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GENERAL QUENCH PROTECTION CALCULATIONS FOR

NB3SN HIGH FIELD DIPOLE MAGNETS

PART 1 – PEAK TEMPERATURE
P. Bauer, L. Imbasciati, V.V. Kashikhin, M. Lamm, A.V. Zlobin

Abstract:

Fermilab is developing high field Nb3Sn dipole prototype magnets for a future generation hadron collider, presently known as Very Large Hadron Collider (VLHC) in the U.S.. The Fermilab dipole designs were used as the basis for the second-stage accelerator design in a recent study for a staged VLHC. Fermilab’s dipoles reach 10-12 T while other teams, i.e. at LBNL, aim at even higher fields. High fields result in high levels of stored energy. The critical current density of Nb3Sn is higher than that of NbTi, which is presently used in the LHC magnets. Higher current densities in the superconductor can lead to high current density in the normal-conducting matrix (so called “copper current density”) and strong Joule heating during a quench. High fields require many turn coils resulting in high inductance. High inductance results in longer current decay times, leading to higher peak temperatures after a quench. Stored energy, copper current density and inductance are therefore important parameters in the context of the quench protection of these magnets. The following presents the results of a generic study of the quench protection parameters in Nb3Sn high field dipole magnets. Simulations were carried out to calculate the trends of quench protection requirements for Nb3Sn high field magnets, with varying bore fields, aperture sizes and Nb3Sn critical current densities. For this purpose an analytical approach for the peak temperature calculation was developed. This note describes the analytical peak temperature model, discusses the trends as they emerged from the calculations and concludes with a summary of the most important quench protection issues of future Nb3Sn high field magnets.
1.0
QUENCH PROTECTION OF VLHC MAGNETS

As part of the R&D effort toward a future post-LHC hadron collider, Fermilab has developed designs for common coil and shell type dipoles
 and quadrupoles
, attaining 10 T using Nb3Sn superconductor at 4.5 K. Some of these magnet designs are currently considered as baseline for a Very Large Hadron Collider (VLHC). The VLHC, according to the latest specification
, requires dipole magnets of ~14 m length operating at 10 T and 9.5 m long arc quadrupoles with 400 T/m nominal gradient. A detailed quench protection analysis of these magnets was performed in the context of the recent VLHC study
. The quench protection system was designed such as to limit the peak temperature during a quench to less than 400 K, the maximum voltages to less than 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 event of a quench to keep peak temperatures, i.e. the temperature of the turn(s) that initially quenched, below the limiting specification. It was found that the heater coverage required in these magnets can be up to 100% (of the coil surface). The results of this recent study of the quench protection parameters of the VLHC main magnets has raised questions about the general trends of quench protection parameters in Nb3Sn high field magnets. Given the high heater coverage requirements in the VLHC magnets for example, it is questionable if even higher levels of stored energy are compatible with the “standard” quench protection approach. The following calculations attempt at addressing some of these issues.

2.0
ANALYTICAL QUENCH MODEL

2.1 Peak Temperature Calculation

Following a well established procedure the peak temperature in the magnet after a quench is calculated from the adiabatic quench integral. The material properties defining the quench integral in the adiabatic case, specific heat (cp) and resistivity (, are expressed in the simplest possible form to find an analytical expression for the peak temperature as a function of quench integral, cable design parameters and other important quench protection parameters (heater coverage, copper current density, heater delay time, magnet aperture, operating field and current).

a) Specific Heat 

The specific heat of the materials involved (copper, Nb3Sn, bronze, G10) can be approximated with the following phenomenological law, (1), in the temperature range 50-500 K. The material constants A and B are listed in the table.
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Table 1: Specific Heat Parameters of Composite Materials (valid only for T<500 K).

	material
	Acp
	unit
	Bcp
	unit

	G10
	30000
	J/K2/m3
	1000
	J/K2.5/m3

	Copper
	28500
	J/K2/m3
	950
	J/K2.5/m3

	Bronze
	28500
	J/K2/m3
	950
	J/K2.5/m3

	Nb3Sn
	16000
	J/K2/m3
	610
	J/K2.5/m3


Figure 1 shows how the simplified specific heat model compares to the exact data. 
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Figure 1: Comparison of simplified specific heat model (calculated with (1) with parameters tabulated in Table 3) with data from literature for copper, Nb3Sn and G10.

The specific heat of the composite cable is calculated with the “rule of mixture”. The weighing factors in the specific heat of the composite are the respective cross-sectional areas of the components divided by the total cable surface Acable. The total cable surface includes not only the metal area, but also the area in the cross-section covered by insulation and epoxy. Note that this implies that the specific heat of the cable-insulation as well as the epoxy-impregnation are taken into account in the conductor temperature calculation. The cross-sectional areas Acomponent are functions of the copper current density jCu, the bore-field B and cable-current I (see below).
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Therefore the cp constants Acp and Bcp of the composite cable are defined as (n is 2 for Acp and 2.5 for Bcp):
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b) Electrical Resistivity 

The electrical resistivity of copper can be, in first approximation, described as a linear function of temperature, ~XT. It is assumed here, that all components of the cable, except for copper, have an infinite normal-state resistivity. The average normal state resistivity of the cable therefore becomes:
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c) Quench Integral

Given the simplified laws for the specific heat and resistivity the adiabatic quench integral becomes:
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where Aqi and Bqi are (n=2 for Aqi and n=2.5 for Bqi):
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d) Peak Temperature

Equation 5 can be brought into the form (7) and (8), where the parameters are defined in equations (9) to (11). The peak temperature T can then be obtained from the known solution of equation (6). 
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The known solutions of (8) are:
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where A, B are defined in equations (13) to (17). Solutions T2, T3 are imaginary in the range of interest (T<500 K) and must therefore be discarded. T1 is the sought solution.
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At low quench integrals a linear approximation, (18) - with fcorr~10 - is a good approximation. The linear approximation (18) can be obtained from (7) using simple perturbation theory. The linearization procedure consists in setting Aqi-BqiT0.5 constant. The correction factor fcorr is used as a multiplier to this constant, thus acting on the slope of the linearization.
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Figure 2 shows a comparison of the peak temperature calculations using the above described approaches.
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Figure 2: Comparison of peak temperature calculated with (12) and (18). The linear approximation is valid at small quench integrals.

The complete formalism (12) was used in the calculations presented in the following.

e) Nb3Sn Critical Current Density 

The critical current density of Nb3Sn at 4.2 K can be computed with:
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The calibration constant CNb3Sn can be derived from a known critical current density at a known field. For instance, the constant CNb3Sn for jc=3(109 A/m2 at 12 T is 3.19(1010 AT1/2/m2. For jc=2(109 A/m2 at 12 T CNb3Sn is 2.13(1010 AT1/2/m2. The critical current density in (19) is the critical current density before degradation due to bending, cabling,..etc, and does not include the operational margin. Typically the magnets operate at 70-90 % of their critical current (fmarg~0.7-0.9) and the “engineering” critical currents are degraded from the “ideal” value, through cabling, bending,..etc (constant degrad).
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f) Peak Field to Bore Field Ratio

The critical current in the conductor is usually limited by the peak-field in the windings. The main parameter of interest on the other hand is the bore-field. Therefore, the peak field, Bpeak, is conveniently derived from the bore field, B, with the peak field factor (CPF~1.1-1.2).
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g) Cu/NCu Ratio

The Cu/NCu ratio of the conductor is defined via the operational current density in the NCu area and the maximum stipulated current density in the copper. This approach is practical for the purpose of quench protection because the copper current density is one of the major quench protection parameters.
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h) Conductor Area

The non-copper (NCu) cable cross-section can then be derived from the operational superconductor current density (which is always defined in terms of the non-copper area in the conductor cross-section) and the stipulated cable current. The copper cross-section, as discussed above, is determined by the stipulated maximum copper current density and the specified cable current. Obviously the copper and non-copper surface fractions are related through (25). The bronze fraction determines the bronze part in the NCu fraction, which can be as high as 50% depending on the conductor fabrication route. The total cross-sectional area of the cables is the sum of the Cu and NCu parts as well as the insulation (and impregnation), specified via the insulation fraction in the total cable cross-section.
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i) Average Current Density in Coils

The average current density in the coils is:
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At low bore fields the average conductor current density in the (insulated) cable is determined entirely by the specified copper current density. At high fields the average conductor current density depends mostly on the critical current density in the superconductor at the peak field. Due to the large fraction of copper, bronze and insulation the average conductor current density is, in general, much smaller than the “ideal” critical current density in the Nb3Sn alone.

j) Coil Size

[image: image85.bmp] 

number of turns is required. The number of turns per aperture is given by the coil surface required to obtain the stipulated bore field, B, in the specified magnet aperture, d, divided In order to estimate the inductance of the magnet an approximate calculation of the number of turns, given by the coil cross-sectional area divided by the total cable cross-section, is required. The simplest model used to estimate the required coil surface area for a given aperture and bore field is that of the intersecting-circles (see Figure 1), the simplest case of the intersecting ellipses model. This model stipulates that a bore-field B is produced by a coil-surface as shown in Scheme 1 carrying the current density jtot (in opposite directions left and right from the bore). The model therefore does not account for wedges, intra-layer ground-insulation or mechanical stabilizers within the coil.

The intersecting circles model yields an analytical expression for the coil radius as a function of the bore field and average conductor current density. 
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The coil surface per magnet (Nap is the number of apertures) can be approximated with:
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Sbore is the overlap area of the two circles. Delta is the half-separation of the center-points of the two intersecting circles.
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k) Number of Turns

The number of turns per magnet is simply given by the coil surface per magnet, divided by the total cable cross-sectional area (which includes the insulation) and a factor 2 for the 2 cables per turn.


[image: image38.wmf](

)

(

)

(

)

d

I

B

j

A

d

I

B

j

A

d

I

B

j

N

Cu

cable

Cu

mag

Cu

mag

,

,

,

2

,

,

,

,

,

,

=







     (34)

l) Inductance

The magnet inductance can be calculated from the number of turns, the bore-field to current ratio, the aperture d and the magnet length lm with (35). The inductance factor find (~1-2) accounts for the fact that the total flux produced by the coils cannot be calculated merely from the bore-field and the aperture. The additional flux within the coils is significant. The inductance factor can be taken as constant, or, as done here, increase with bore field to reflect the coil size increase of higher field magnets. 
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In the calculation of the inductance-factor find the magnetic field in the winding is approximated with a linear function, from B at the edge of the bore to zero outside the winding. The number of layers is also considered in the factor fNL, where the number of layers (NL) is calculated from the coil thickness by division through a “typical “ cable width, assuming a fixed cable aspect ratio ar (= ratio of cable width to cable thickness) of ar=8.
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m) Stored Energy per Volume

An interesting parameter is the stored magnetic energy normalized on the coil volume. This energy density is directly related to the bulk temperature, i.e. the temperature of the turns under the heaters.
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The stored magnetic energy per length of magnet can easily be calculated from (39) by multiplying with 2NmagAcable.

n) Bulk-Temperature after a quench
The bulk temperature after a quench is closely related to the total stored energy per coil volume quenched by heaters. The heated coil volume, given by the total coil volume times the heater-fraction, is enhanced by a factor f(vq)~(1+2vqt/Lm) to account for the normal zone growth due to longitudinal quench propagation. The characteristic time t was chosen to be the decay time constant =Lmag/Rav, where Lmag is given by (35). The coil resistance Rmag depends on the bulk temperature and is therefore approximately given as the average resistance Rav of the coil volume under the heaters at a copper resistivity computed at a constant temperature (here ~100 K). This procedure is justified because, as will be shown later, the bulk temperature is nearly constant in the parameter range of interest here. The quench propagation velocity vq is chosen to be small (~2 m/s) to account for the fact that during the current decay process the quench propagation velocity drops quickly. Given the simple form of the specific heat, (1), assumed here, the stored energy can be related to the enthalpy of the conductor to yield an analytical expression of the bulk-temperature after a quench. The mathematical procedure employed in this calculation resembles the derivation of the linear form of the peak temperature given in (18).

The stored energy per coil volume under the heaters, eheat, including the enhancement factor f(vq) for the normal zone propagation is:


[image: image44.wmf](

)

(

)

(

)

(

)

÷

ø

ö

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

+

=

3

2

2

1

,

,

,

,

,

,

2

,

,

,

,

2

1

,

,

,

,

,

m

J

l

v

HF

l

d

I

B

j

A

d

I

B

j

N

N

I

l

d

I

B

j

L

HF

l

d

I

B

j

e

m

q

m

Cu

cable

Cu

mag

ap

m

Cu

mag

m

Cu

heat

t

     
                 








     (40)

The average decay time av is approximately:
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Using the adiabatic thermal balance equation:
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An approximate equation for Tbulk can be found from (42) if Tbulk5/2 is set to Tbulk2Tbulk1/2 with a constant Tbulk1/2~(30K)1/2.
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o) Coil Resistance during the Quench

The magnet current decay time constant is calculated from the inductance and the coil resistance. The coil resistance during a quench is mainly given by the resistance of the coil-parts quenched by heaters and brought to the so-called bulk-temperature. The coil resistance scales with the heater coverage (HF as a fraction of the total coil surface) and the bulk temperature (determining the resistivity of the conductors under the heater). In addition the heated coil volume is enhanced by a factor f(vq)~(1+2vqt/Lm) (see (40) and (41)) to account for the normal zone growth due to longitudinal quench propagation. The coil-resistance changes with time, as the magnet bulk becomes warmer (Tbulk rises).
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p) Magnet Current Decay Time Constant

Eventually an estimate of the current decay time constant can be made on the basis of the coil inductance and the coil resistance after the quench. The bulk temperature Tbulk is chosen to be that at the end of the quench process, therefore resulting in a under-estimated decay time. Therefore (45) features a correction factor corr (~1.2) that accounts for the fact that the decay time constant is larger during the decay than towards the end.


[image: image49.wmf](

)

(

)

(

)

(

)

s

HF

l

d

I

B

j

R

l

d

I

B

L

HF

l

d

I

B

j

m

Cu

mag

m

mag

corr

m

Cu

,

,

,

,

,

,

,

,

,

,

,

,

,

t

t

=

 
     
                 (45)

q) Quench Integral

The quench integral is calculated from the time-integrated square of the magnet current. In the adiabatic model used here this quench integral can be equated to the quench integral as calculated from the material properties (5), which allows the estimation of the peak temperature by comparison. The current decay process is described by (/2)I2 in the case of an exponential decay. In addition to the quench integral of the current decay the quench integral accumulated during the delay time del has to be taken into account.
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The quench integral in (46) has to be inserted into (12) to yield the hot spot peak temperature, which is the main parameter to be calculated here.

3.0
RESULTS OF THE CALCULATIONS

A number of parameters, required for the above mentioned calculations, were fixed. They are listed in Table 2. The inductance factor and the  correction factor were chosen such as to calibrate the calculations on the VLHC magnet quench protection simulations reported in [
].

Table 2: Fixed Parameters for Quench Simulations

	Parameter
	Value
	Unit

	Bath temperature
	4.5
	K

	Number of apertures per magnet
	2
	

	Bronze-fraction in superconductor
	25
	%

	Insulation fraction in cable
	25
	%

	RRR in copper matrix
	50
	

	Ratio of peak field to bore field
	1.2
	

	Degradation factor of the critical current
	10
	%

	Operating current relative to (“engineering”) critical current
	85
	%

	 correction factor
	1.2
	

	Average quench propagation velocity
	1
	m/s


Table 3 contains a list of the parameters that were fixed occasionally. The choice of their fixed values corresponds to the case of a typical Nb3Sn high field magnet, such as for example the Fermilab prototypes.

Table 3: Values of quench protection parameters in Nb3Sn high field magnets, when fixed.

	Parameter
	Value
	Unit

	Bore field (dipole)
	10
	T

	Magnet operational current
	20
	kA

	Total delay time
	30
	ms

	Coil bore diameter
	40
	mm

	Copper current density
	2
	kA/mm2

	Critical current density in superconductor at 12 T
	3
	kA/mm2

	Magnet length
	15
	m

	Heater coverage, in % of coil surface
	50
	%


3.1 Calculation of the Auxiliary Model Parameters

a) Cu/NCu Ratio

The CuNCu ratio, calculated with (22), depends on the critical current density in the superconductor and the (defined) normal matrix (copper) current density. For larger fields, the superconductor current density drops according to (19), such that, at a fixed copper current density, the NCu area will be increased. Therefore the CuNCu ratio shown in Figure 3 drops as fields become larger.
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Figure 3: CuNCu ratio vs bore-field. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  “ideal” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2.

b) Total Cable Cross-Sectional Area

The total cable cross-sectional area depends primarily on the operational conductor current density (including operational margin and degradation) and the chosen cable current, which together, determine the non-copper area. Secondarily it depends on the choice of the copper current density and the bronze- and insulation-fractions. Figure 4 shows how the total cable cross-section increases with bore-field, for different cable currents, at a fixed Cu current density of 2 kA/mm2 and the bronze- and insulator-fractions specified in Table 2. The increase in cable cross-section with field is caused by the decrease of the critical current density in the superconductor at higher fields.
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Figure 4: Cable cross-section as a function of field for different currents. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2.

c) Number of Turns (Coil Size and Coil Volume)

The “intersecting circles” model (30) is used to compute the coil area required for a specified aperture size and bore field (31). The coil area divided by the cable cross-section is the number of turns of the magnet (34). The coil size depends strongly on the overall average coil current density, given by the cable current and the total cable area.
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Figure 5: Number of turns and coil cross-sectional area in 2-in-1 magnet as function of field and for different currents. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture. 

Figure 5 shows the number of turns (in a 2-in-1 configuration) as function of bore field, for different cable currents. The figure clearly shows the increase in coil size with field and gives an idea of the effect of cable current on the turn-number (i.e. the higher the cable current, the smaller the number of turns). The coil-area grows with bore field. It is independent of the magnet (or more precisely, “cable”) current, since it is only determined by the total current (number of cables times cable current) in the coil.

d) Magnet Inductance

The increase in coil size (or number of turns) with increasing field results in an increased magnet inductance. Figure 6 shows the increase in magnet inductance with field for different cable currents and magnet apertures. The smaller the cable current (the larger the number of turns) and the larger the aperture the larger the inductance. Therefore, 
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Figure 6: Magnet inductance as function of bore-field, current (left) and aperture (right). Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA.

large, high-current cables and small apertures are strategies used to reduce the magnet inductance.

e) Stored Energy

With the magnet inductance and the quench integral increasing at larger bore-fields (see Figures 6 and 12) one expects an increase in stored energy density (that is the total stored energy normalized on the coil volume) the higher the magnetic field in the bore. Figure 7 confirms that expectation, although the slope at which the stored energy density increases is small because the coil volume grows almost as fast with field as the stored energy! Furthermore Figure 8 shows that the stored energy is independent of cable current. This is caused by the fixed copper current density condition, i.e., the cable sizes with the current. The magnetic stored energy indeed depends on the bore field, but not on the magnet current (for the same reasons as discussed above). The stored energy density function peaks at ~14-5 T, indicating an optimum magnetic design field.
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Figure 7: Stored energy per coil volume as a function of field for different copper current densities and currents. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50, 2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4 cm coil aperture, magnet current 20 kA, heater coverage 50 %, 30 ms total delay time.
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Figure 8: Stored energy per meter in a double aperture magnet with varying bore diameter as a function of bore field. Fixed parameters (jCu, I, HF, del, RRR, Tb, jc) as in Table 2.

f) Stored Energy per heated Coil Volume and Bulk Temperature after a Quench

The magnetic stored energy is a general measure of the peak temperatures in the magnet after a quench, since all the stored energy is converted to heat in the course of the quench. Since the quench model is adiabatic all the heat is dumped into the coils. It is more appropriate, however, to calculate the stored energy per heated coil volume, i.e. the coil volume covered by quench inducing heaters. The following shows the stored energy per heated coil for different bore-fields and heater fractions as well as the related bulk-temperatures. In principle the stored energy per heated coil volume should evolve in a way similar to that of the stored energy per coil volume. The longitudinal quench propagation however, which contributes more the longer the decay, slightly alters the outcome, as can be seen in Figure 9. Instead, the stored energy per heated coil volume
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Figure 9: Stored magnetic energy per coil volume under the heaters and for different currents and heater coverage fractions. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %.

[image: image86.bmp]
Figure 10: Bulk temperature in magnet after a quench for different currents and heater coverage fractions. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %.

peaks at a slightly lower field of ~14 T. This effect is most pronounced in the case of low heater coverage (Figure 9b). Obviously, the same tendency is as well reflected in the course of the bulk-temperature as a function of bore-field.

g) Magnet Current Decay Time Constant

The magnet current decay time constant is a function of the magnet inductance and the coil resistance during a quench (45). A large inductance increases the time constant, whereas a large resistance helps to decrease it. The coil resistance is strongly determined by the heater coverage. Figure 11 shows the decay time constant as function of field for different magnet currents and varying heater coverage. Interestingly the decay time constant is independent of current. This is related to the fact that 1) the number of turns or coil size appears both in the magnet inductance and magnet resistance and 2) the cable cross-section scales with the cable current. The inductance drops as the cables are made larger to carry more current. At the same time the magnet resistance decreases because of the increase in cable cross-section (Rmag~Nturn). This statement is only true for cases, which use active quench protection with heaters (which is presumably always our case).
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Figure 11: Current decay time constant as function of field, current (left) and fractional heater coverage (right). Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %.

Obviously the decay time increases with smaller heater fractions, and thus smaller magnet resistance.

Note that the current decay time constant shown here is only an approximation of the real decay time constant because it is calculated at the end of the quench when the coil resistance is maximum and subsequently corrected with corr. corr is one of the tuning parameters of the model.

f) Quench Integral

The quench integral (46) is a strong function of current, fixed heater delay and decay time constant. Figure 12 shows that the quench integral generally rises with bore field due to the increase in decay time as a result of larger magnet inductance. The effect of the fixed delay (which is the sum of the thermal heater delay and the quench detection time) is shown as well. The quench integral dependence on the current is strong. This strong dependence is obviously not propagated to the peak temperature calculation, since the 
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Figure 12: Quench integral as a function of bore field for different currents (upper left), heater fractions (upper right) and heater delays (bottom). Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50, 2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %, 30 ms total delay time.

cable cross-section and cable enthalpy rise accordingly to keep the normal matrix current density jCu Constant.

3.2 Calculation of the Peak Temperature

a) Peak Temperature as a Function of Heater Coverage

The course of the peak temperature as a function of bore-field is shown in Figure 13. The peak temperature drops with bore field. This is somehow counter-intuitive because higher fields require a larger number of turns, causing a higher inductance and longer decay time constants and therefore higher quench integrals and higher temperatures. As shown in f), however, the stored energy density increases only very slowly with bore-field because of the considerable increase in cable cross-section toward higher fields as a result of the loss in critical current density in the superconductor. The increase in quench integral due to the increased inductance on the other hand is less pronounced because the magnet decay
[image: image68.emf]0

50

100

150

200

250

300

350

400

450

500

8 9 10 11 12 13 14 15

Bore field (T)

Peak temperature (K)

HF=0.75

HF=1

HF=0.5

[image: image69.emf]0

50

100

150

200

250

300

350

400

450

500

0.4 0.5 0.6 0.7 0.8 0.9 1

Fractional heater coverage

Peak temperature (K)

B=8 T

B=11 T

B=15 T


Figure 13: Peak temperature as a function of field for different heater coverage. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50, 2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %, 30 ms total delay time.
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Figure 14: Peak temperature as a function of heater coverage for different apertures and copper current densities. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %, 30 ms total delay time.

time constant affects only a fraction (~half) of the total quench integral. As the bore field rises, the inductance and decay time constant as well as the quench integral increase, but at the same time the coil volume increases even more! The increase in specific heat of the conductor weighs more on the resulting peak temperature than the increase in inductance. As mentioned before, heater coverage and copper current density are the most influential quench protection parameters. Figures 14 to 16 show the peak temperature as a function of heater coverage for different fields, copper current densities and apertures. The drop of peak temperature with increased heater coverage is sharp and most pronounced at higher fields and larger apertures. The maximum in the peak temperature versus bore-field function peaks at much lower fields than the stored energy per coil volume function. This shows that these two functions are not correlated in a simple way.

b) Peak Temperature as a Function of Copper Current Density

Figure 15 shows the effect of copper current density on the peak temperature. The peak temperature drops with field, especially at high copper current density. The copper current density is the parameters with the largest impact on quench protection. It can be seen from the plots below that at the same copper current density all magnetic bore fields result in essentially the same peak-temperature. This is the result of a (sensitive) balance between decay time constants  and NCu cp. At low field  is smaller and the NCu cross-sectional area in the cable small (because of the larger Jc). These two factors affect the peak temperature in opposite ways. At high field, the conditions are reversed - large  large NCu area (because of the low Jc). These two effects are in balance over most of the range of JCu (<2 kA/mm2).
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Figure 15: Peak temperature as a function of field for different copper current densities (left upper), peak temperature as a function of copper current density (upper right and bottom) for various currents and heater coverage. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %, 30 ms total delay time.

c) Peak Temperature as a Function of Nb3Sn Critical Current Density

Current Nb3Sn superconductor achieves 2 kA/mm2 current density over the NCu area. Realistic predictions for the near future indicate a  current density as large as 3 kA/mm2. The calculations presented here assume 3 kA/mm2. It was nevertheless attempted to predict the effect of even larger critical current densities on the magnet peak temperatures after a quench. The results, shown here for different copper current densities, show, at a fixed bore field, a slight increase in peak temperature for increased critical current densities. The increase is more pronounced at high copper current density. The temperature increase can be explained by the “loss” of cp associated with the reduction of NCu area due to the improved superconductor performance. The higher jc also affects the magnet inductance (less turns), which partly counteracts the loss of cp.
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Figure 16: Peak temperature as a function of field for different superconductor current densities. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, Bop=10 T, copper current density jCu=2.0 kA/mm2, 4 cm coil aperture, magnet current 20 kA, heater coverage 50 %, 30 ms total delay time.

d) Peak Temperature as a Function of Magnet Current

The absence of any influence of the magnet current was already noted in the case of the decay time constant and the coil joule energy density. The Joule energy density in the coils is current independent because the cable size increases with the current to keep the copper current density constant. As expected, the same applies to the peak temperature (Figure 17). Therefore, increasing the cable size to keep the inductance low, is recommended because it does not result in an increased peak temperature and helps in reducing the voltages (via the reduced inductance).
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Figure 17: Peak temperature after a quench as a function of field and current. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50, 2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA,  heater coverage 50 %, 30 ms total delay time.

e) Peak Temperature as a Function of Magnet Aperture

A larger magnet aperture requires more turns and thus results in higher inductance (longer decay, increased quench integral) and larger stored energy. Therefore the peak temperature increases with aperture, as shown in Figure 18.
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Figure 18: Peak temperature versus field for different magnet apertures. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %, 30 ms total delay time.

A small magnet aperture is certainly in the interest of quench protection. The current makes no difference because of the fixed jCu condition, as shown in numerous plots before.

f) Peak Temperature as a Function of Heater Delay Time

The effect of delay time on the peak temperature can be estimated in a straight forward way from (23). The longer the delay the higher the peak temperature. The effect of delay time is more pronounced at lower fields because the relative contribution of the delay to the total quench-integral is larger at lower fields (where ramp-down occurs in a shorter time).
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Figure 19: Peak temperature as a function of delay time for different fields and heater coverage. Fixed parameters: bath-temperature 4.5 K, RRR of copper matrix 50,  2-in-1 design, “free” jc Nb3Sn(12T,4.2K)=3.0 kA/mm2, “engineering” jNb3Sn(12T,4.2K)=2.3 kA/mm2, copper current density jCu=2.0 kA/mm2, 4cm coil aperture, magnet current 20 kA, heater coverage 50 %, 30 ms total delay time.

3.3 Comparison of the analytical model with numerical simulations

Table 4 contains a comparative listing of the coil parameters of the two main VLHC dipole configurations studied at Fermilab. The model data were obtained on the basis of the same set of input parameters (indicated in bold in the table).

	Magnet
	cos

warm-yoke
	cos

model
	common coil-

cold yoke
	common coil-

model*
	LHC dipole

	T (K)
	4.5
	4.5
	4.5
	4.5
	1.9 

	B  (T)
	10
	10
	10
	10
	8

	I  (kA)
	21.3
	21.3
	23.5
	23.5
	11.8

	B (% of Bnom)
	18
	18
	7
	7
	15.4

	L (mH/m)
	2.14
	2.9
	3
	2.9
	7.4

	E (kJ/m)
	485
	473
	828
	773
	490

	e (MJ/m3)
	86.2
	115
	119.8
	127.2
	117

	Length (m)
	17
	17
	17
	17
	14.5

	# of turns
	96
	103
	112
	110
	164

	JCu (A/mm2)
	1734
	1734
	1987
	1987
	709

	Acable (mm2)
	29.3
	26.7
	31.02
	27.5
	25.5

	d (mm)
	45
	45
	40
	40
	57

	Cu/NCu
	1.2
	1.3
	1.05
	1.25
	1.6/1.9

	RRR
	50
	50
	50
	50
	100


Table 4: VLHC magnet parameters relevant to quench protection as compared to the predictions of the analytical model. LHC dipole parameters are indicated for comparison. Note that the model does not apply to the LHC magnets, which use NbTi as the superconductor. All magnets in this table use a 2-in-1(2 apertures in a common mechanical structure) configuration. * To account for the fact that the common-coil dipole is of the “block-type” an additional multiplicative factor of 1.3 was applied to the coil surface calculation.
	Magnet
	cos

warm-yoke
	cos

model
	com.coil-cold yoke
	com.coil-model*

	Heater delay (ms)
	7+23
	30
	7+23
	30

	Heater coverage (%)
	50
	50
	100
	100

	Tpeak (K)
	282
	262
	275
	265

	Tbulk (K)
	141
	125
	125
	95


Table 5: VLHC magnet quench simulation results, calculated with numerical models and the analytical model. * To account for the fact that the common-coil dipole is of the “block-type” an additional multiplicative factor of 1.3 was applied to the coil surface calculation.
4.0   CONCLUSIONS

The study of the general trends in quench protection requirements for Nb3Sn high field magnets came to the following conclusions:

· Heater coverage and copper current density are the major quench protection parameters.

· The use of larger cables and currents is recommended since it does not result in an increase in peak temperatures, but helps to reduce inductive voltages.

· Nb3Sn high field magnets most likely operate with high copper current densities to increase coil efficiency. They will therefore have to deal with high heater coverage. A heater coverage larger than 50% poses a problem for heater redundancy.

· Higher fields result in decreased peak temperatures. This is especially true for large heater fractions. This is somehow counter-intuitive because higher field = higher number of turns = higher inductance = longer decay = higher quench integral and should thus produce higher temperatures. The reason is that the cable cross-section increases considerably toward higher fields as a result of the loss in critical current density in the superconductor. The increase in quench integral due to the increased inductance on the other hand is less pronounced because the magnet decay time constant affects only a fraction (~half) of the total quench integral.

· Smaller apertures and shorter heater delays are (of course) beneficial for quench protection purposes.
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Scheme 1: Schematic of “intersecting circles” model of a dipole magnet defined by the “coil-radius” R and the magnet aperture d. The uniform bore field is indicated. The current flows into the paper plane on the right, and out of the plane of paper on the left.
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