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Abstract

The propagation velocities of a normal zone were calculated for a
1 m$p x 1 m superconducting solenoid and for a 3 m¢ X 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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1l. Introduction

To avoid the breakdown of a superconducting magnet during a quench,
we estimate the quench characteristics of the magnet, i.a. the curreant
decay, the coil voltage development, the coil temperature rise, etc.
applying the computer program 'QUENCE'.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 mndeiz. The quench
back effect? can be observed on the iarge 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;
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where
Y = Density of the conductor,
Cp = Heat capacity per unit mass of axially one-dimensional rod,
ki = Averaged thermal conductivity in the axial direction,

pc = Electrical resistivity of the conductor,



d_ = Radial thickness of the conductor,
d. = Radial thickness of the bobbin,
¥, = Radius of the bobbin,
p - 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,
uo = Permeabllity,
T, = Current sharing temperature of the composite superconductor,
Tco = Critical temperature of the composite superconductor at zero

current.

The last term of Eq. (1) represeats 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)
con

k = . 10" W/mK, the width of the conductor L on = 3-59 m,

the thermal conductivity of insulator (Epoxy) k -7 x10°2

ins
W/m*K and the width of the insulater zius = 0.1 mn using

% L L
tot i
Ky kcon * k ns' where 2Coc = zcon + lins
con ins

Approximately,

k-‘.;r—k - (3)

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 m$ X 1 m solenoid.

(3) The heat generated by the eddy current loss in the bobbin spreads
homogeneausly aver bath 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 flaw from the conductor to the bobbin 15 neglected, and

the cooling effect of liquid helium is also neglected.

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

CP(I) are approximated by the following equations,

pc(I) = AT A, AEX: parameters

CP(I) = C-TCEx C, CEX: paramaters

for the temperature ranges considered". The thermal conductivity k
= 2,6 W/m-K and the electrical resistivity Py = 3.05 % 10°° m of the
bobbin are assumed to be constant over the temperature ranges considered.

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

3. Calculated Results of the Temperature Distribution and the Queach

Velocity

The time evolution of the temperature distribution and the quench
velocity were calculated for the 1 mp * 1 m solenoid and for a 3 md x

5 m thin solenoid.



1 mp 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 in 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. 4376, 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 rhe assumptions or the ‘value of pc(‘r). The
effect of the eddy currant loss in the 1 m¢ X 1 m coil is not large

enough to make a 'quench back'.

3 mp X 5 m Solenoid

The simulated results of the 3 mp * 5 m solenold 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 zome. 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 curreat
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$ * S m solenoid, which was not ob-
gserved in the 1 mp x 1 m solenoid. The resulting resistive voltage in
the coil after 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.

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¢' % 1 m coil and che 3 m¢
% 5 m solenoid. OJnce again this QUENCH program was applied to the
3 o x 5 m» solenoid under various conditions such as different time
coustants and the different quench origins.

Our version of the program QUENCH was obtained from .t'orth 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) 1s given by the inmitial
propagation velocity Uo(cmlsec) as follows,’

I
U = Uy,
OIO

where I and Iy are the present and the initial curreat. Ug is given by

v Jo / e @
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jo = Initial current density of the conductor (A/cm?)
A = Cross sectional area of the conductor (cm?),
Y = Averaged density of the conductor(g/cm?),

cp = Averaged specific heat of the conductor (J/g),

Electrical resistivity of the stabilizer ({lew),

»
]

thermal conductivity of the stabilizer (W/cm*K),
T, = Transition temperature (K),

'I'0 = Operating temperature (K},



L = Lorentz number (= 2.45 x 10 ° uQ/K?).
The transition temperature T: is approximated by the mean between the
current sharing temperature '1‘c (= 6.4 K at 1.5 T and 4500 A) and the
critical temperature at zero current TcO (= 8.6 K at 1.5 T). The
volumetric specific heat YCp is taken at I‘. From the Wiedemann-Franz
Lorentz law, the averaged value of pk is written pk = LTt' In the
program 'QUENCH' the last equation of Eq. (4) was used.

The transverse quench velocity Ut in the axial direction is given
by

Uc = el,

€ = Jki/k, (s)
where k 1is the averaged thermal conductivity in the perpendicuslar
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. Hawever, the electrical conductivity of

NbTi in the normal state is neglected.

1l 2¢ x 1 m Solenoid

For the 1 m$ X 1 m solenoid (conductor size 2.0 x 0,359 cm?), the
transverse quench velocity (in the axial direction) derived from Eq. (5)
is also plotted in Fig. 4. This adiabatic tranmsverse 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 densiiy in Eq. (4) may also nov be adequate, because,

after the transition to normal conductivity, the diffusion time of

-7 -

curreat distribution across the aluminum matrix is not small.®

3 md¢ 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 demsity = 4.2 x 107 aA/m?),
the calculated results are summarized in Tahle 1 ~ 4. 1In 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 solemoid 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 mil, the time variation
of the manget current, the coil resistance, the resistive coil voltage
aud the maximum coil temperature are shown in Fig. 9. The case when
the power supply does not turn off by an accident corresponds to M-1
of Table 1. In that case the resistance of 5 mf? 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 temparature rise
after a quench 1%unf is roughly related to the actual time constant of

current decay (or current decay time) Lot though the following equa-~

‘tion,7,
T
"y mar = ,
p(T) = IO Ide = Jo Cace O
To

where Y = density, CP(T) = gpecific heat, p(T) = resistivity and J =
current density. Also the maximum resistive coil voltage Vmax(resistive)

1s closely related to the maximum coil temperature by coil resistance.
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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 {a the coil becomes effectively
smaller, and as a result the current decay time becomes larger. This
is because the normal zomne propagates in only one direcgion and the
resulting internal resistance builds up slower than in the other case.

In Table 3, the quench characteristics for the arbitrarily chosen
fast velocities corresponding to a 'quench béck' are summarized. In
comparison with the case of R = 50 m in Table 1, the current decay
ciﬁe becomes smaller, as a tesult 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 with the test result of the 1 mp X 1 m solenoid predicts the
quench back effect for the 3 m¢ X 5 m magnet due to the eddy curreat in
the bobbin of the solenoid. This effect will help the magnet to distri-~
bute the 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 1 mp X 1 m

-9 -

coil test data showed a substantial safety margin for the operatiom of

the 3 m$ X 5 m solenoid.

Appendix A

Eddy Current Loss in the Bobbin During Quench

We consider the eddy current loss in tﬁe bobbin (A15083-0) vith
mean radius r, thickness 4., length %, and resistivity p = 3.05 x 107°
n 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(e) = & = ﬂrzé(t),
nrzﬁ(t) rdblﬁ(t)

2nc 20 7

Pt

I(t) = E:

ﬂr’dbl

B(t) = L(EIV(E) = —E [B(e)]*.

If the time constant of decay of the magnetic field is 7, i.e. B(t) =

~t/T
B.e
0 nrid £ X
‘ P(t) = —ia;z"(ﬁ(t)] , (A-1)
- P(t - rz 2 =
PO = ey perdLCIR *-2)

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

the solenoid with thickness dcis i) = joe-tlt,

- 10 -



Table 1.

occurs from the middle of coil. R = protection resistence, L = inductance, €
decay time, 'l.'ml

voltage, E = enexgy dissipated in the coil, E
int

List of quench characteristics under various protection resistances, in the cases that tha quench

ext

.manget current which relates to Tmu(see refs. 4) and 7)).

ot © actual (resulted) current

Run ¢ R L/R Tac: Tmax (:E'E’.‘) (tZ'EH) l!:l.nl: Eext 1 (eyde
M-1 | 0.005 ? ] 586. s 32.6 8 | 107. X |487. V 500. v [ 27. MI| 2.3 MI |4.68 x 10° A%sec
M-2 {0.02 Q |147. s | 33.7s | 97.5K [347. v | 395. Vv {21. wMy| 8.8 MJ[4.40 x 10® A?sec
M~3 [ 0.05 | 58,68 | 33.78 | 78.3K [154. v | 270. v |11, mM3| 19, MI|3,76 x 10* A%sec
M-4 | 0.1 Q 29.3 s 25.6 8 54.7 K 51.7V 450, v 3.2 MI| 26, MJ|2,63 x 10° A?gec
M-5 | 0.5 Q 5.9 s 5.9 8 26.7 K 4.3 v {2250. V 0.07 MI{ 29. M3 {0.61 x 10° A%sec
M-6 | 1. 11} 2,98 2.9 8 21.3 K 2.0V |4500. v 0.02 M3{ 29. MJ |0,31 x 10® A%sec

* Inirlal quench velocity in the circumferential direction Uz(calc.) = 4,44 m/sec,
Initial quench velocity in the radial direction ux(calc.) = 4.44 m/sec,
Initial quench velocity in the

~
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(A-4)

per unit volume.

{3(e)32

[

4ot

o

P(t) =

For example,

The power of eddy current loss of 1 mp X 1 m coil in the case

1.

of Bo =1.5T, T = 47 mH/45 o2 = 1.0 sec, and r = 0.5 m from Eq.

axial direction Uy(calc.) = 0,178 mn/sec.

(A-2), is

= 4.6 x 10° W/m3.

0.5%x1.52
4x3.05%10 %x1.02

p(0) =

The power of CDF solenoid in the case of BO =1.5T, T~ 2.93

2,

H/50 mQt = 58.6 sec and r = 1.5 m, is

= 1.2 x 10* W/m?.

1.5%x1,52
4x3.05x10™*x58.62

p(0) =
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Table 3 List of quench characteristics in some cases with R = 0,05 Q and with the quench velocities

faster than the calculated value using Eq. (4)

‘Run ¢ u L/R Tact Tmax (Y:gg’.c) (:z%‘E?E) Einl: F‘exl: I (v)ae

M-13 | 50. m/sec| 58.6 s 27.3 s 62.4 217. v 337, v 4. M3 | 15, MJ | 3.07 x 10° A%sec
M~14 |100. w/sec| 58.6 & 2.1 s 61.9 219, Vv |33, V 4. MJ | 15. MY | 3,05 x 10" A%sec
M-15 [200. m/sec| 58.6 s 26.5 s 60.6 226. v |348, V 15, M3 | 15, MJ | 2,98 x 10°® A%sec

Table 2 List of quench characteristics in the cases that the quench occurs from the edge of coil.

Run # R L/R Tact Tmax (:@g).‘) (t:zwgf) E1n: Eext S (e)de

M-7 | 0,005 02 | 586. 36.7 s |134, K |44h. V | 458, Vv |22, MI| 2.7MI |5.34 x 10°® A%sec
M-8 | 0.02 0] 147, 38.18 119, K [308, V | 357. v {19, MJ | 9.9MI |[4.98 x 10% A%gec
M-9 | 0.05 0} 58.6 37.9s | 89.6 K [122. V | 231, V | 8.7 MJ |21. MI |4.15 x 10° A%sec
M-10 | 0.1 Q| 29.3 27.28 | 56.6 K | 28,9V | 450. V | 1.9 MJ |27. MY |2.76 x 10° Alsec
¥-11 | 0.5 A 5.9 6.08 | 26,7 K 2.1V |225. V | 0.04 MJ |29. MJ |0.61 x 10° Alsec
M-12 | 1. Q 2.9 3.08 | 213K 1.0V [4500. V | 0.0L M3 [29. M3 [0.31 x 10° A%sec
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Table 4 List of quench characteristics with R = 0.05 R, in the case that the heat capacity of

aluminum in conductor 1s assumed effectively larger due to the bobbin (i.e. Cp(Al) x 1,72),

M-20 corresponds to the case with R = 5 mf.
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Fig. 7 Resistivity data of aluminum and copper f6r the program ‘QUENCE®. N
Percentage of component material is given by volume,

Flg. & Heat capacity data of aluminum, copper, titanfum and niobium

b}
o
1]

—

for the program 'QUENCH'.

Njgg08

Fig. 9 An example of the quench behavior of the 3 md X $ m solenoid.
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case of M-3 in Table 1.
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