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Superconducting Strands  
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Abstract— The detailed phenomena in quench starting of Nb3Sn 
strands are simulated in 3-D and in time using ANSYS and 
FEMLAB programs. The current sharing between the 
superconductor and copper stabilizer in strands at the beginning 
of a quench was studied and displayed in time. The differences in 
copper configuration and RRR value of copper were found to 
have large effect to the stability and quench propagation velocity. 
The MPZ theory was found to be effective for 3D multifilament 
situation. 
 

Index Terms—Finite Element Methods, MPZ, Quench 
simulation, Superconducting strand. 
 

I. INTRODUCTION 
 he thermal stability and quench propagation has been a 
major issue of the superconducting magnet technology. 

Analytical solutions for mono-filament conductors can be 
found in every text book of superconductivity [1]. However, 
the real situation of the magnet and superconducting strand has 
much more complicated geometry. Superconducting strands 
are made of multi-filaments and the current sharing among 
these filaments and stabilizing copper is the important feature 
of the phenomena. True multi-filament situation has been 
difficult to handle even in a numerical solution. It was thought 
to require too much computer resources. But today’s computer 
environment is far different from that of a few years ago. It is 
now possible to do the complete FEM analysis of realistic 
superconductors. In the last several years, we have developed 
the 3-D computer simulation of magnet quenches [2-4]. Now 
we want to investigate the starting points of quenches in 
strands. 

In the last decade, many people with proficiency in computer 
programming started simulating the thermal electromagnetic 
analysis of superconductor, low and high Tc superconductor as 
well, successfully in two-dimensional analysis [5, 6]. Also 
FEM was applied to partially solve the quench simulation 
successfully in three-dimension YBCO bulk material [7].  But 
these solutions were limited to a part of the phenomena. These 
people developed their own programs to simulate the quenches. 
We are trying to solve the quench problem using commercially 

available programs so that the solution can be generalized and 
complete in all the aspects. 
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 From our recent investigation of the test results of Nb3Sn 
high field model magnets, we realized the maximum quench 
current is determined in many cases with the values of RRR of 
copper stabilizers, as well as the energy size of flux jump [4].  
With a small RRR value of Nb3Sn like 10, which is caused by 
the contamination of the stabilizer copper by Sn leakage, the 
resistivity of the copper is increased, bringing more Joule 
heating to the strands at the time of disturbance. At the same 
time, the thermal conductance of the copper is drastically 
reduced, contributing much less for the heat distribution of this 
thermal disturbance along the axis of the strand [4]. Thus we 
know the RRR value is essential for the stability of stands, as 
well as the stability of magnets. 

We want to understand the importance of the RRR value for 
the stability of a strand as well as for a magnet by simulating the 
quench behavior of strands with different RRR values. 
Therefore we developed 3 D computer simulation methods to 
investigate the quench problems and they are reported in this 
paper.  

When we test the short samples of superconducting strands, 
the strands are exposed to liquid He. But the surface of strands 
in the cable of a magnet is covered with the insulation layer and 
not directly exposed to liquid He. This insulation affects the 
minimum quench energy. 

II. QUENCH SIMULATIONS OF NB3SN STRANDS WITH ANSYS 
AND FEMLAB  

For the study of 3D simulations, we used two commercial 
FEM programs; ANSYS, supported by ANSYS. Inc. and 
FEMLAB, supported by COMSOL Inc. With FEMLAB we 
used it within its capability of multi-physics, for solving 
thermal electromagnetic combined problems. Current 
distribution, heat generation and the thermal conduction are 
handled simultaneously. Due to the very steep non-linearity, it 
is necessary to make very small time steps in the order of µsec 
for transition phenomena. 

ANSYS can also handle multi-physics problems but we used 
APDL programming to better control the solution. Since 
superconducting transition is a very non-linear phenomena 
ANSYS standard package often fails to give the solution in 
multi-physics problem. In our simulation, the superconducting 
to normal transition was separated from the standard non-linear 
solution. APDL program analyzes the thermal solution given 
by ANSYS and calculate super-to-normal transition and heat 
generation at each point for the next cycle of ANSYS program 
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run. The solution is continued as time progresses. The 
advantage of such use of APDL programming is the versatility 
of the application. Not only the temperature, but also the 
resistance, normal zone length, observed voltage and any other 
things happening in the real situation can be simulated. 
 

 
Fig.2.    The 7-strand simulation model. 7-filament modules of diameter 
0.22mm mounted in copper stabilizer forming a 1mm-diameter 
superconducting strand. A layer of epoxy of thickness 0.1mm covers the 
surface of the strand. The simulation model uses 30-degree symmetry to 
reduce the meshing size. 

A.  Analysis with FEMLAB 
Short sample test of a superconducting strand in liquid He at 

4.2 K is simulated with FEMLAB. A monolithic strand of 1mm 
diameter was simulated first in 2-D, using the axi-symmetic 
case. Then it was changed into 3-D simulation. A 31 mm long 
strand is used with the central 1mm part is used for inputting the 
thermal disturbance.  A current of 800 A is passed through the 
strand. At the beginning all of the current is passing through the 
central superconducting part. By applying the energy pulse to 
the central part for 10 µsec, the temperature and the current 
distributions along the strand length can be simulated 

 At the disturbance time, the most of current go through the 
copper stabilizer, and it generates the Ohmic loss and heat up 
the strand. At the same time, the surrounding liquid Helium is 
cooling the strand, and generated heat is transmitted axially 
through the copper stabilizer. Therefore if the RRR value is 
small, the copper stabilizer generates more heat, and thermally 
transmits less heat along the strand. Compared to the strand 
with high RRR value, it generates more Joule energy and less 
transmit heat to neighboring copper region, thus increasing 
local stabilizer temperature much higher [4]. In Figure 1, the 
simulated strand is shown after 2 ms. The cross sections of the 
strand at every 1 mm are shown, with the current distribution 
marked with arrows. It is clearly shown the current is bypassing 
the heated superconductor at the disturbance point. In this case 
the minimum quench energy was 40 µJ. By changing the 
amount of disturbance energy, we can observe the quench will 
propagate or recover by itself. 
 

B. FEM model with ANSYS 

Fig. 3. 
(A) Mo  
Bronze

The FEM program ANSYS can also handle the multi-physics 
problems. The advantage of using commercial FEM program is 

its graphic display and the easy construction of the geometrical 
model. Figure 2 is the analysis model used in the ANSYS 
calculation. 3D geometry is generated with the ANSYS utility. 
Recent internal-tin high current density Nb3Sn conductors are 
made of filament bundles that contain many filaments coupled 
together. These filaments in the model can be interpreted as 
such filament bundles. Actually, there are two types of 
conductor models regarding the copper stabilizer arrangement 
as shown in Fig.3. Bronze method, DT method [8] and RHQT 
Nb3Al [9] have the stabilizer copper just in the strand outer 
surface (Model B), while RRP and PIT have copper in adjacent 
to the filaments / filament bundles (Model A). The location of 
the copper affects to the stability characteristics. In the model 
study, an additional bronze layer was artificially added to the 
(A) model to compensate the effect of bronze heat capacity. 
Since the cooling of the conductor is limited by epoxy, this 
artificial layer does not affect to the cooling of the conductor. 
Both models have exactly the same amount of materials with 
different geometry. The copper to superconductor ratio is 1.0 

 

Fig. 1. 3D animation of quench recovery of a monolithic strand, made 
by FEMLAB. At the central 1 mm long part, energy of 40 µJ was given. 
The local current is shown bypassing the central superconductor.  
 
  Two Types of Model.  
del represents NbTi, PIT and RRP. (B) Model represents DT,
method and Nb3Al conductors
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for both cases. Figure 4 shows the temperature profile during 
the propagation of the normal zone. It is interesting that the 
temperature distribution patterns are very different depending 
on models. In the (A) model, representing a PIT or RRP 
conductor, the heat generation occurs in the copper at very 
close to the superconductor. On the other hand, model (B), 
representing a DT conductor or a bronze method conductor, the 
heat generation happens in the stabilizer close to the surface 
and the heat is conducted to the superconductor through the 
bronze part of the conductor. The wave front of quench 
propagation advances not in the superconductor but in the 
copper part of the conductor in both cases. Shape of the quench 
front is therefore different.  The quench characteristics are 
different accordingly. Fig. 4.   Propagation of quench in model-strands.  The location of copper 

in the strand affects the quench propagation property. Left (A Model) is 
the model with filament bundles mounted in copper. Right (B Model) is 
the model with filament bundles mounted in bronze.  

C. Heating initiated Quenches 
 The quench of a strand can be initiated by a heat input to the 

model strand. Figure 5 is the plot of normal zone length for 
different heat inputs. The heat was given at the surface of the 
conductor simulating friction heat by the wire motion or a crack 
of epoxy. Recovery to the superconductivity is seen for small 
disturbances but the heat greater than a threshold generates a 
quench. The minimum quench energy (MQE) is found from 
this plot. For the quenches induced by the heat greater than 
MQE, slope of the normal zone is the same regardless the 
heating energy. Thus the quench propagation velocity is 
defined as a function of current. Comparison of two models in 
regard to quench propagation is plotted in Fig.7. Quench 
propagation velocity is clearly affected by the configuration of 
the strand The  quench propagation velocity in (A) model is 
faster than the (B) model. Since the copper is located close to 
the surface, the effective Steckley’s parameter, α, become 
effectively small in (B) model. This explains the fact that the 
observed quench propagation velocity in bronze method Nb3Sn 
magnets are often reported very slow compared to the NbTi 
propagation velocities.  

D. Different Disturbance Energy Location 
If the quench is caused by the crack of epoxy or the friction due 
to a wire motion, the heat is generated on the surface of the 
strand. Figure 5 is the result for such case. If the disturbance is 

due to flux jump, the heat is generated directly in the 
superconductor. The situation in this case is shown in Fig.6. 
The developments of quenches look very different depending 
on the location of the disturbance. The energy level to initiate a 
quench is quite different. The internal heating requires much 
less energy to cause a quench. Therefore the flux jump in the 
conductor can be a cause of quench even if the released energy 
is much smaller than the MQE determined by a heater 
experiment. Experiment using external heater often give a 
result with great stability. 

E. MPZ   
Although the MQE determined by Fig.5 and Fig6 are quite 

different, the minimum normal zone to start quench are almost 
the same for both cases. This supports the validity of minimum 
propagation zone (MPZ) theory [1] to discuss the stability of 
the conductor rather than using MQE. Whether normal zone 
shrinks or grows is determined by the size of initial normal 
zone (INZ). The energy necessary to create the same INZ 
depends on how and where the energy is deposited. The 
simulation giving INZ as a simulation parameter can determine 
MPZ. Figure8 is the example of the simulation. The analytical 
calculation for one dimensional continuum model gives the 

 
Fig. 6.   Internal Heating Initiated Quench.   
(B) Model with 200A/mm2 current density. MQE is 2.25µJ and MPZ is 
about 0.5mm.                                                                                                    
 
Fig. 5.  Heater Initiated Quench.  
(B) Model with 2000A/mm2 current density. Heater length is 1mm and 
the heat pulse duration is 10 µsec. MQE is determined 18 µJ and MPZ 
looks about 0.5 mm. 
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Fig. 7.  Quench Propagation Velocity. 
40µJ of energy was given to the 1mm section of the superconductor. 
Negative velocity is the recovery speed after normal zone was created by 
the thermal diffusion of initial heat pulse.  

MPZ as the function of the current, J, thermal conductivity, k, 
and resistivity, ρ as: 

ρ
θθ

2

)(2
1 J

k
r

rMPZ bc −
+

=           (1), 

where r is the copper ratio and θc and θb are the conductor and 
bath temperature [1]. This expression was confirmed also 
applicable to the 3D-multifilament case from this simulation. 
Figure 9 depicts the current dependence of the MPZ.  

F. RRR values and MPZ  
The behavior of MPZ characteristics is also dependent on the 

resistivity. The RRR of the copper stabilizer is the dominant 
parameter for this aspect. Figure 9 also shows the difference 
due to RRR of the copper. The large RRR (=100) gives larger 
MPZ than the small RRR (=50). It is clearly confirmed through 
this simulation that the RRR value of the copper stabilizer has a 
large effect in the stability of the conductor. Contamination of 
copper due to the over reaction of the conductor is a serious 
problem for the stability of Nb3Sn magnets. It is important to 

keep the RRR of the copper at high level to produce a 
successful Nb3Sn magnet [4]. 

III. CONCLUSIONS  
A three dimensional multifilament strand was simulated by 

FEM models to study the stability. The simulation successfully 
distinguished the difference of the conductor structure and 
heating condition. The superconductor is much more sensitive 
to the internal heating than external heating. The MPZ theory 
developed for analytical model was confirmed by this 
simulation. The effect of RRR of the copper stabilizer is also 
important to have stability of the conductor as predicted in our 
earlier paper [4]. The animation of quenches is very intuitive 
and helpful to understand the situations. 
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Fig. 8.   Determination of MPZ.   
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Fig. 9.   The MPZ determined from the simulation.   
It is seen that the MPZ is an inverse function of the current and also 
depend on the RRR of the conductor. Solid line is for the case of 
RRR=100 and broken line is for RRR=50. 
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