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Analysis of Normal Zone Propagation in 
Pancake-shaped Nb$n Superconducting Magnet 

Qiuliang Wang, Jinliang He, Cheon Seog Yoon, Keeinan Kim, Zheng Nam 

Abstract- A quench phenomenon is caused by an external disturbance 
in a Superconducting magnet, where the magnet is operating in a 
cryogenic environment. The heat coupling between the layers and 
pancakes of the magnet can induce the normal zone propagation with 
fast speed. In order to analyze quench behavior in a pancake-shaped 
superconducting magnet, a quasi-three-dimensional model is proposed. 
A moving mesh finite volume method is employed in solving the heat 
conduction equation. The quench process of the sliperconducting 
magnet is studied under the various operating conditions and cooling 
conditions. 

Index Terms -- pancake-shaped magnet, moving mesh method. 

1. INTRODUCTION 

superconducting magnet is disturbed by local dissipation 
of energy due to the conductor motion, epoxy-resin crack 
and ac loss etc.. Such a disturbance can induce a local 

temperature rise. When the temperature rise is attained to the 
critical temperature of the superconductor, a normal zone is 
formed. Quench results in the normal zone spread to the 
whole superconducting magnet and the damage of the magnet 
and cryogenic system in serious case. Stability and quench 
characteristics are two essential aspects of designing 
superconducting magnet system. The magnet system should 
be designed against the permanent damage caused by 
overheating, overstressing, and arcing that may stem from 
quench. Hence, the considerable amount of attention has been 
paid to the study of the problem. Because the superconducting 
magnet has a three-dimensional structure, the heat coupling 
occurs between the layers and pancakes. If the external 
disturbance is enough to quench the superconducting magnet, 
a normal zone propagates through the layers and pancakes. 
The heat is conducted to radial, axial, and azimuthal 
directions of the magnet. Although the approximation of high 
normal zone propagation speed in the azimuthal direction was 
adapted to analyze the small-scale superconducting magnet 
[l].  Generally, it is not used for the analysis of the large bore 
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superconducting magnets and the high temperature 
superconducting magnet with small hole. The 3-dimensional 
heat conduction problem should been employed to study 
quench phenomena. The work presented here is to study 
quench characteristics in a pancake-shaped superconducting 
magnet system in various operating conditions and 
disturbances. A quasi-three-dimensional model is used. The 
heat conduction is along the superconducting wire and the 
heat coupling is between the layers and pancakes of the 
superconducting magnet. A quench propagation problem is a 
moving boundary problem. A moving mesh finite volume 
method is used to solve the problem in order to obtain high 
accuracy of numerical simulation [2]. 

11. PHYSICAL MODEL AND MOVING MESH METHOD 

A pancake-shaped superconducting magnet is studied. The 
superconducting magnet consists of several pancake-shaped 
coils where the heat coupling occurs between pancakes and 
layers in the coils. The temperature is assumed to be uniform 
in the cross-section of the superconducting wire. The thermal 
conductivity of the insulation film is much smaller than that of 
the metal in the composite, therefore, the conduction of 
insulation along the superconducting wire is ignored in the 
analysis. If a superconducting magnet is subjected to a heat 
disturbance, the temperature ( T ) distribution is determined 
by following equation 

where t and x denote the time and space coordinates, 
respectively, f l  is the average heat capacity of 
superconductor, stabilizer and insulators, QL, is the external 
disturbance power, A is the cross-sectional area of 
superconducting wire, P, and h, are the contact perimeter and 
heat transfer coefficient between layers or pancakes, 
respectively. The Joule heat power is given by 

s ( T , T , , x , t )  = p J Z H ( T  - T c )  (2) 
where J and p are the current density and resistivity of the 
stabilizer, and H(T-T(;) is a Heaviside-like transition function 
from the superconducting regions, T(, is the critical 
temperature of superconductor. 

The heat generated due to the quench flows, not only along 
the superconducting wires, but also in transverse direction, 
through the insulation. Within the pancake-shaped magnet, 
this tends to short-circuit the quench propagation along the 
conductor causing the pre-heating and birth of normal zones 

1051-8223/01$10.00 0 2001 IEEE 



1686 

in the adjacent layers. Furthermore, the heat conduction will 
initiate the quench in the adjacent pancakes. The heat 
coupling term is treated as an external heat source. 
Therefore, the approximation of the heat transfer in the 
winding pack is obtained by substituting each part of wire and 
insulation between two conductors with an equivalent slab 
having the same average extension in the direction normal to 
heat flux. By the simplification, the heat diffusion in the 
winding cross-section can be regarded as a set of independent 
one-dimensional problems. The 3-dimensional problem is 
reduced to one-dimensional model. The heat transfer 
coefficient between the pancakes or layers is calculated by the 
steady state temperature distribution across the 
superconducting wire, insulation, and other superconducting 
wire. The heat transfer coefficient is varied with the average 
temperature of the cross section of superconducting wire and 
insulation [3]. 

When the superconducting magnet is quenched, the normal 
zone is propagating. The front position of normal zone, where 
is the boundary of Joule heat generated, is moving and the 
front region is very short in the lengthwise. In order to obtain 
the converged numerical solution, the mesh size in the front 
region of normal zone should be finer and other region of the 
solution domain might be coarser. For a long length of wire, 
the finite mesh number is necessary. Therefore, moving mesh 
finite volume method has more advantages and is applied for 
this problem. For the one-dimensional moving mesh equation 
can be given [4] 

(3) 

where z is the mesh smoothing parameters, 6 is the equal 
interval coordinate, A4 is the monitor function. Since 
smoothing monitor function is more straightforward to apply 
than smoothing mesh concentration, the technique is 
employed here. The equation (1) is rewritten in the 
Lagrangian form: 

The space of the equations (3) and (4) can be discretized by 
using finite volume method. The semi-discretization of the 
equation is the stiff ordinary differential-algebraic equation. 
The helium heat transfer for bath temperature Tb is 

TABLE-I 
PARAMETERS OF 3-PANCAKE-SHAPED MAGNET SYSTEM 

Symbol Quantity Symbol Qtiantity 
Inner diain. 30 cm Outer diam. 85 cm 
Hcieht 1 5  cm Field 6 5-12.5 T 

111. RESULTS AND DISCUSSION 

The numerical simulation results are presented in this part. 
A 3-pancake-shaped magnet and 1 -pancake-shaped magnet 
are assumed to be located at the uniform background field. 
The background field includes the external field and self-field 
of magnet. Generally, the background field can be obtained by 
adjusting the external field to make the field to be uniform. 
Finally, the influence of self-field on normal zone propagation 
is studied by a 6-pancake-shaped magnet with the external 
field of 0 T. 

The 3-pancake superconducting magnet wound by 
continuous superconducting wire and surrounded by liquid 
helium is located in the background field of 12.5 T and 
operating current of 1.1 kA. The heat disturbance with 
duration of 5 ms and length of 0.15 m is applied to 17‘h layer 
of the pancake-2. The main parameters of the magnet are 
listed in the Table-I. Fig. 1 illustrates the hot-spot temperature 
rise versus time for insulation thickness d,,, = 25, 20 and 12.5 
pm with the disturbance over than their minimum quench 
energy. The hot spot temperature of insulation thickness of 25 
pm is over than that of 12.5 pm. The heat coupling term 
between the layers and pancakes depends on the equivalent 
heat transfer coefficient. The thicker insulation results in a 
lower heat transfer between layers and pancakes. Therefore, 
during local quench of the pancake, the transfer of Joule 
generating heat and disturbance from the disturbance center to 
the lower temperature region of the superconducting magnet is 
more difficult. It leads to the high hot spot temperature. 
Fig.2 shows the profiles of the normal zone length versus time. 
The high hot-spot temperature makes the normal zone 
increased with relatively fast speed along the superconducting 
wire. Fig.3 illustrates the temperature distribution in the 
insulation thickness of 25 pm for pancakes I ,  2 and 3. The 
origin of coordinate is located at the outer radius of the No.1 
pancake. It shows that the heat coupling between the layers 
and pancakes is very strong. The heat diffusion between layers 
or pancakes can result in the adjacent layers or pancakes 
quench. 

The influence of operating current on the normal zone 
propagation is studied by the 1 -pancake-shaped magnet with 
the inner radius of 30 cm and outer radius of 85 cm. The 
parameters of tape of N6,Sn are listed in Table-I. Fig 4 shows 
the normal zone profiles for the operating currents of 1.1, 2.1 
kA and background field of 8.5 T. Comparing the magnet 
operated at 1.1 kA and 2.1 kA, the extension of the normal 
zone for operated at 2.1 kA is much faster than that of 1 . 1  kA 
due to the large Joule heating generation power. Because of 
the temperature difference between hot spot and lower 
temperature region in the same layer, the temperature 
distribution is wave-shaped along the length of NbJn 
superconducting wire. Fig.5 illustrates the hot-spot 
temperature versus time. The higher operating current induces 
a higher hot-spot temperature. The low operating current 

Operating current 1 1-3 I kA Bathe temperature 4 2 K generates a relative long relaxation time for the quench 
process of the magnet. From the Fig.5, at first, the hot-spot 
temperature for operating current of 1.1 kA increases slowly 

5 min’ Size of tape 1 5 mm x 5  mm Area ofCu 
Area ofNbjSii 2 5 mmz Insulator thickness 50 pm 
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and then it increases fast. When the hot-spot temperature is 
over than the current sharing temperature, the Joule heat is 
generated in the layer disturbed when the adjacent layers are 
still in the superconducting state. Most heat flow is conducted 
along the superconducting wire. With the increasing the 
hot-spot temperature, the transverse heat flux is increased and 
then the layer disturbed and its adjacent layers start into the 
normal state or current sharing state, the Joule heat increases 
with very fast speed so that the hot-spot temperature is fast 
increased. 

The influence of the heat transfer o f  liquid helium is 
studied. The parameters of the 1 -pancake-shaped magnet are 
the same as above. The disturbance is located at 22"' layer of 
the pancake-shaped magnet with the disturbance length of 
0.15 m and duration time o f  5 ms, background field of 8.5  T 
and operating current of 3 kA. The heat transfer coefficients 
are set as h = 0, 1500, 3000 W/m2 and the value based on the 
equation ( 5 ) .  The hot spot temperature versus time is shown in 
Fig.6. The lower heat transfer coefficient can generate the 
higher hot-spot temperature rise. The hot-spot temperature for 
the heat transfer calculated based on equation ( 5 )  is higher 
than that of h = 3000 W/m2 after about p10.5 ms. The 
transient heat transfer of liquid helium is varied with the 
temperature difference AT = T-T,, . When the temperature 
difference is over that about 20 K, the heat transfer calculated 
based equation ( 5 )  is lower than that with h = 3000 W/m2 

1 0  I 

Fig. 1 Hot-spot temperature rise of 3-pancakc-shaped magnet system 
versus time. 

Fig.2 Profiles of normal zone length of 3-pancake-shaped 
superconducting magnet versus time. 

Fig. 3 Profiles of temperature of 3-pancake-shaped superconducting 
magnet versus space coordinate. 
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Fig. 4 'rcmperaturc distribution of I -pancake-shaped niagnct. 
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Fig. 5 Hot-spot temperature rise of 1-pancake-shaped magnet versus 
time for operating currents of 1.1 and 2.1 kA and field of 8.5 T. 
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Fig. 6 Hot spot temperature rise of 1-pancake-shaped magnet 
versus time for the various heat transfer coefficients. - 
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Fig. 7 Normal zone length of 1-pancake-shaped magnet versus 
time. 

Fig. 8 Temperature distribution of 6-pancake-shaped magnet during 
the disturbance located at 16” of pancake No.4 (Unit of temperature 
in bar is K). 

The disturbance length can influence on the normal zone 
propagation velocity. Fig. 7 shows the simulation results for 
the 1-pancake-shaped magnet under the background field of 
8.5 T and operating current of 3 kA. The disturbance length 
and duration time are 0.015, 0.15, 0.25 m and 5 ms, 
respectively. The longer disturbance length has a higher 
normal zone propagation velocity. The initial quench region 
of the disturbance length of 0.25 m is over than that of 0.015 
m. The larger quench region results in higher transverse 
heat flux through layers and pancakes. The fast increasing 
transverse generates the adjacent layers and pancakes quench. 

The influence of the self-field of magnet on the normal 
zone propagation is studied for the 6-pancake-shaped 
superconducting magnet with the disturbance located at 16* 
layer of N0.4 pancake. The external field is zero. The 
disturbance length and duration time are 0.15 m and 5 ms, 
respectively and operating current of 2.8 kA. The inner radius, 
outer radius and height of the magnet are 30 cm, 85 cm and 
3.0 cm, respectively. The parameters of tape of Nb3Sn are 
shown in Table-I. Fig.8 illustrates the profile of temperature 
distribution for the 6-pancake-shaped superconducting 
magnet system for the t = 10,50,100, 150,200 ms. At 10 ms, 
No.4 is in the quench state, and the adjacent pancakes No.3 
and N0.5 are still in the superconducting state. At t = 50 ms, 
No.2, No.3, No.5 and N0.6 start to quench. At t = 100 ms all 
the pancakes are in the normal state for the inner layers 
because they are located at the high field region. At t= 150 ms, 
all pancakes are at the normal state. From the Fig. 8, the 
self-field results in fast quench propagation velocity along 
radius, and the quench of the inner layers is faster than that of 
the outer layer. 

IV CONCULSIONS 

The quasi-three-dimensional model can simulate quench 
process in pancake-shaped superconducting magnet system. 
The moving mesh finite volume method is suitable to solve 
the moving boundary problem. The simulation results of the 
pancake-shaped superconducting magnet show : The 
insulation thickness of superconducting wire can influence on 
the hot-spot temperature and normal zone propagation 
velocity. The high operating current of magnet accelerates 
the normal zone propagation. Comparing the constant heat 
transfer and the transient heat transfer of liquid helium varied 
from the nucleate boiling to the film boiling, the transient 
heat transfer can lead to the lower hot-spot temperature rise 
in the initial time and then high hot-spot temperature in the 
film boiling region. 
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