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QUENCH PROTECTION CALCULATIONS FOR FERMILAB’S NB3SN HIGH FIELD MAGNETS FOR VLHC – PART 2
P. Bauer, L. Imbasciati, G. Ambrosio, V. Kashikin, M. Lamm, A.V. Zlobin

Abstract:

In the R&D effort towards a post-LHC hadron collider, Fermilab is developing prototype dipole magnets reaching 10 T and quadrupole magnets attaining a gradient of 400 T/m, using Nb3Sn superconductor at 4.5 K. The following describes the results of a study of the quench process in the common coil dipole and the quadrupole magnets in view of a design report for the Very Large Hadron Collider (VLHC) project. Using a quench simulation program and thermal FE simulations of the quench heaters, quench protection system scenarios were developed for these magnets. A more detailed report on the results of these calculations was presented in part 1 (TD-01-003). This note is a post-scriptum to part 1, summarizing the main quench protection parameters for the main magnets used as a base-line for the VLHC – stage 2 design, including the latest VLHC-2 parameters as well as refinements of the quench protection model and reflecting new results of the FE heater study.
1.0
INTRODUCTION

In the R&D effort toward a future post-LHC hadron collider Fermilab has developed designs for a common coil dipole
 and 2-layer quadrupole
 magnets, attaining 10 T using Nb3Sn superconductor at 4.5 K. These magnet designs are currently considered as the baseline for a Very Large Hadron Collider (VLHC). The VLHC – stage 2, according to the latest specification
 requires 10 T dipole magnets of ~17 m length and 9.5 m long arc quadrupoles with 400 T/m nominal gradient. A detailed quench protection analysis of these magnets in view of a VLHC accelerator was performed recently
. The stipulations concerning maximum temperature and voltage were set to ~300 K, 1000 V (to ground) and 100 V (turn to turn). The high current density in the conductors used for these magnets, requires a fast current decay in the advent of a quench to keep peak temperatures below the limit. The peak temperature is the temperature of the turn(s) that initially quenched. It was found that the heater coverage in these magnets is required to be 100% (of the coil surface). Furthermore it was pointed out that the temperature and voltage limits at this point are arbitrary. Improved models and experiments will be necessary to define maximum allowable temperatures in impregnated Nb3Sn magnets. Issues of concern are the effect of thermo-mechanical stress on brittle Nb3Sn superconductor or the effect of fast thermal cycling on the epoxy impregnation. Recent FE simulations
 of the quench heaters allowed to define the heater delay times with more precision than in former studies: the following quench protection scenarios (so called standard cases), were based on a heater delay time of 35 ms. The peak temperatures are 300 K in the dipole and 350 K in the quadrupole. In addition the results of the FE heater simulations suggest that the heaters are only effective when placed on the inside edge of the coils. 
2.0
VLHC MAGNET QUENCH PROTECTION PARAMETERS

Table 1 lists all parameters relevant for quench protection for the magnets used as base-line for the VLHC study, namely the common coil dipole and the quadrupole with vertical beam separation. As indicated in the table-header the cold yoke configuration of the single layer common coil dipole (using a not totally up-to-date coil design) was used in the simulations. As can be seen in the table the field margin of these magnets vary. This reflects the fact that they were originally designed for different nominal fields. The common coil dipole has a high inductance and a stored energy of almost twice that of the quadrupole magnets. On the other hand the quadrupole has a high copper current density (total current divided by the copper cross-sectional area in the conductor) and for that reason reaches higher hot spot temperatures. Both magnets have approximately the same conductor cross-sectional area of ~ 30 mm2 (including insulation and voidage). The Cu/NCu ratios listed in the table reflect the result of detailed calculations and represent a compromise between sufficient field margin and acceptable quench protection parameters. For example a lower Cu/NCu ratio was chosen in the case of the common coil dipole to obtain sufficient field margin. The RRR in the calculations was set to 50. The magnet length indicated in Table 1 agrees with the current VLHC - stage  2 design requirements. The length parameter has no impact on the peak temperature, but it affects the magnet voltage and the size of the quench protection hardware. 

Magnet
Common coil-cold yoke
cos2 - arc quadrupole

Operating temperature T (K)
4.5
4.5

Nominal bore field  B (T)
10
-

Nominal bore gradient G (T/m)
-
400

Nominal current I  (kA)
23.5
27.2

Field margin B (% of Bnom)
7
11

Inductance per length L (mH/m)
3
1.13

Stored energy per length E (kJ/m)
828
418

Energy/conductor-vol e (MJ/m3)
119.8
68.6

Total Length (m)
17
9.5

Number of turns
112
104

Copper current dens. JCu (A/mm2)
1987
2214

Cable cross-section Acable (mm2)
31.02
29.3

Copper/Non Copper ratio 
1.05
1.2

RRR
50
50

Table 1: VLHC – stage 2 magnet parameters relevant to quench protection.
Quenchpro calculations of the quench process were performed to determine the quench protection system requirements for the magnets with the parameters listed in Table 1. The objective was to remain within the ~ 300 K hot spot temperature and 1 kV peak coil to ground voltage. The results of these calculations are shown in Table 2.  The assumed quench detection time (5 ms) and heater delay time (35 ms) agree with results of FE heater simulations, reported elsewhere[5]. The required heater coverage is 100 % in both magnets. In the case of the common coil, the FE heater simulations indicate that all 8 heaters have to be placed on the inside edge of the coil. In the case of the quadrupole the working assumption is that 4 heaters are placed between the layers. More heater parameters are listed in chapter 3). The temperatures listed in Table 2 are compatible with preliminary calculations of the maximum allowable temperature-limits to reduce the thermo-mechanical strain in the conductor during a quench, below the irreversibility limit[4]. At variance from the procedure applied in part 1[4], the hot spot temperature was reduced by 20% before the onset of the heater action (at 40 ms). This correction reflects the overestimation of temperatures inherent to adiabatic models[
] It can be justified with the argument, that the diffusivity of the insulation is such that heat conduction to neighboring turns occurs within a 10 ms time-scale. Another important contribution is the heat conduction along the cable. With a 100 % heater coverage the correction is not applicable at times after the heaters have quenched the magnet because from that moment on all coils heat at approximately the same rate attaining the same temperature and heat conduction becomes negligible as it is the basic assumption of the adiabatic model. The voltages are far from the (1 kV- turn to ground / 100V – turn to turn) limits in  the standard operational cases. Different heater failure scenarios were simulated and they result in larger voltages, sometimes slightly exceeding the limits. These results are not reported in detail here. The bulk temperature is the maximum temperature of the turns under the heaters. The time constant  refers to the magnet current decay.
Magnet
Common coil-cold yoke
cos2 - arc quadrupole

Heater delay (ms)
5+35
5+35

Heater coverage (%)
100
100

# of heaters
8
4

Tpeak (K)
300
350

Tbulk (K)
125
100

VT2G (V)
240
125

VT2T (V)
40
63

( (ms)
106
80

Quench integral QI(300K) MA2s
42
40

QI(40 ms) MA2s
22
30

Table 2: VLHC magnet quench protection system requirements and results of the quench simulation.
3.0 HEATER DESIGN

The number of heaters listed in Table 2 refers to heater design described in the following. One heater for the common coil dipole consists of two stainless steel strips, connected in parallel, with the following dimensions: 15 mm wide, 25 µm thick, 17 m long. One heater for the quadrupole consists of two 15 mm wide, 10 m long, 25 µm thick stainless steel strips connected in series, such that the total width of the heater becomes 30 mm. The heater power supply for the dipole consists of 16 capacitors (4.7 mF, 500V each), 8 sets of 2 series capacitors connected in parallel. The heater power supply for the quadrupole consists of 8 capacitors (4.7 mF, 500V each), 4 sets of 2 series capacitors connected in parallel (see following sketch). A relatively low copper cladding factor of 1:3 (that is the heater strip pattern with a unit cell consisting of 1 regular heater segment of the length of a twist pitch followed by a copper coated section of the length of 3 twist pitches) was chosen to account for the low quench propagation velocity in Nb3Sn. In the case of the common coil dipole such a heater produces, 35 ms after the start of the capacitor discharge, 11.5 K on the edge of the cable (assuming a total of 0.5 mm of insulation between the heating strip and the cable), which is the critical temperature in the high field coil region (inside edge) at nominal conditions. The heater simulations have shown that the same heater can quench the magnet as well at below nominal conditions (because the allowable heater delay time for a given peak temperature in the magnet increases as the operating current decreases). More detailed calculations of the heater design requirements
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Heater unit
CC
QU

Strip length (m)
17
9.5

N. of strips
2
2

strip connection
parallel
series

Cu cladding
3:1
3:1

Heater resistance (ohm)
2.8
6.2

N.of parallel capacitors
8
4

N. of series capacitors
2
2

Total



N. of units per magnet
8
4

C tot (mF)
19
9.4

U tot (V)
1000
1000

U operating (V) 70%
700
700

E operating (kJ)
4.6
2.3

Decay time (s)
0.052
0.058

Peak Pulse Current Io (A)
252
113

Peak Power Po/A (W/cm2)
138
111

Total Number of Capacitors
128
64

Table 3: Heater power supply (only heater PS for dipole is shown) and heater strip parameters  for the VLHC magnets.

are presented elsewhere[5]. As indicated the total number of capacitors for the common coil dipole protection hardware is 128 (2.5 times the amount of capacitors in the LHC), in the case of the quadrupole it is 64.

4.0 MAGNET SCHEMES

Fig. 1a and Fig. 1b show sketches of the electrical connection schemes used in the quench calculations together with the proposed heater distribution. 
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Figure 1b: VLHC arc quadrupole –only one aperture shown – connection scheme and heaters.
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Figure 1a: Common Coil Dipole –only one aperture shown – connection scheme and heaters.
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