 

quench characteristic5 for the cases叫 thvarious external dump (or 

protect1on) resistors are summarized. 官lelong1tud包alqu回 chvelocity 

1s 0.18田Isec. S1nce the d1ameter of the so1eno1d 1s 3.0皿， this trans-

verse quench ve10city means the effective 10ngitudinal velocity of 140 

田Isec. For the case with a dump resistor of 50 mn， the time variation 

。fthe manget current， the coil res1stance， the res1st1ve coil vo1tage 
and the maximl皿 coUt阻 peratureare shown in Fig. 9. The case wh阻

the powe玄 supp1ydoes not turn off by an accident corresponds tc H-1 

of Table 1. 1n that case the resistance of 5 mn can be regarded as the 

resistance of power 1eads. Even 10 this case the sロ1enoidse回 Sto be 

safe. 

From the Tab1e 1， it c祖 beseen that the maximum temp:u:ature rise 

after a quench T
m且
Jt' is rough工，yrelated to the actual time constant of 

current decay 【orcu町田tde回 ytime) t__~ though the fo11owing eq岨ー
act 

4tioa.7， 

T 
r -一.YC_ (T)dT 国

-E.一一一=1ft J2dt " J_2t P(T) '0 w ~- -wO -act (6) 

T 
O 

where y = density， Cp(T) • speciiic heat. p(T) • resistivity and J・
curreat deasiEy.Als。EhaEaxiEumresiszive coilv。1Easevaaz{reS1SEive} 
1s close1y related to the maximu皿 coi1temperature by coil res1stance. 

-8 -
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In Table 2, the quench characteristics in the cases that the quench 

occurs from the edge of the coil are summarized. In comparison with the 

case that the quench occurs from the middle of the coil (Table 1), the 

propagation velocity of the normal zone in the coil becomes effectively 

smaller, and as a result the current decay time becomes larger. This 

is because the normal zone propagates in only one direction and the 

resulting internal resistance builds up slower than in Che other case. 

In Table 3, the quench characteristics for the arbitrarily chosen 

fast velocities corresponding to a 'quench back' are summarized. In 

comparison with the case of R - 50 mfi in Table 1, the current decay 

time becomes smaller, as a result of the large propagation velocity of 

the normal zone. The effect of the heat capacity of the bobbin can be 

taken for the quench calculation and is summarized in Table 4. The 

quench characteristics in this case are calculated by using effectively 

larger heat capacity of the conductor. Since the heat capacity in Eq. 

(6) becomes large, the current decay time becomes larger. 

5. Conclusion 

Quench propagation phenomena in thin superconducting solenoid 

magnets with aluminum stabilized conductors can be understood by solv­

ing the thermal equation in the conductors. The analysis which is 

consistent wich Che cest result of the 1 m$ x l m solenoid predicts the 

quench back effect for the 3 m<|> x 5 m magnet due to the eddy current in 

the bobbin of the solenoid. This effect will help Che magnet to distri­

bute Che stored energy dissipation in the whole body of the magnet. A 

series of calculations using the program 'QUENCH' was carried out without 

the above quench back effect. Again, the anlysis based on the l a ^ x l i 

- 9 -

coil test data showed a substantial safety margin for the operation o£ 

the 3 mtfi x 5 m solenoid. 

Appendix A 

Eddy Current Loss in the Bobbin During Quench 

We consider the eddy current loss In the bobbin (A15083-0) with 

mean radius r, thickness d., length 1, and resistivity p - 3.05 « 10 ' 

Jin in MKS. When the applied magnetic field B(t) decays after a quench, 

the induced voltage V(t), current I(t), and the total power P(t) are 

calculated as follows, 

V(t) » <)> - Ttr2B(t), 

nr2B(t) rd.lB(t) 

c \ l 
P(t) - I(t)V(t) - 2 p" [B(t)]*. 

If the time constant of decay of the magnetic field is t, i.e. B(t) 

0e B~e 
irr'ifc 
K=3- (B(t)]1, F(t) -~2~t~ lB(t)]2, (A-l) 

^ ' V " 4px2 

where p(t) is the power loss per unit volume. If the current density of 

the solenoid with thickness d is j(t) - j.e , 

- 10 -

1n Table 2. the quench character1st1cs 1n the cases that the quench 

coll test d且tash脚色da substantial safety margin for the operation of 

the 3叫 x5 m solen01d. 

。ccursfrロmthe edge of the coll are summar1zed. 1n compar1son with the 
case that the quench occurs fr白mthe midd1e of th邑 coll(Table 1)， the 

propagat10n veloc1ty of the normal ~one 1n the ':011 becomes effect1vely 

smaller， and as a result the current decay ti皿 beco皿.eslarger・Th1s

1s because the normal zone propagates 1n only one dlrect10n and the 

resu1t1ng 1nternal res1stance bu1lds up s10wer than 1n the ocher case. 

Append1x A 

Eddy Current'Lロ551n the Bobb1且 Dur1ngやlench

1n Tabl邑 3，the quench character1st1cs for the arb1trar11y ch四回

fas~ veloc1ties corresponding to a 'quench back' are SI皿 arized. 1n 

co皿par1Sonwith the case of R -50田n1n Table 1， the current decay 

tl皿ebecomes smal1er， as a result of the 1arge propagatlon velocity of 

We consider the eddy current 10卓B in the bobbin (Al5083-0) with 

岡田 rad1'田町 thickness九・ length1.個 dr回1st1v1tyP・3・05x 10・
nm '1n MlCS. When the applied皿agnet1cfleld B(t) decays after a qu田 ch，

the induced v01tage V(t)， current l(t)， and the total power P(c) are 
the normal zone. The effecc of che heac capaciCy of che bobbln .:an be 

taken for the quench calculat1011 and is summarlzed 1n Table 4. The 
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quench characteristics 1n thls case are calcu1ated by us1ng effecc1vely 

1arger heat capac1cy of the conductor. Since the heat capacity 1n Eq. 

(6) becomes large， the current decay ti皿 becomeslarger. 

"宵r2B(t) r~1B(t) 
I(t)司主・て京「.」王Fー，

..~且

5. Conc1us1on 
官r3~ R. . 

P(t) ~工(t)V(t) -一一-;!!-[B(t)]2. 
2P 

Quench propagation pheno皿enain thln 5uperconductlng solen01d 1f the time constant of decay of the magnet1c field 1s τ， 1.e. B(t) -

Baa-tft， 
u lI'r3d. .t 

P(t) ・ー'^_~ [B(t)12， 【A-l)2p't 

magnets with a11皿1numstab11ized conductors can be understood by solv-

ing the ther由a1equat10n ln the conductors. 官heanalys1s whlch 1s 

conslstenc with the test result of the 1 m中x1 m solenold pred1cts the 

quench back effect for the 3血中 x5 m magnet due to the eddy current 1n 
..，-、 _Z

p(t)・言詰Az-→ゴ [B(t)]2.
b 句。τー

(A'・2)

the bobbin of the solenoid. This effect wil1 help the magnet to dlstri-

bute the srored energy d1ssipat1oD 1n the whole body of the magnet. A 

series of ca1culations using the program 'QUENCU' was carrled out without 

where p(t) is the power 10ss per unit volume. 1f the current denslty of 

-tlτ 
the solenoid with th1ckness d

c
1S j 【t)~ jOD -"， 

the above quench back effect. Again， the anlysis based on the 1時 x1皿
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List af quench characteristics under variou9 protectian resistances. in the cases that the quench 

R -protect1on res1stence. L • inductance. t___ • actua1 (resu1ted) current ---. -act 

decay time.九回・田aximumtempersture.九I1x(res.)・max1皿umresiot1ve vo1tage， Vmax(tota1) -max1mum induct1ve 

vo1tage. E
int・energydissipsted 1n the co11. Eext・・extrsctedenergy， !rz(t)dt -time integrsl of the squsred 

.msnget current which relstes ta T___(see refs. 4) and 7)). 
国ax

Tab1e 1. 

accurs fr。田 them1dd1e of coil. 

t

N

」【，

Run o L/R 
v v 

!IZ(t)dt R Tsct 
Tmax (rwa~) (to~U) E

1nt E
ext 

M-1 0.005 sl 586. 9 32.6 s 107. K 487. V 500. V 27. MJ 2.3 MJ 4.68 x 10' AZsec 

M・2 0.02 sl 147. s 33.7 s 97.5 K 347. V 395. V 21. MJ 8.8 MJ 4.40 x 10' AZoec 

M-) 0.05 sl 58.6 s 33.7 s 78.3 K 154. V 270. V 11. 比I 19. MJ 3・76x 10・AZsecI 
M晒4 0.1 Q 29.3 s 25.6 s 54.7 K 51. 7 V 450. V 3.2 MJ 26. ~U 2.63 x 10' AZsec 

M-5 0.5 Q 5.9 s 5.9 s 26.7 K 4.3 V 2250. V 0.07礼1 29. MJ 0.61 x 10・A2sec
M幅6 1. a 2.9 s 2.9 s 21.3 K 2.0 V 4500. V 0.02 MJ 29. MJ 竺・31x: 10・AZsec|
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Table 3 List of quench characteristics In some cases with R - 0.05 ft and with the quench velocities 

faster than the calculated value using Eq. (4) 

•Run i 

M-13 

M-14 

M-15 

U 

SO. m/sec 

100. m/sec 

200. m/sec 

L/R 

58.6 s 

38.6 s 

58.6 s 

T act 

27.3 s 

27.1 8 

26.5 s 

T 
max 

62.4 

61.9 

60.6 

(rS§?) 

217. v 

219. V 

226. V 

(toHf) 

337. v 

339. V 

348. V 

Elnt 

14. MJ 

14. MJ 

15. MJ 

Eext 

15. MJ 

15. MJ 

15. MJ 

/I*(t)dt 

3.07 x io' A'sec 

3.05 x 10" AJsec 

2.98 x 10* A'sec 

I 
< • 

I 

Table 2 List of quench characteristics In the cases that the quench occurs from the edge of coll. 

Run 0 

M- 7 

M- 8 

M- 9 

M-10 

M-ll 

M-12 

R 

0.005 ft 

0.02 ft 

0.05 ft 

0.1 ft 

0.5 ft 

1. ft 

L/R 

586. s 

147. s 

58.6 s 

29.3 s 

5.9 s 

2.9 s 

T act 

36.7 a 

38.1 s 

37.9 s 

27.2 s 

6.0 s 

3.0 a 

T 
max 

134. K 

119. K 

89.6 K 

56.6 K 

26.7 K 

21.3 K 

(rH?> 

444. V 

308. V 

122. V 

28.9 V 

2.1 V 

1.0 V 

(toffi) 

458. V 

357. V 

231. V 

450. V 

2250. V 

4500. V 

Emt 

27. MJ 

19. MJ 

8.7 MJ 

1.9 MJ 

0.04 MJ 

0.01 MJ 

E 
ext 

2.7 MJ 

9.9 MJ 

21. MJ 

27. MJ 

29. MJ 

29. MJ 

/I*(t)dt 

5.34 x io' A2sec 

4.98 x io8 A2sec 

4.15 x 108 A*sec 

2.76 x 10B A2sec 

0.61 x 108 A2sec 

0.31 x 10° A2sec 

Table 3 L1st of quench charscter1st1cs 1n some cases w1th R・0.050 and w1th the quench veloc1t1es 

faster than the calcu1aced va1ue us1ng Eq. (4) 

.Run o U L/R Tsct Tmax {:ESF} {みt!) Eint Eexz fIZ (t)dt 

M・13 50. m/sec 58.6 B 27.3 s 62.4 217. v 337. v 14.悦J 15. KJ 3.07 )( 10. A2sec 

M・14 100. m/sec 58.6 s 27.1 B 61.9 219. V 339. V 14. KJ 15. KJ 3.05 x 10' A2sec 

M・15 200. rn/sec 58.6 s 26.5 s 60.6 226. V 348. V 15. MJ I 15. tlJ I 2.98 x 10' A2sec 

Table 2 List of quench chsracteristics in the cases thst the quench occurs from the edge of coi1. 

Run ， R L/R Tact Tmax 
v {ふft!) Eint EexE lr2 (t)dt (rWI~) 

M-7 0.005 !l 586. s 36.7 s 134. K 444. V 458. V 27. 弘1 2.7 MJ 5.34 )( 10' A2sec 

11-8 0.02 !l 147. s 38.1 s 119. K 308. V 357. V 19. MJ 9.9払1 4.98 )( 10' A2sec 

11-9 0.05 !l 58.6 s 37.9 s 89.6 K 122. V 231. V 8.7 弘1 21.弘1 4.15 x 10' A2sec 
ー

M-10 0.1. Q 29.3 s 27.2 B 56.6 K 28.9 V 450. V 1.9 MJ 27. MJ 2.76 x 108 A2sec 

M・・11 0.5 。 5.9 s 6.0 s 26.7 K 2.1 V 2250. V 0.04 MJ 29. KJ 0.61 x 10' A2sec 
M-12 1. 。 2.9 s 3.0 s 21.3 K 1.0 V 4500. V 0.01 MJ 29. MJ 0.31 x 10' A2sec 

q
H

，
 

円
」
門
，



i 
%

 

«_
< 

ra
B
 

u
p
 

•
 x
 

§>
 

3"
 

O
 

o
 

15
 

F
i
g
u
r
e
 
C
a
p
t
i
o
n
s
 

F
i
g
.
 1
 
O
n
e
 
d
i
m
e
n
s
i
o
n
a
l
 m
o
d
e
l
 
i
n
t
r
o
d
u
c
e
d
 
t
o
 s
o
l
v
e
 
t
h
e
 
t
h
e
r
m
a
l
 
e
q
u
a
t
i
o
n
.
 

F
i
g
.
 2
 
C
a
l
c
u
l
a
t
e
d
 
t
i
m
e
 v
a
r
i
a
t
i
o
n
 
o
f
 
t
e
m
p
e
r
a
t
u
r
e
 
d
i
s
t
r
i
b
u
t
i
o
n
 
a
f
t
e
r
 
a
 

q
u
e
n
c
h
 
i
n
 1
 m
$
 
x
 
1
 m
 
c
a
l
l
.
 
T
h
e
 
p
a
r
a
m
e
t
e
r
s
 
a
r
e
 a
s
 
f
o
l
l
o
w
s
;
 

c
o
n
d
u
c
t
o
r
 
s
i
s
e
 »
 
2
.
0
 
x
 
0
.
3
5
9
 
c
m
2
,
 
i
n
i
t
i
a
l
 
c
u
r
r
e
n
t
 
»
 
3
5
4
0
 A
,
 

c
u
r
r
e
n
t
 
d
e
c
a
y
 
t
i
m
e
 .
»
 5
8
.
6
 
s
e
c
,
 c
u
r
r
e
n
t
 
s
h
a
r
i
n
g
 
t
e
m
p
e
r
a
t
u
r
e
 
=
 

7.
1
 
K
,
 
c
r
i
t
i
c
a
l
 
t
e
m
p
e
r
a
t
u
r
e
 
a
t
 
z
e
r
o
 
c
u
r
r
e
n
t
 
-
 
8
.
8
 
K
,
 
i
n
i
t
i
a
l
 

t
e
m
p
e
r
a
t
u
r
e
 
o
f
 
t
h
e
 
q
u
e
n
c
h
 
-
 
2
3
 K
,
 
e
d
d
y
 
c
u
r
r
e
n
t
 
l
o
s
s
 »
 
2
.
5
 
*
 1
0
~
*
 

W
/
c
m
3
 
(
a
t
 
t
 »

 
0
)
, 
a
n
d
 
t
i
m
e
 i
n
t
e
r
v
a
l
 
i
n
 
t
h
i
s
 p
l
o
t
 «
 
0
.
2
 
s
e
c
.
 

F
i
g
.
 
3
 
C
a
l
c
u
l
a
t
e
d
 
q
u
e
n
c
h
 v
e
l
o
c
i
t
i
e
s
 
a
s
 a
 
f
u
n
c
t
i
o
n
 
o
f
 
t
h
e
 a
x
i
a
l
 p
o
s
i
t
i
o
n
 

f
r
o
m
 
t
h
e
 c
e
n
t
e
r
 
i
n
 
t
h
e
 
1
 r
a
>
 x
 
1
 m
 
c
o
i
l
 f
o
r
 v
a
r
i
o
u
s
 
e
x
c
i
t
a
t
i
o
n
 

c
u
r
r
e
n
t
.
 

F
i
g
.
 4
 
Q
u
e
n
c
h
 
v
e
l
o
c
i
t
i
e
s
 
a
s
 
a
 
f
u
n
c
t
i
o
n
 o
f
 
t
h
e
 s
o
l
e
n
o
i
d
 
c
u
r
r
e
n
t
 
i
n
 
t
h
e
 

1
 
m
$
 
x
 
1
 m
 
c
o
i
l
.
 
M
e
a
s
u
r
e
d
 
d
a
t
a
 o
f
 
t
h
e
 q
u
e
n
c
h
 v
e
l
o
c
i
t
y
 
i
n
 
t
h
e
 

a
x
i
a
l
 
d
i
r
e
c
t
i
o
n
 
a
g
r
e
e
 
w
i
t
h
 
t
h
e
 
s
i
m
u
l
a
t
i
o
n
 
r
e
s
u
l
t
 
o
f
 
E
q
.
 
(
1
)
 

w
i
t
h
 
k
 
=
1
.
6
 
W
/
m
-
K
.
 
A
l
s
o
 
t
h
e
 
t
r
a
n
s
v
e
r
s
e
 v
e
l
o
c
i
t
y
 
c
a
l
c
u
l
a
t
e
d
 

f
r
o
m
 
E
q
.
 
(
5
)
 i
s
 
s
h
o
w
n
.
 

F
i
g
.
 5
 
T
i
m
e
 v
a
r
i
a
t
i
o
n
 
o
f
 
t
e
m
p
e
r
a
t
u
r
e
 
d
i
s
t
r
i
b
u
t
i
o
n
 
a
f
t
e
r
 a
 
q
u
e
n
c
h
 
i
n
 

t
h
e
 
3
 H
KJ
> 
x
 
5
 m
 
s
o
l
e
n
o
i
d
.
 
A
 
q
u
e
n
c
h
 b
a
c
k
 
a
p
p
e
a
r
s
 
a
t
 
t
"
 
0
.
4
6
 
s
e
c
.
 

T
h
e
 
p
a
r
a
m
e
t
e
r
s
 
a
r
e
 
a
s
 
f
o
l
l
o
w
s
;
 c
o
n
d
u
c
t
o
r
 
s
i
z
e
 
-
 
3
.
0
 
*
 
0
.
3
5
9
 
c
m
1
,
 

i
n
i
t
i
a
l
 
c
u
r
r
e
n
t
 
-
 
4
5
0
0
 A
,
 c
u
r
r
e
n
t
 
d
e
c
a
y
 
t
i
m
e
 »
 
5
8
.
6
 
s
e
c
,
 c
u
r
r
e
n
t
 

r
 -
 

s
h
a
r
i
n
g
 
t
e
m
p
e
r
a
t
u
r
e
 
»
 
6.
4
 
K
,
 
c
r
i
t
i
c
a
l
 
t
e
m
p
e
r
a
t
u
r
e
 
a
t
 z
e
r
o
 

c
u
r
r
e
n
t
 
»
 
8.
6
 
K
,
 
i
n
i
t
i
a
l
 
t
e
m
p
e
r
a
t
u
r
e
 
o
f
 
t
h
e
 q
u
e
n
c
h
 »
 
2
0
 K
,
 
e
d
d
y
 

c
u
r
r
e
n
t
 
l
o
s
s
 »
 
5
.
1
 
x
 
1
0
~
3
 W
/
c
m
3
 
(a
t
 
t
 »

 
0
)
, 
a
n
d
 
t
i
m
e
 
I
n
t
e
r
v
a
l
 

i
n
 
t
h
i
s
 
p
l
o
t
 
-
 
0
.
1
 
s
e
c
.
 

F
i
g
.
 
6
 
Q
u
e
n
c
h
 v
e
l
o
c
i
t
i
e
s
 
a
s
 a
 
f
u
n
c
t
i
o
n
 o
f
 
t
h
e
 
a
x
i
a
l
 p
o
s
i
t
i
o
n
 
f
r
o
m
 
t
h
e
 

c
e
n
t
e
r
 
i
n
 
t
h
e
 
f
u
l
l
-
s
i
z
e
 
3
 m
$
 
x
 
5
 m
 
s
o
l
e
n
o
i
d
 
(
i
n
i
t
i
a
l
 
c
u
r
r
e
n
t
 

-
 
4
5
0
0
 A
)
.
 

-
 
1
6
 
-，

唱

H

t

-
A
4
0口
町
骨
・

u
u
ω
H臼
S
U
叶
司

HHM判
同
判
V
咽
判
。
回

ω同
。

町

固

町

UA
骨

目

円

ω同
村
岡
，

HHah-ω
』
叫
固
]
明
白

ω“
同

ω
u

ω岡山
U
目
。
臼
刷

a
o判
“
判
旬
。
品
同
司
判
例

d
w
ω
a
u
刷
。
“
。

H
U
U伺
n
w
M
w
m伺

mω
判

MHυ
。

HωhFSuaω
ロ
U

-υω
句

吋

.
C
M
U
O
H
A凶

ω刊
』
叫
同
刊

H
"〉
M
ω
u回
判
剖
圃
刊
一

M
唱
同

MW
・
"
【
白
"
“
“
切
)
何
回

U』
之
岨
同
・

'
D
H
X
H・
町
眠
帥
師
。

H
U同
ω
H
H
a
u

h咽
噌

ω
?
M
O
N
m
a
u
n
ω
n
v
ω
a“
刷

。

ω
Hヨ
U帽
Mω
品
目

ω
M
H
a
w刊
M刊
同
刊

-
M
由
・
国

a
u伺
ω
H
M
g
u

。
臼

ω
N
U
M
W
ω
M
m
M同
臼

ω島
岡

ω
u
H
M
W
U刊
M判
M
u
・
M
A『
・
也
・

ω
Mヨ
ua町
Mω
品
目

ω制
国

U4円
相
司
』

m

u回
ω
H
M
m
u
a
U副
wm
岨
.
田
町

"
ω
圃
刊
“

h円時
uω
司

M同
ω
M
M
2
u
.
4
0口
町
噌
目

U同
ω
H
M
g
u
H喝
刊

μ刊
同
刊

，H固
υ
m印
刷
円
・

o
x
-
-門
"
ω
N
4明
m
h
"。
u
u
n司
a
a
u
M旬
、
，
。

HHoh明
句

"ωHMwmhMωuω
司
咽

MMW晶

ωauF

-Uω
例

岬

骨

.
0
"
“

“

噂

m
M伺
ω晶
品
切
』

u-司
』
岡
山

U伺
ω
n
V
4

司
刊
。
同

ωHAMω
回

同

u
h
+園
開

ω
a
M

国
刊

a
u同
ω目
v
a
w
M
ω
“
刷
帰
国

O判
“

s
a判
H
U町
判
噌

ωHnuM柑旬
ω島
田

ω
u
h明
。
回

O
H
M同
刊

M喝、，

ω岡
村

H

J
E
o
z
m
m判
(
町
一
v

・F
M
目
。

hH刷

唱

ωUMWHauH司
u
h
U
4明
日
。
同

ωh，
w
m
M制
wpm同
M
W
H
U
ω
a
M
。

m
H
4

.
M・
園
、
旨
唱

.H"
u-aMHh
，
 

【

H》

-
V
M
刷
。

M
Hヨ
ωω
恒
国
。
判

M
M
W
H
g
H
-
n
m
ω
a
u
a
u吋
也

ω
ω
M凶
司

U
O判
“

uωHJ明司

J門司
判

HMW

ω』
M
同

H
h
M叶
u
o
H
ω
h
v
a
u
a
ω
n
v
ω
a
u
刷

Dawua剛
噌
咽

ωM世
間
"
“
出

.HHauω
固

H
X
合

同

同

ω
a
u
同

4huaMWHHau
唱
判
。
同

ω同
。

ω
M
w
a
u
刷
。
回
。
判
“

u伺
国
刷
咽

mMwmeJ明
MHUOHωhv
』

U同
ω
g
u

-U同
ω
H
H
S
U

g
2
3
2
E
S
S
M
E
M
O
刷
羽
B
園

叶

X
含

H
Z
U
S
H
U
M同
8

2

u

目
指

a 

~ 8. 

~ ~ 
.. .c 
色刷

Zg 
ロ u

Jz 
E : 
.:l :l 
B .. 

... u 
噌 z
~ !l! 
』

M3  

g i 
~ CJ 

'
E
H
H
町
・

N

"

E
。

H
U
S
H
H
a
u
h唱
3

・
M
m
N
R
a
u
g
n
F
也

君

刷

。

a
a
a
E
E
M

a' 
Z

U

3

d

v

・7
3

5

u

B

R

u

:

M

E

M

E

-

叶

S

E

I

-

M

:

"
ω
H
a
u
d町制
ω島
田

ω
u
凶
同

H
M咽
a
m
u
a
ω
H
M
g
u
J
M
@悶
咽

・

国

町

民

ω圃
刊
“

hdwuω
司

unωHMgυ

・
4
ロ
守
山
門
"
“

a
g
H何
回

U
吋
却
材
叫
刊
同
刊
倫
利
回

u
m
w
m門
・

o
x
ロ
・

N
W
ω
H刊
a
H。
M
U
S唱
ロ
。

u

州

"
3
0
4
H
O刷

md輔
副

WH""uω
“
制
固

MWMd吋
色

刷

w』
UF

-H40υ
固

H
u
h
守

由

同

凶

咽

』

υ
a
ω
n
v

j .. 

33 
i ~ 
g 42 

z i 
g : 

。2

t o 
，~ ~ 

33 
~ ] 
~ .... 
~ ~ 
B '" 沼ヨ

33 
申

・

凶
J

明九問

m
.凶
村
両

4

・
凶

H
h

門
・
凶
4

円九同

N

.
国
刊
陶

駒
田
。
咽
“
白

-wU
同

WMg崎
判
恒

同
・
岨
刊
九
四

Tab1e 4 List of quench character1st1cs w1th R・0.05n， 1n the case that the heot capacity of 

a1四 1nu皿 1nconductor 18 aS8umed effective1y 1arger due to the bobb1n (1.e. Cp(A1) x 1.72)・

'
m
H
l
 

M・20corresponds to the case with R・5叫.

Run Q U
O L/R taEt T max tv rEST) ttv oEEt〉 E

1nt 
E
ext 

112(t)dt 

M-16 2.8 m/se巴 58.6 s 43.2 s 58.2 K 65.2 V 225. V 6.6札1 23. 机3 4.57 x108 A2sec 

M-17 50. 皿Isec 58.6 s 35.~ s ~9.9 K 104. V 2M. V 11. 1t1 19. 比J 3.76 X 108 A2sec 

M・18 100. 田/sec 58.6 s 34.4 s 49.0 K 111. V 271. V 11. 弘1 18. 批1 3.66 x 10・A2sec
M-19 200. 阻/sec 58.6 s 33.9 s 48.S K 115. V 275. V 11. M.J 18. 11J 3.61 x 10・A2sec
M-20 200. 田laec 586， s 38.7 s 63.2 K 303. V 316. V 27. M.J 2.5礼1 4.97 x 10・A2sec
」



Fig. 7 Resistivity data of aluminum and copper for the program 'QUENCH". 

Percentage of component material is given by volume. 

Fig. 8 Beat capacity data of aluminum, copper, titanium and niobium 

for the program 'QUENCH'. 

Fig. 9 An example of the quench behavior of the 3 m$ x 5 m solenoid. 

The currnet, the coil resistance, the resistive coil voltage 

and the maximum temperature in the coil are plotted for the 

case of M-3 in Table 1. 
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