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QUENCH PROTECTION STUDY OF THE SINGLE LAYER COMMON COIL DIPOLE MAGNET
L. Imbasciati, G. Ambrosio, P. Bauer, V. Kashikin, S.W. Kim, A.V. Zlobin

Abstract:

Quench protection is a very important issue in the development of high field magnets for a post-LHC hadron collider. The note presents a study on the quench protection for the single layer common coil magnet, under development at Fermilab. This magnet has a single Nb3Sn layer driven by a current of 25 kA, giving 11 T in a 40 mm bore. Both a short and a long model (1 m and 10 m long respectively) have been investigated. The study was performed mainly through the computer code QLASA and the results were compared with different programs: QUENCHPRO and KUENCH. The calculation results suggest the best options for the protection scheme of the short magnet, which can easily be protected with dumping resistor. The simulations of the quench process in the long magnet show that the temperatures can rise above 300 K. To find a solution several parametric studies were performed on this magnet, varying the Cu/NonCu ratio, the RRR and the heater delay time. The best options for improving the protection are pointed out. 

A brief comparison with the hybrid two-layer common coil model is also included.

1.0
INTRODUCTION

Fermilab is involved in an R&D program aimed at developing 11 tesla 2-in-1 dipole magnets for future hadron colliders. As part of this effort a block type common coil with Nb3Sn coils using the React & Wind technique is under development. In this note the quench protection calculations for the 1-layer design (Fig. 1) are presented. 
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Figure 1: single layer common coil dipole magnet.
The study of the quench process has been done mainly through the computer code QLASA, which has been presented in a previous note [
]. QUENCHPRO [
] was used to calculate turn to turn and coil to ground voltages, as well as in the quench calculations for the hybrid 2-layer magnet (chapter 3.4). A comparison of the results obtained with QLASA, QUENCHPRO and KUENCH program [
] was also performed in some cases.

The temperature calculation in QLASA and in QUENCHPRO is based on adiabatic models. The main difference between these two programs is that in QLASA the magnetic field in the coils has a profile similar to that of the real magnet and the field decreases according to the current decay. In QUENCHPRO instead, the field is fixed to one value, which is usually low, to give a correct estimation of the average resistivity. Furthermore in QUENCHPRO, the temperature in each coil block is the peak temperature whereas QLASA calculates a more accurate temperature profile. In addition the programs use slightly different material properties which result in different quench integral functions (fig 2).  Nevertheless it was useful to compare the results. Furthermore QUENCHPRO unlike QLASA allows to calculate the voltages in the magnets at the turn to turn level.

Unlike QLASA and QUENCHPRO, KUENCH uses a non-adiabatic model, for the temperature calculation considers the heat conduction and the cooling effect of Helium. In these simulations the coefficients of heat exchange with Helium have been set to low values, because the liquid evaporates in the beginning of the quench process and the cooling effect of the gas is low. Other important characteristics of the program KUENCH are that there is a temperature profile along the cable, and that the field is uniform across the cable. The field value has been put equal to the peak field because it is the value that affects the quench propagation, but on the other hand the high field can cause an overestimation in the resistivity of the normal zone. In addition in KUENCH, the heater effect is simulated introducing a certain power that can be varied in the input. Another difference with QLASA and QUENCHPRO is that in the simulation with KUENCH the insulation and the impregnation materials were not considered. 
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Figure 2: Quench integral function from material properties (Cu/Ncu=1.2, RRR=50).
2.0
THE MAGNETS

Two models of the one layer common coil magnet are being investigated: a short (1 m) and a long (10 m) model. The two models have the same cross section (fig. 3), in which each coil is subdivided in 5 blocks connected in series. The two models are designed with the same cable dimensions (reported in table 1). The cable parameters are different in what regards copper content, copper RRR and critical current density. The quench protection scheme of the short model has been optimized for a conductor with a critical current density of about 2000 A/mm2 (at 12 T, 4.2 K, without degradation), which is what currently the best commercial Nb3Sn superconductors attain. For the long magnet the aim is to reach ~ 3000 A/mm2.

The degradation, due to cabling and winding after reaction, reduces the maximum current and therefore eases the protection of the magnet. For this reason the cases with 20 % degradation and without degradation have been studied.

	Common features

	N. strands
	(strand

mm
	A (ins. cab.)

mm2
	Pack. Fact.
	S.C./bronze
	Ins. thick.

mm
	Tbath
K
	L

mH/m

	60
	0.7
	1.14(21.29
	0.87
	1
	0.1 
	4.5 
	 2.554 


Table 1: Main parameters of the magnet and of the cable.
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Figure 3: Cross section of the winding (one aperture).
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The maximum field the magnet can reach depends on the maximum current the conductor can carry [
], as it is shown in fig. 4. The transfer function varies from 4.7 to 4.3 T/kA at 12 T. The nominal maximum bore field is about 11 T, which corresponds to a current of 25 kA and a peak field of 12.4 T (as in fig. 1).

Figure 4: Bore field as a function of the current.
This current can be obtained, for the short model, with a conductor with Jc(12T,4.2K)=2000 A/mm2 and Cu/NonCu=0.85, or, for the long model, with a conductor with Jc(12T,4.2K)=2550 A/mm2 (3000 A/mm2 with 15% degradation) and Cu/NonCu=1.2 (see fig. 5).
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Figure 5: Critical currents for different Jc(12T,4.2K) and load lines for different copper contents in the conductor for a given conductor dimension (see table 1).
3.0 RESULTS of the CALCULATIONS

In the next chapter, the quench protection study will concern the short model, which will be protected through an external dumping resistor. The following chapter presents the results for the long magnet, which must be protected by heaters, like a real accelerator magnet. 

3.1 
Short model 

The quench protection of the short model has been studied first of all in the case of a conductor with 2000 A/mm2 without degradation, with Cu/Ncu of 0.85 and RRR=100. These parameters correspond to the present cable characteristics and the degradation has not been considered to obtain a conservative estimation of the quench parameters. More realistic cases, with degradation, have also been studied, in particular in the case of a very low RRR.

	Magnet
	
	
	
	
	Cable
	
	
	

	Length

m
	Induct.

mH
	Current

kA
	B0

T
	Bp

T
	Degrad.

%
	Cu/Ncu
	Jc
A/mm2
	RRR

	1
	2.554
	24.5
	11
	11.8
	0
	0.85
	2000
	100

	
	
	21.5
	9.8
	11
	20
	0.925
	1600
	5


Table 2: Input parameters for the short model.

The main results of the quench simulation for the short model are reported in table 3 (the voltages reported in table 3 refer to ground). A parametric study with varying dump resistance, has been completed in the case of Jc=2000A/mm2. With a dump resistor of 30-45 m the voltage to ground remains below 1 kV, and the peak temperature under 210 K. In particular, the case of RD=30m and the case with only heaters have been chosen to study the quench with lower current and lower RRR. The heaters without dumping, with 100 % coverage of the windings, cannot avoid high temperatures. The heaters can be put together with a low dumping resistance. In the case with heaters the bulk temperature is about 130 K.

	
	
	2000
	A/mm2
	1600 
	A/mm2

	RD
m
	Heater cov. % 
	T MAX
K
	V MAX
V
	T MAX
K
	V MAX
V

	100
	0
	70
	2400
	
	

	60
	0
	100
	1500
	
	

	45
	0
	140
	1000
	
	

	30
	0
	210
	730
	240
	640

	20
	0
	310
	
	
	

	20
	100
	210
	510
	
	

	0
	100
	380
	-
	270
	-


Table 3: Main results for the protection of the short magnet with dump or with heater (Jc @ 12T, 4.2K).
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Figure 6: Voltage and peak temperature for the short magnet (with Jc=2000 A/mm2).
A more detailed analysis of the quench process is reported for the case of Rd=30m (fig. 7). With a threshold of 100 mV, the quench was detected at ~7 ms and the power supply is disconnected at 8 ms. The heaters are fired at 30 ms. The current decay time (for I=I0/e) is ~85 ms. The comparison with KUENCH shows a very similar current decrease, but a different peak temperature (QLASA 216 K and KUENCH 265 K). The difference is probably due to different cable models: QLASA considers also the ~22% of the cable volume which is insulation (including the external insulation and the epoxy inside the cable), which can absorb part of the heat. On the other hand KUENCH considers the cooling effect of Helium. In addition different material properties are used.
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Figure 7: short magnet with Rd=30mcomparison with KUENCH.
In the case without dump it is necessary to put heaters over the whole surface of the winding, to keep the temperature as low as possible (fig. 8). 
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Figure 8: short magnet with no dump and 100% heater coverage.
Another important reason to put heaters over all turns (100% heater coverage) is to avoid high voltages, especially in the long magnet. With 100% heater coverage there is a uniform distribution of the resistance that compensates for the inductive voltages in the magnet (fig. 11).

3.3
Long model 

The quench of the long magnet has been studied varying other parameters than in the short model case. For the long magnet case is that of a real accelerator magnet that could be fabricated in the future. The critical current density that will be reached at the time when the magnet will be built is still hypothetical. For these reasons the initial current and the field have been kept fixed  (see table 4).

	Magnet
	
	
	
	
	
	
	

	Length

m
	Induct.

mH
	Current

kA
	Etot
MJ
	B0
T
	BP
T
	RD
m
	Heater cov. %

	10
	25.54
	25
	8
	11
	12.4
	0
	100


Table 4: Constant input parameters for the long model.
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The first parametric study of the quench has been done varying the copper content from 1.05 to 1.8 and correspondingly Jc in order to achieve a current of 25 kA, with fixed cable dimensions. The Residual Resistivity Ratio was also kept constant (100). 

	I = 25 kA
	
	RRR=100

	Cu/Ncu
	Jc
A/mm2
	T MAX
K

	1.05
	2400
	423

	1.2
	2550
	411

	1.4
	2790
	398

	1.6
	3000
	388

	1.8
	3250
	363


Table 5: Long magnet quench study varying copper content.

Figure 9: Long magnet: Hot spot temperature vs. copper content
The results show that the hot spot temperature decreases almost linearly with the copper content, but with a Cu/Ncu of 1.8 (that means a Jc of 3250 A/mm2) the hot spot temperature is still above 360 K. Bulk temperature in the other coils is ~ 130 K.

In particular, the case with Cu/Ncu=1.2 (that requires Jc=2550 A/mm2, i.e. 3000 A/mm2 with 15% degradation) has been studied. For this case the results from QLASA have been compared with the results from QUENCHPRO and KUENCH.

The current profiles obtained with QLASA and QUENCHPRO are very similar, and slightly different from that obtained with KUENCH. The hot spot temperatures obtained with QLASA and KUENCH rise up to ~400K, while in the simulation with QUENCHPRO the temperature profile reaches ~300K. This difference can be explained through the difference in the QI function.
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Figure 10: Long magnet, Cu/Ncu=1.2: comparison of quench simulations.
Fig. 11 (obtained from QUENCHPRO calculations) shows that the voltage to ground levels are under 250 V, and the voltage turn to turn has a peak value of ~60 V, where the quench starts. This voltage is higher than the nominal maximum level in the LHC magnets (20 V). On the other hand the breakdown voltages of epoxy resins are about 3.5 kV/mm [
]. With 0.1 mm of insulation, this criterion would translate to 350 V. Nevertheless, in the same reference, it is suggested that the turn to turn voltages should remain below 200 V.
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Figure 11: Voltage in the long magnet, 100% heater coverage.
In a second parametric study the Residual Resistivity Ratio was varied from 100 to 5. The other parameters were kept constant (Cu/Ncu=1.2).
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	Cu/Ncu=1.2
	

	RRR
	Thot

	
	K

	100
	411

	75
	390

	50
	380

	30
	370

	20
	365

	10
	364

	5
	380


Table 6: Long magnet quench study varying RRR.

Figure 12: Long magnet: Hot spot temperature vs. RRR.
The results show that the hot spot temperature decreases with decreasing RRR from 100, to a minimum at about 10. The temperature increases again for RRR<10 (fig. 12). 

To understand these results it is useful to look at the current and temperature profiles of the two most different cases (fig. 13). With RRR=10 the hot spot temperature is initially higher than in the case with RRR=100, but at the same time the current decreases faster, so that the final temperature remains lower.
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Figure 13: Long magnet, Cu/Ncu=1.2 and different RRR.
In a third parametric study the heater delay time was varied, keeping fixed the other parameters: Cu/Ncu=1.2 and RRR=100. 

The calculation is based on the quench-integral function, with the same material properties as in QLASA. 
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The right most side of the equation has been divided into two parts, before and after the heaters become effective, that is after the total delay time (d). d is due to the quench detection time and the time for the transmission of the heat from the heaters to the cable (heater delay time). Considering that, in the case of 100% heater coverage, the stored magnetic energy will be distributed quite uniformly over the coil volume, an average temperature in the coils can be estimated from the average enthalpy function (fig. 14) and the magnet parameters (table 7). From the QI function with an average field of 5 T it is possible then to evaluate the necessary MIIts to reach such a temperature, and therefore the last term (QI2) of the equation (also in table 7).
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	I0
	25
	kA

	Etot
	7.98
	MJ

	Vtot
	6.9(10-2
	m3

	Etot/Vtot
	1.15(108
	J/m3

	Tav
	120
	K

	QI2
	18
	MAs2


Table 7: Long magnet: quench parameters.

Figure 14: Long magnet-Cu/Ncu=1.2: enthalpy per unit volume.
The total MIIts are calculated adding the contribution due to the total delay time to the MIIts accumulated during the current decay process, calculated with the above mentioned procedure. The corresponding hot spot temperature is found from the total QI function at 12 T, that is the peak field in the coil where the quench originally started.

A good agreement is found with the results from the simulations (fig. 15).
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Figure 15: Long magnet, Cu/Ncu=1.2, RRR=100
3.4 Hybrid 2-layer comparison

An interesting comparison can be made with the previous common coil design: the Two-Layer Hybrid model. It consists of an internal layer of Nb3Sn and an external coil of NbTi. The quench protection has been studied for two models: a short model (1 m) and a long model (10 m), as for the single layer magnet. The main characteristics are reported in table 8.

	Common parameters
	Short
	Long

	
	Induct.

mH/m
	Current

kA
	RRR
	Quench vel. m/s
	Heater cov. 
	Cu/Ncu
	Heater cov.
	Cu/Ncu

	
	5.3
	15.28
	100
	
	100%
	
	50%
	

	Inner Layer
	
	
	
	20
	
	0.85
	
	1.5

	Outer Layer
	
	
	
	50
	
	1.3
	
	1.3


Table 8: input parameters for the model.

The quench process simulation was performed with the QUENCHPRO program. Quench detection time and heater delay time are set to 5 ms and 25 ms in both cases, which result in a total delay time of 30 ms, as for the single layer magnet. The field as been set to 2 T in the inner layer and 1 T in the outer one. These low values represent the average field affecting resistivity during the current decay.

The comparison with the one layer model reveals as expected that the one layer magnet has higher peak temperatures (fig. 16). This reflects the difference in stored energy between the two magnets (table 9). 

	
	ETot
MJ
	E/V

MJ/m3
	TPeak
K

	1-Layer
	0.8
	110
	330

	Hybrid
	0.6
	86
	240


Table 9: Stored energy and peak temperature for the two magnets (short models).
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Figure 16: Comparison with hybrid model.
The comparison between the two long models of the magnets is reported in the case of 50% heater coverage for the Hybrid and 100% for the One-Layer. In this case the peak temperatures are close (fig. 17).
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Figure 17: Comparison with hybrid model.
It should also be noticed that in the Hybrid-Long 50% heater case the turn to turn voltages have peak values about 300 V (fig. 18).
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Figure 18: Voltage in the hybrid magnet (long model).
4 CONCLUSIONS

· The quench protection of the short model can be easily be achieved with a dumping resistor. In particular it is suggested to use a resistance of 30mto keep the temperature below 210 K and the voltage under 750 V.

· The protection of the magnet with heater is difficult both for the long and the short model. 

· Hot spot temperatures in the long magnet are high for the long magnet and therefore very effective heaters are necessary. In addition, to avoid high voltages inside the magnet, the surface covered by the heaters has to be 100 %. 

· Increasing the copper content inside the cable (with fixed dimensions and current) decreases the peak temperature, but the rate of decrease is small (~20% temperature decrease for a 100% copper content increase).

· Increasing of the Residual Resistivity Ratio of the copper does not necessarily help protection. A minimum of the final hot spot temperature is found for a RRR about 10.

· New solutions for the quench protection system have to be developed in view of an accelerator using these magnets. In particular new heater systems, with 100% coverage and very low heater delay time, should be studied.


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