FermiLab

TD-00-055

Simulation of superconducting magnet quench for quench protection design

Seog-Whan Kim

TD/DT FermiLab

(
To prevent serious failure of superconducting magnet operation, we have to design the magnet as stable as possible. To design a stable magnet, we need to study the stability of the magnet and the superconducting cable.

(
However, even if the magnet has a good stability, The magnet can fail in operation (quench).

(
Therefore, we also need to consider the behaviour of the magnet when it quenches. The most important thing we have to consider is the temperature. Designing a quench protection system means preventing overheating the magnet, which can burn the magnet.

(
The simulation is a variation of the program described in TD-00-022, TD-00-041 and TD-00-042. You can find another variation in TD-00-043.

1. Introduction 

1.1 Basic idea 
(
The original program (described in TD-00-022, TD-00-041 and TD-00-042) is for calculating parallel strands. It is necessary to modify the program to fit the purpose of this report.

(
TD-00-022 describes the calculation model and basic equations for the simulation.

(
TD-00-041 describes the functions and parameters for the simulation.

(
TD-00-042 describes inductance calculation methods for parallel strands, which is not used in this report.

(
Figure 1 shows the calculation model.

(
As shown in Figure 1, the magnet is treated as a long cable (wire). To mimic the transverse heat transition, it is necessary to set thermal contacts between elements with a certain distance (length of one turn). 

(
For the first step, inductance calculation routines were taken out (Of course, the total inductance is used for the current calculation.). This gives a good approximation because the cable is treated as a single thick wire, and there is no parallel wires in this simulation. Without the inductance calculation, we can reduce the calculation time greatly.
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Figure 1
Calculation model of the magnet. A magnet is considered as a long cable with superconductor and matrix. The thermal contacts between layers are taken in account. 

1.2 Quench protection system

(
When the total voltage reaches a certain voltage (100 mV in these calculations), the quench protection system closes the switch to dump resistor and activates the heater attached on the magnet. 

(
However the dump resistor and the heater have time delay. The delay of the dump resistor is mainly caused by the switch and is less than 2 ms and the delay of the heater is less than 80 ms. (For the LHC dipole, 80 ms is taken as the worst case value for design) 

(
As typical values, the delay is set to 2 ms for dump resistor and 50 ms for heater in this report. Also 30 ms and 80 ms heater delay are calculated to see the effect of the delay.

(
The heater is attached on the outer 14 layers of the magnet (the magnet has 25 layers). Heating energy is given in Watt per area (a typical value is 55 W/cm2). The contact area between the heater and the cable is calculated by the edge surface area of the cable.

1.3 The cases for simulation

(
Dump resistor : 0 ( and 20 m(.

(
Heater energy : 0 (no heating), 55W/cm2.

(
Short and long magnets: 1m, 1.42 mH for short magnet and 10 m 14.2 mH for long magnet. 4,7 and 13 meter magnets are also calculated. Inductance is 1.42 mH per meter.

(
Big and small cable


Big cable : 20.00 mm ( 1.867 mm cross-section, Cu/SC ratio is 1.6.


Small cable : 16.64 mm ( 1.55 mm cross-section, Cu/SC ratio is 0.8.


These two cable have the same amount of superconductor.

(
Table 1 summarises the specifications of the superconducting cable and magnet. 

Table 1
Specifications of the superconducting cable, magnet and quench protection system for the simulation.

Superconductor
Nb3Sn

Number of turns
25

Length of the magnet
1, 4, 7, 10 and 13 m 

Inductance of the magnet
1.42 mH per 1 meter 

Cross-sectional area of the cable
20.00 mm ( 1.867 for big cable

16.64 mm ( 1.55 mm for small cable

Cu/super volume ratio
1.6 for big cable 

0.8 for small cable

Quench detection
100 mV of total voltage

Dump resistor
0 or 20 m(

Time delay of dump resistor
2 ms

Heater for magnet protection
0 or 55W/cm2 on outer 14 turns

Heater delay
30, 50 or 80 ms

2. Results and discussions

(
Figure 2 shows the legend used in the following 4 figures (Figure 3 to Figure 7).

(
Figure 3 to Figure 6 show temperature and current after a quench. The quench is initiated by a minimal necessary energy on the center point of the inner most turn.

(
In these four figures, the time delay of the dump resistor is fixed at 2 ms, and heater delay is 50 ms. The big and small cables are described in section 1.3.
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Figure 2 Legend for plotting results.
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Figure 3 1m magnet of small cable.
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Figure 4 10m magnet of small cable.
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Figure 5 1m magnet of big cable.
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Figure 6 10m magnet of big cable.

(
From Figure 3 to Figure 6, we can see the followings;

1. Dump resistor makes the current decay faster. The fast current decay suppress the temperature rising.

2. Heater also makes the current decay fast, but the effect is very small for a short magnet (1 m magnet).

3. A long magnet (10 m in this report) shows higher temperature than a short magnet (10 m in this report), though everything except the length is the same. This is because of slower current decay in a long magnet caused by the bigger inductance.

4. The small cable always has higher maximum temperature than the big cable. 

5. From 3 and 4 we can see that we need more copper in the cable for a longer magnet.

(
To see the relationship between magnet length and amount of the copper, the plots with dump resistor and heating are taken and arranged in Figure 7.
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Figure 7 
Comparison to see the relationship between magnet length and amount of copper in the superconducting cable. Dump resistor is 20 m( with 2 ms of delay, heater has heating power of 55W/cm2 with 50 ms delay.

(
The effect of the heater is also shown in Figure 8. In this figure the length of the magnet is changed from 1 meter to 13 meters. 

(
We can easily see that longer magnet has higher temperature after a quench. Also we can see longer heater delay makes higher temperature.

(
One more thing we can see from this figure is effect of the heater. The heater delay does not make a difference when the magnet is 1 meter long, and the maximum temperature will not change even if the heater has a delay more than 80 ms. This suggests that the heater does not help if the magnet is short (if the inductance is small). 
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Figure 8
Magnet length and maximum temperature. The cable is made of big cable. Dump resistor is 20 m( with 2 ms of delay, heater has heating power of 55W/cm2.

(
Figure 8 also shows that the maximum temperature is rather high. In designing a 10m long magnet, we need to expect the maximum temperature will be near 300K even if we can heat the magnet within 30ms.

(
We need to consider how to suppress the temperature.

1. Better cooling.

It is obvious that a better cooling makes the temperature lower. However if the magnet is impregnated in epoxy, it is not easy to increase the cooling.

2. Shorter magnet.

As shown in Figure 8 shorter magnet shows lower temperature. If you shorten the magnets you need more number of magnets to fill in the fixed length of the accelerator.

3. Faster or strong heating.

Also shown in Figure 8 a faster heating suppresses the temperature. It can be the best way only if we can make the heater faster. Heating more volume of the magnet can be also a good way.

4. More copper.

“Small and big cable” results showed that a big cable has lower temperature. To increase the copper the cable should become bigger. This means that we need to calculate the necessary copper amount and decide the cable, before designing the magnet.

5. Higher dump resistor.

A higher dump resistor makes the current decay faster, and hence the temperature lower. Only we need to take the higher voltage into account. Figure 9 shows we can reduce the temperature with bigger dump resistor. 
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 Figure 9
Magnet length and maximum temperature. The cable is made of big cable. Dump resistor is 40 m( with 2 ms of delay, heater has heating power of 55W/cm2.

(
Figure 10 shows an example of suppressing the temperature by higher dump resistor and more heating volume. 
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Figure 10
Magnet length and maximum temperature. The cable is made of big cable. Dump resistor is 40 m( with 2 ms of delay, heater has heating power of 55W/cm2. The heater is attached on all of the layers in the magnet.

3. Conclusions

(
We don’t need to install a heater to protect the magnet if the inductance of the magnet is small (less than 2 mH) and if there is a dump resistor.

(
Even if a short prototype magnet operates well with a certain amount of copper in the cable, we need more copper when we build a real size long magnet.
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