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QUENCH HEATER DESIGN CONSIDERATIONS FOR VLHC MAGNETS
L. Imbasciati, G. Ambrosio, P. Bauer

Abstract:

In the R&D effort towards a post-LHC hadron collider, Fermilab is developing high field Nb3Sn magnets, in particular a common coil dipole and an arc quadrupole attaining 10T and 400T/m respectively. The quench protection calculations performed on these magnets have pointed out the need to quench the entire magnet (100% heater coverage) in a very short time in order to remain within the stipulated temperature limitation. In comparison to the LHC dipole quench heater (that foresees ~25% heater coverage), for these VLHC magnets some enhancements of the heater system are required. In addition, Nb3Sn has a higher critical temperature than NbTi and requires therefore a bigger amount of heat to start the transition. The quench heater performance has been studied with a finite element model to define the requirements for the protection system. The results of the heater simulations and recommendations for the quench heater system parameters are reported here.

1.0
VLHC QUENCH PROTECTION REQUIREMENTS 

In the R&D effort towards a post-LHC hadron collider, Fermilab is developing high field Nb3Sn magnets. Different design for a dipole magnet have been developed, namely a two-layer cos( and a single layer block type common coil dipole.
 Both designs aim at a 10 T nominal bore field at 4.5 K. In particular, in this note, the main magnets for the VLHC project have been considered, which are currently the common coil dipole and an arc quadrupole attaining 400 T/m.

Many quench protection calculations on these magnets have been performed.
,
 In particular here we refer to the parameters recently presented for the VLHC feasibility study.

Magnet
common coil

cos2 - arc


T (K)
4.5

4.5


B  (T)
10

-


G  (T/m)
-

400


I  (kA)
23.5

27.2


B (% of Bnom)
7

11


Length (m)
17

9.5


# of turns
112

104


JCu (A/mm2)
1987

2214


Acable* (mm2)
31.02

29.3


Cu/NCu
1.05

1.2


RRR
50

50


Heater delay (ms)
7+23
5+35
7+23
5+35

Heater coverage (%)
100
100
100
100

Tpeak (K)
275
350
300
400

Tbulk (K)
125
125
100
100

VT2G (V)
265
240
81
125

VT2T (V)
45
40
36
63

I decay time (ms)
96
106
70
80

* Including insulation and epoxy filled voids. 

Table 1: VLHC magnet parameters relevant to quench protection. 
From these quench calculations the need for a deep study of the quench heaters has emerged for many reasons:

· The first heater design requirement coming out of these calculations is the need for 100% coverage of the coil surface with heaters. This percentage is unusual and might be a technical challenge, especially for a 2-layer winding, such as the quadrupole. It is needed though, to distribute the energy over the entire magnet and to keep the temperature as uniform as possible. This is important to reduce the hot spot temperature (appearing where the quench originally started), to reduce the thermally induced strains, and to avoid imbalances in the voltage distribution.

· The second requirement refers to the heater delay time. In the calculations in ref. 3 and 4, in order to keep the peak temperature as low as possible, a heater delay time of 30 ms was set. This time is the sum of 5-7 ms for quench detection and of 23-25 ms for heat propagation. After this time the whole coil quenches almost instantaneously. This allowed, in particular, keeping the peak temperature, resulting from QUENCHPRO simulations, below 300K. Calculations on the basis of a delay time of 5+35 ms yield peak temperatures of 350 K and 400 K, for dipole and quadrupole respectively.

· In addition, in comparison to NbTi, Nb3Sn has a higher critical temperature, and therefore requires a bigger amount of energy to trigger the transition. As shown in Figure 1, the difference in temperature margin, at those low temperatures, results in a difference in energy margin of an order of magnitude. For the same reason, it is important to place the heater in a high field region. The measurements on the MUST dipole magnet have shown that the heaters on the outer coil (a low field region) were inefficient.
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Figure 1: Adiabatic quench energy of NbTi and Nb3Sn.
2.0
HEATER DESIGN AND HEATER POWER SUPPLY

As starting point for the design of the quench heaters for the VLHC magnets the LHC configuration
, described in the next paragraph, was chosen. The configuration for the main VLHC magnets can use the same basic elements, such as heater strips and capacitor banks. Enhancements in the heater configuration required for the VLHC magnets will be discussed in 3.2, especially the specification of the heater power supply.

The quench heaters of the LHC dipoles consist of stainless steel strips sandwiched between two layers of Kapton and placed on the straight section of the outer layer of the dipole. The dimensions of the strip are shown in Figure 2.
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Figure 2: Heater strip design with copper cladding ratio of 3:1.
[image: image7.emf]The copper cladding of the strip allows a faster and more effective energy discharge, for two reasons: first because it reduces the resistance per length, and allows therefore to have longer heater (for example connecting more strips in series) without increasing the total resistance, or to increase the PS power. The second reason is that the power is distributed over a smaller area. The parts of the cable under the non-plated steel will quench first, and the parts under the copper plated areas will be reached shortly after by quench propagation. Quench propagation velocities strongly depend on the current sharing temperature, and therefore on the field. For this reason, the more efficient heaters are the ones in the high field region.  

Figure 3: LHC main dipole heater position.
In the LHC main dipole, there are eight strips per aperture with two strips connected in series. Therefore eight capacitor banks must supply the energy for the heaters of a dipole.

Each capacitor bank consists of six capacitors connected as shown in Figure 4: two series of three capacitors in parallel. This configuration gives a total energy of 3.5 kJ and total voltage of 1 kV. The capacitors will operate at 70-80 % of the maximum voltage, in order to enhance their lifetime, therefore the voltage of the power supply will be reduced to 700V, and the energy to 1.7 kJ.
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Figure 4: LHC heater power supply.
The current in this circuit has its maximum at the beginning, and decreases exponentially:
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This configuration of the power supply and of the strips gives a maximum current of 90A and a time constant of 50 ms. 

3.0
FINITE ELEMENT ANALYSIS

To find the best specification for the VLHC power supply and the heater system, the heating process was simulated through the finite element program ANSYS. The type of analysis is transient and non-linear, with the material properties being strongly temperature dependent.

In the next paragraph the heater model is presented, describing the geometrical configuration, the materials, and the pulse shape. In paragraph 3.2 the results of the simulation are presented in detail, for the particular heater configuration described in 3.1. Other heater configurations have been simulated as well, changing some of the parameters, such as the power per unit area, the time constant and the insulation thickness. The results of these simulations are compared in paragraph 3.3.

3.1
The model

The model represents a cross section of the magnet (2D model), including the cable (30 strands), the insulation, the heater strip, and the collar. Only the parts of cable under the non-plated areas have been considered, because in the other regions the heat propagation is mostly determined by the spreading of the quench along the cable, and not merely by heat conduction. The 2D model was chosen because it is believed that the heat conducted in longitudinal direction can be neglected. The error due to this approximation might bring to slightly higher temperatures near the non-plated zones, and therefore might underestimate a little the heater delay time.

Figure 5 is showing the vicinity of the heater. Different colors correspond to different material properties. For example the red G10 represents impregnated fiberglass with fiber parallel to the heater strip, while the violet one has the fibers parallel to the cable. Between the strands is a thin layer of epoxy (pink).
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Figure 5: ANSYS model (dimensions in mm).
The insulation between the heater and the cable consists of 0.1 mm Kapton layer, 0.3 mm ground insulation of G10, and 0.1 mm of impregnated fiber glass that is the cable insulation, giving a total of 0.5 mm.

At time zero, the heat generation starts in the heater strip region. The input parameter for the program is the generation power per unit volume 
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with the parameters described in Table 2.

Power
P
8.8(104
W

Strip length
l
17
m

Strip width
w
15
mm

Strip thickness
t
25
m

Copper cladding
Cu/SS
3:1


Generation volume
V
1.6(10-6
m3

Power per area
P/A
138
W/cm2

Power per volume
g
5.5(1010
W/m3

Decay time

52
ms

Table 2: Quench heater parameters for the ANSYS model. 
The specifications of the heater configuration and of the power supply needed to obtain these values are described in chapter 5.

 The heat pulse created by the current is approximated by a linear interpolation between given values at different times (Figure 6). 


Figure 6: Generation power per area inside heater strip.
4.2
Simulation results

Before the heat can reach the strands, the temperature rises rapidly in the heater strip, because of the thick insulation barrier between the heater and the cables. The stainless steel strip reaches, in this case, nearly to 230 K maximum temperature (Figure 7). The specific heat at those temperatures is 2-3 orders of magnitude higher than at 4.5 K, and therefore the thermal diffusivity decreases by the same order of magnitude (Figure 13-b). 

Once through the insulation barrier, the heat propagates faster and the temperature profile becomes relatively flat inside the cable. The temperature distribution in the cable is therefore not visible with the scale of Figure 7 and it is shown separately in Figure 8 for the two strands closest to the heater.


Figure 7: temperature distribution near the heater at 30ms (see Figure 5 for geometrical details).

Figure 8: temperature (K) distribution in the first two strands at 50ms.
The temperature difference between the heater strip and the cable is illustrated in 
Figure 9
, as a function of time.


Figure 9: temperature of the heater and of the first two strands vs. time.
The temperature variation of the first strand during the heating process is shown in Figure 10, where it is shown in particular, that 40 ms are needed to reach 13 K, the critical temperature at 11 T (peak field of the common coil at nominal current). The same plot reveals that, in order to reach 18 K (zero field critical temperature) a time of 65 ms is necessary. The peak temperature of the magnets during the quench is very sensitive to the heater delay time, because of the high operating current. For example, in the common coil, an additional delay time of 5 ms causes an increment of peak temperature of about 50 K (ref. 3). 



Figure 10: Temperature plot inside first strand.
On the other hand, the transition to the normal state begins at lower temperatures, if the superconductor is carrying the current. The point where the current crosses the critical surface corresponds to the generation temperature, also known as current sharing temperature. At that temperature the current begins to share between the superconductor and the copper matrix, generating heat in both the superconductor and the stabilizing material. Looking at the example of the common coil at nominal current, we see that the generation temperature at 11 T is ~6 K. This temperature might be reached in ~10 ms, according to figure 13. 

Figure 11: Critical (Tc) and generation (Tg) temperature vs. field for the C.C. at nominal current (23.5kA).
The quench protection calculations should be based on critical temperature to be conservative, because reaching generation temperature might lead to a too slow transition, or to a recovery to the superconducting state. Anyway, experiments might show that reaching generation temperature is enough.

4.3
Comparison of different heater designs

The ANSYS simulation results are summarized in Table 3. It must be noted that the heat generated in the heater strip flows in both directions, therefore the actual power per unit area going into the coil should be roughly half of the total power reported in the table. 
Ground ins.
Po/A

T@30ms

mm
W/cm2
ms
K

0.5
130
26
7.7

0.5
300
12
7.9

0.5
300
35
7.5

0.3
300
35
11.3

0.3
500
52
11.6

0.3
300
52
11.1

0.3
138
52
10.4

0.3
70
52
9.8

0.3
25
52
9.5

0.15
300
35
15

Table 3: Parameters of different ANSYS simulations and resulting temperature of the first strand at 30 ms. 
As a first working hypothesis a ground insulation thickness of 0.5 mm was used. The resulting temperatures at 30 ms are about 8 K, in the first strand. Variations of the power and of the time constant of the power supply lead only to very small changes of the temperature inside the cable at 30 ms. 

With a fixed insulation thickness of 0.3 mm we compared simulations with different power per unit area and the same time constant. For example we considered the case of the heater configuration described in table 2 (P0/A=138 W/cm2; =52ms) and another configuration with nearly twice the power. A similar configuration (P0/A=300W/cm2; =35ms) can be obtained by another set of 4 capacitors connected in series to the heater power supply unit shown in figure 4. The results are shown in Figure 12. The graphs represent the temperature profiles at different time points, along a line from the stainless steel collar, through the heater, to the second strand of the cable. Labels indicate the temperatures at 50 ms in the heater and in the strands.


Figure 12: Temperature profiles along a path for reference case and with double the power.
These plots show how the power dissipated in the heater increases the temperature inside the strip at a fast rate, and the temperature in the cable increases much more slowly. At 200 ms the heat of the strip has still not completely propagated into the cable, that would already be at 40 K if it carried no current. This points out how the stored energy of the power supply is not well exploited, because of the insulation of the heaters.

Figure 13 shows the temperature in the first strand, at 30 ms, as a function of the power per unit area. To increase the temperature of 2 K, from 9.5 K to 11.5 K, the power must increase by 200%, from 25 to 500 W/cm2.  This is related to the diffusivity: an increase of the power increases first of all the peak temperature in the heater, thus strongly reducing the diffusivity of the insulation layer. 




Figure 13: (a) Temperature inside the first strand at 30 ms vs. power per unit area;

(b) Thermal diffusivity of G10.
On the other hand varying the insulation thickness can change significantly the temperature of the cable (Figure 14). Therefore to reduce the requirements on the heater power supply the insulation between the heater and the coil should be accurately studied, analyzing material properties and technological implications.

Figure 14: Temperature inside the first strand at 30 ms vs. insulation thickness.
5.0
PROPOSAL FOR VLHC HEATER SYSTEM 

As mentioned above, simulations of the quench process in Fermilab’s prototype magnets for VLHC indicate that some enhancements of the heater quench protection system are required. In fact, to keep the peak temperature below 400 K, the heater must cover 100 % of the coil surface, and the transition must occur in ~ 35 ms after quench detection. The FE analyses indicate the heater system parameters needed to obtain such a performance.

5.1
Common Coil Dipole Design

To cover 100% of the coil surface 8 heater strips must be placed on the coil for each aperture. The strips can be placed on the inside, in order to be near the high field region. This decreases the necessary amount of energy to quench the superconductor, and there are no particular difficulties in assembling the magnet with the heater in this position. On the other hand, the advantage to put the heaters on the outside would be that the pressure improves the heat exchange. 

Figure 15: Heater position on common coil magnet.
5.2
Quadrupole

Also the protection of the quadrupole requires 100% heater coverage. It is suggested to put the heater between the two layers, for economy reasons. In fact this reduces the number of heaters and the number of capacitors. On the other hand, assembling the magnet might be difficult. 

The same argument can be applied for the cosine theta dipole design.

Figure 16: Heaters position and connection scheme of the quadrupole.
5.3
VLHC power supply

To quench the whole magnet in few ms after the heater delay time, a low copper cladding ratio is needed. In fact, assuming a longitudinal quench propagation velocity of 20 m/s, a copper cladding ratio of 3:1, with the non-plated length of 12 cm (in order to cover a whole transposition pitch), the quench spreads under the copper plated areas in 9 ms. The quench velocity value has been taken from the experimental data of ref. 6. 

To increase the power deposited on the cable, each strip can be connected to a capacitor bank, instead of connecting two strips in series as in the LHC dipole protection scheme. In fact this allows distributing the energy over a smaller region. The second modification is to change the number of capacitors in each power supply. Adding more capacitors in series would bring the voltage over the heater to 1.5 kV, which is not recommended. We suggest therefore connecting more capacitors in parallel, as in the configuration shown in Figure 17-a. The resulting power per unit area and the time constant of this configuration are close to the LHC values, but the total number of capacitors increases from 48 to 128. The FE analysis with these parameters (that is the case described in chapter 4.2) shows that the resulting temperature at the edge of the cable at 35 ms is ~12 K (see fig.11), that should suffice to quench the magnet (Tc = 13 K, Tg = 6 K at 11 T).

To reduce the number of leads in the heater system we propose to connect two strips in parallel (scheme b) and to connect them to a power unit with 16 capacitors, as in Figure 17-b.  On the other hand, with this scheme, the voltage imbalances in the magnet in case of failure of one heater unit are greater, and therefore redundancy might be needed.

For the quadrupole, that is shorter, two strips are connected in series and the number of capacitors is reduced to 64. 

P.S. Unit
LHC dipole
VLHC dipole – scheme a
VLHC dipole – scheme b
VLHC quad.

 – scheme a

Strip length (m)
15
17
17
9.5

N. of Strips per Heater
2
1
2
2

Cu cladding ratio
6:1
3:1
3:1
3:1

R per strip (ohm)
2.8
5.6
5.6
3.1

strip connection
series
-
parallel
series

N. of parallel C.
3
4
8
4

N. of series C.
2
2
2
2

C tot (mF)
7.1
9.4
19
9.4

U tot (kV)
1
1
1
1

U oper. (kV) 70%
0.7
0.7
0.7
0.7

Estored (kJ)
1.7
2.3
4.6
2.3

decay time (ms)
39
52
52
58

Io (A)
125
126
252
113

Po/A (W/cm2)
136
138
138
111

Tot. n. of C.
48
128
128
64

Table 4: Quench heaters main parameters: comparison with LHC. 

Figure 17: VLHC heater power supply scheme -a and -b.
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