QUENCHING PROCESS IN SIS 300 SUPERCONDUCTING MAGNETS  

                               WITH SINGLE LAYER COILS 

1. INTRODUCTION

The following study is based on worst case considerations to obtain limits in voltage and temperature which, in reality, will usually not be exceeded. Heaters that are placed on the outside of block 1 and block 2 will protect the SIS300-magnet in case of a quench. The whole quenching process is treated adiabatically.

The simulation is carried out for 8, 10, and 12 turns per pole covered by the heaters. After firing of the heaters the turns underneath the heaters only are driven normal, the rest of the winding, except the small and negligible portion of cable at quench origin, will stay normal during the whole quenching process. It means that any quench-back due to eddy currents and hysteresis effects are neglected. Any quench back in the turns not covered by heaters will result in lower temperatures and inner voltages. 

The origin of quench is always assumed in the 5th block at the location with the highest magnetic field, as the magneto resistance is not negligible for the temperature rise. 

The initial velocity of the normal zone at quench origin, the heater firing delay, and the residual resistivity ratio of Copper RRR-Cu are used as parameters. All simulations, with both sides of the coil heated, show that the propagation velocity has negligible influence on the temperatures and voltages, as the resistance rise rate of the turns underneath the heaters is much faster. 

In the worst case, when one side of the coil only is driven normal by heaters(heater firing failure), the propagation of the normal region around the coil is not negligible.

For the simulation of the quenching process the following parameters were used:

Cable data:

Cable cross section area:   19.57 mm2
Cu-cross section:               8.451 mm2
Cu-Mn cross section:        3.392 mm2
NbTi-cross section:           7.402 mm2
Stainl. steel cross section: 0.325 mm2   neglected

Single magnet data:

Inductance:                                                                 22.5        mH

Operating current:                                                   8924.0         A

Heater delay:                                                      20 – 100         ms   (parameter)

Residual resistivity  ratio of Copper:                 70 – 280                 (parameter)

Mean turn length of the outer layer:                             15.5      m

Average magnetic field in heated turns:                         2.9      T

Magnetic field at quench origin:                                    4.3       T

Initial normal zone speed at quench origin:          10 - 25         m/s  (parameter)

Figure 1 shows the simplified electrical scheme, which has been used for the modelling of the quenching process and which is normally used for the testing of one single magnet without energy extraction. After a quench is detected, the power converter is switched off, the heaters are fired and the current can pass through the freewheeling diode, which is later replaced by either the cold by-pass diode or the warm thyristor 

The small voltage drop across the diode is ignored during the quench simulation.

From the quench behaviour point of view this scheme is equivalent to a magnet with a warm thyristor by-pass across several magnets in series.
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Fig. 1: Simplified electrical scheme with partial inductances and resistances used for the modelling of the quenching process 

2. QUENCH BEHAVIOR OF THE HEATER-PROTECTED SIS300 

             SUPERCONDUCTING MAGNET(single magnet with diode-by-pass)

      2.1 Material properties and quenching process

In Figure 2  the linear resistance rl (T) and in Figure 3 the integral A.A.s (MIITs) versus temperature are given for the conductor at quench origin (at 4.3 T averaged) and for the turns underneath the heaters (at 2.9 T averaged). 

In Figure 4 the evolution of the magnet resistance and the current decay versus time are shown for a magnet quench with RRR-Cu =280 and a heater delay of 50 ms in case the heaters on both coil sides function and in case one coil side only is driven normal by the heater strip (worst case).The sudden onset of resistance after 50 ms and the faster current decay and the higher resistance for heated turns on both coil sides are clearly visible. The contribution of the resistance Rprop (t) due to propagation of the normal region in the worst case of heater firing failure is not negligible.

In Figure 5 the evolution of the hotspot temperature at quench origin, the average

temperature, and the total resistive voltage in the coil are given versus time for a magnet
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Fig.2: Linear resistance versus temperature for the conductor at B=2.9T and B=4.3T for a  

           RRR-Cu = 280

with RRR-Cu =280 and a heater delay of 50 ms in case the heaters on both coil sides function and in case one coil side only is driven normal by the heater strip (worst case). The hot spot temperature and the average coil temperature are significantly higher in the worst case whereas the total resistive voltage is lower.
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Fig.3: MIITs-curve for the conductor at at B=2.9T and B=4.3T for a RRR-Cu = 280
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Figure 4: Magnet current Im and total resistance Rtot versus time for a magnet quench with both coil sides driven normal by heaters and with one side only (worst case) in case of heater firing failure. The resistance Rprop versus time due to normal region propagation around the coil is also shown.
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Figure 5: Total resistive voltages and temperatures versus time during a magnet quench in case both coil sides are heated and in case one side only is heated (worst case).

2.2   Parametric study results for normal heater operation (both coil sides heated)

In Figure 6 the maximum hot spot temperature To at quench origin and the maximum resistive voltage are plotted versus the residual resistivity ratio RRR-Cu of Copper for three different number of turns heated. The hot spot temperature To is slightly increasing with higher RRR-Cu, whereas the maximum resistive voltage slightly decreases. 
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Figure 6: Maximum temperatures at quench origin To  and maximum resistive voltages (neglecting inductive voltages) versus residual resistivity ratio of copper RRR-Cu with number of turns covered by heaters as parameter.
In Figure 7 the maximum hot spot temperature To at quench origin and the maximum resistive voltage are plotted versus the heater delay until onset of resistance for three different number of turns heated as parameter. 

The hot spot temperature To is significantly increasing with the heater delay, whereas the maximum resistive voltage, neglecting inductive voltages,  stays constant. With 8 turns heated and a realistic delay of ∆th = 80 ms the maximum temperature at quench origin will not exceed 300 K. The initial propagation velocity Vzo has no influence neither on the hot spot temperature To nor on the maximum resistive voltage.

For the maximum voltage of the coil winding to ground the electrical common mode potential of the magnet during the global discharge of the powering sector must be added, which depends on the position of the ground with respect to the current breakers.
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Figure 7: Maximum temperature at quench origin and maximum resistive voltage (neglecting inductive voltages) versus heater delay  ∆th (until onset of normal resistance) with number of turns covered by heaters as parameter.
2.3   Parametric study results for worst case heater operation 

                           (one coil side only heated)

Under normal operating conditions the heater strips, placed on both sides of the upper and lower pole, will be activated simultaneously and the normal region will propagate to still superconducting coil parts as long as the magnet current is above the minimum propagating current. In the event that one of the heater firing circuits fails the turns of the upper and lower pole of one side only of the coil will be heated resulting in a lower initial resistance and thus a slower current decay. During this current decay the normal region can propagate around the coil to the non-heated side and thus complete turns may become resistive. 

As shown in Figure 8, where the maximum temperature, maximum resistive voltage and the spread of the normal region versus RRR-Cu are plotted, the heated turns are complete for RRR-Cu values above 150. The maximum temperature at quench origin increases and the maximum resistive voltage decreases with higher values of RRR-Cu if a heater delay of 50 ms and an initial propagation velocity of 15 m/s is assumed.

In Figure 9 the maximum temperature, maximum resistive voltage and the spread of the normal region versus initial propagation speed Vzo are given. Below about 15 m/s the normal region does not reach the full circumference of the coil. The maximum temperature decreases little with Vzo and the maximum voltage is nearly constant. It seems that the propagation speed has little influence as long as it not lower than 10 m/s.
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Figure 8: Maximum temperature at quench origin To , maximum resistive voltage Vr (neglecting inductive voltages) and end of normal region Sn versus residual resistivity ratio of copper RRR-Cu with number of turns covered by heaters as parameter.

Heater delay ∆th = 50 ms, Vzo = 15 m/s.
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Figure 9: Maximum temperature at quench origin, maximum resistive voltage (neglecting inductive voltages) and end of normal region Sn versus initial propagation velocity with number of turns covered by heaters as parameter.
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Figure 10: Maximum temperature at quench origin, maximum resistive voltage (neglecting inductive voltages), and end of normal region Sn versus heater delay  ∆th (until onset of normal resistance) with number of turns covered by heaters as parameter.
A significant influence on the maximum temperature at quench origin has the heater delay ∆th (until onset of resistance) as shown in Figure 10. Heater strips to keep the maximum temperature just above 300 K must cover at least 12 turns for a heater delay ∆th = 80 ms. The maximum resistive voltage is independent of the heater delay and the normal region reaches the full circumference of the coil.

3. MODELLING OF THE QUENCHING PROCESS IN A PROTECTION UNIT   

                WITH WARM BY-PASS AND PROTECTION HEATERS

3.1 Non-uniform magnet-and quench characteristics

For the modeling of the quenching process of the a series connection of 4 dipoles inside one protection unit which is by-passed by a thyristor, as shown in Figure 11, the resistance versus time curve was introduced for each of the four magnets into an electrical circuit analysis program (MICROCAP IV, similar to SPICE). Thus the influence of different quench behavior (different RRR-Cu and different heater delay) of magnets inside one protection unit on the occurring voltages could be studied. Two cases were studied:

1. The influence of non-uniform heater delay at uniform RRR-Cu = 50 for all magnets

2. The influence of non-uniform RRR-Cu at uniform heater delay = 80 ms for all magnets


Ad 1: Dipole D2 has a heater delay of 100 ms and for all other dipoles the heater delay varies between 50 ms and 90 ms. For the extreme case of 50 ms for the heater delay  in dipoles D1, D3, and D4 and 100 ms heater delay in dipole D2 a maximum inductive voltage Ud2 = -78 V across dipole D2 was observed.

Ad2: Dipole D2 has a RRR-Cu of 100 and all other dipoles have a RRR-Cu of 25.

A maximum inductive voltage Ud2 = - 205 V occurs across D2.

It turns out that the SIS300 dipoles are more sensitive to non-uniform RRR-Cu.

To these voltages, again, the electrical common mode potential of the magnet during the global discharge of the powering sector must be added in order to obtain the maximum voltage to ground. 

Compared to the 15 m long LHC dipoles these voltages are rather low as the resistance rise rates after heater firing are rather small even at low RRR-Cu. The SIS 300 dipoles are not very critical in view of non-uniform heater delay and non-uniform RRR-Cu of the conductor.

Even for a worst-case combination of different heater delay and different RRR-Cu the occurring voltages would stay well below 250 V.

3.2  Influence of the by-pass resistance on the quench behavior


To study the influence of the by-pass resistance Rby of a warm by-pass the simplified electrical scheme shown in Figure 11 was used. The switch, for de-energizing the whole magnet ring through the dump resistor Rd , opens at the same time ∆th as the onset of resistance after heater activation. The heaters on both coil sides are activated.
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Figure 11: Simplified circuit for a protection unit consisting of four heater protected dipoles in series by-passed with a thyristor at ambient temperature and safety leads.


For the simulation of the quench behavior of a string of 4 dipoles the following circuit elements according to Figure 11 where used:

Dipole inductance L1 = L2 = L3 = L4  =  0.0225 H

Dump resistor Rd = 0.30565 Ω

Ring inductance Lr = 1.226 H – 4 * L1 = 1.136 H

By-pass resistance (including safety leads and cables) Rby : parameter

With:

Id = ring current through Rd
Is = string current through L1, L2,L3,L4
Ib = by-pass current through Rby
Figure 12 shows the string-and by-pass currents and quench origin-and average coil temperatures versus time after a quench in one dipole and subsequent heater activation in all four dipoles of the string (protection unit). In case of negligible by-pass resistance Rby = 0 the string current Is is zero after about 1 s whereas with a by-pass resistance Rby = 0.1 Ω a residual current Is (dotted curve) is forced by the voltage drop across Rby to pass through the string for a long period of time and thus leading to a continuous increase of temperature at the origin of quench and in the coils (dotted curve).

[image: image12.wmf]0

2000

4000

6000

8000

1 10

4

0

80

160

240

320

400

0

0,5

1

1,5

2

2,5

3

3,5

4

WabypaIm,Ib,Id,ToT1(t)Rby=0,0.1

IsRby=0

IbRby=0

IdRby=0

IsRby=0.1

IbRby=0.1

IdRby=0.1

ToRby=0

T1Rby=0

ToRby=0.1

T1Rby=0.1

Current [A]

Temperature [K]

I

dump

I

bypass

I

string

V

zo

 = 15 m/s

I

o

 = 8924 A

heated turns = 10

heater delay = 60ms

RRR-Cu = 280

        R

by-pass

 = 0 ž

        R

by-pass

 =0.1 ž

magnets in series = 4

Time  t [s]

Quench origin temperature To

Average coil temperature


Figure 12: String-and by-pass currents and  quench origin-and average coil temperatures versus time after a quench in one dipole of string of 4 dipole magnets once with by-pass resistance Rby = 0 and once with a by-pass resistance Rby = 0.1.
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Figure 13: Maximum temperature at quench origin and average coil temperature versus warm by-pass resistance Rby for different heater delays ∆th with a warm by-pass across string of 4 dipoles according to Figure 11.


In Figure 13  the maximum temperature at quench origin and the average coil temperature are plotted versus warm by-pass resistance Rby  for different heater delays ∆th. While the maximum temperature at quench origin varies significantly with the heater delay ∆th the average coil temperature is for all heater delays the same.


An increase of by-pass resistance by about 100 mΩ causes a temperature rise at the origin of quench by about 50 K.

4. CONCLUSIONS

The simulation of the quenching process of superconducting SIS300 dipole with single layer winding shows that the maximum temperature at quench origin is mainly dominated by the heater delay and number of turns heated. The initial quench propagation velocity and the residual resistance ratio of Copper are less effective. 

The use of Copper of lower RRR results in lower hotspot temperatures but the internal resistive voltages will increase. 

For the normal heater operation, with both sides of the coil heated, the maximum temperatures at quench origin stay well below 300 K even if the heater strips cover 8 turns only and 80 ms of total heater delay (including detection and filter delay) are not exceeded. Under worst case conditions, one coil side only heated, however, the heater delay should not exceed 80 ms and at least twelve turns must be covered by heater strips.

Pole voltages in the order of up to about 350 V are partly compensated by inductive voltages, which have not been taken into account. They are well within acceptable limits.

Concerning voltages, the electric potential, occurring during the discharge of the powering circuit, still must be added to the resistive magnet voltages to get the maximum voltage to ground.

In case of a warm by-pass the modeling of the quench in magnets with non-uniform quench behavior within a protection unit of 4 dipoles in series and with safety leads does not show any excessive voltages. Even extreme differences in RRR-Cu and in heater delay will not cause unacceptable high voltages. Voltage compensation leads are up to now not necessary.

An increasing by-pass resistance however can cause an additional temperature rise at the quench origin as the current in the string will continue to flow for quite a long period of time.
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