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Evaluation of Hysteresis-Based Static Temperature Rise 

of Epoxy Impregnated Coil in the Cos( Dipole Models

I. Terechkine

I. Introduction

Among possible reasons why DM#2 and #3 did not performed well, lack of cooling was often mentioned. After the area where the quenches occur was identified as the very beginning of splice, cooling of the splice area has been analyzed and found to be satisfactory. Nevertheless, recent analysis made by G. Ambrosio and P. Bauer for the Racetrack Model adiabatic heating by hysteresis losses has revealed a potential danger of this effect. Similar analysis made by P. Bauer for the cos( dipole models gave adiabatic temperature rise of the coil of about 20 K [1]. Although in reality heat exchange during current ramp is important, there are no data available with indication of thermalization time for this type of the magnet where coil is impregnated with epoxy and there are no direct cooling of the coil cable strands with liquid He. From private communication with S. Caspy from LBNL, I’ve learned that to achieve high magnetic field in D-20, they had to keep current rise rate at a very low level explaining the need of it by resistive losses in cable splice. Another meaningful reason to keep current rise rate at the low level can be the necessity to reduce eddy current- and hysteresis-induced heat.

This note attempts to get an estimate of the static temperature rise in the coil due to the hysteresis effect and evaluate coil thermalization time.

II. Magnet quench history

Quench history of DM-2 and DM-3 is shown in Fig.1.
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Fig. 1. Quench history of DM-2 and DM-3

It is easy to see from Fig. 1 that quench behavior pattern for DM-2 and DM-3 does not support the idea that hysteresis losses play a dominant role in the total heat balance. For the DM-2, increase in the current rise rate results in the global increase of quench current. Nevertheless, patterns of the reversed training behavior (especially in DM-3) force you to think about some accumulated heat. It is quite possible to imagine combined quench mechanism when heat generated in the coil is transferred along the magnet to worsen quench conditions for the weak splice area. Knowing the ultimate coil temperature can help in understanding the mechanism of the observed quenches.

III. Cable Block Thermal Conductivity Model

Knowing thermal properties of the impregnated cable block is of crucial importance for building this model. Some thermal measurements in a range of cryogenic temperatures have been performed with impregnated cable blocks [2], but because the goal for these measurements was to get effective azimuthal thermal conductivity, the obtained values can’t be used directly for radial heat flow evaluation. To get radial thermal conductivity for impregnated cable block, a simple model of its thermal behavior was explored.

There are three major components in the block:

1. cable strand,

2. filling epoxy,

3. cable insulation.

Nb3Sn cable MJR Oxford strand itself is a complex structure that consists of copper core and shell with non-copper material (bronze structure with embedded Nb3Sn filaments) in-between. Because thermal conductivity of the non-copper material at LHe temperature is low relatively to that of copper, for the purpose of this estimate, we will take into the account only the copper shell. Typical cross-section of strand taken out of Nb3Sn cable is shown in Fig. 2. 

[image: image3.wmf]
Fig. 2. Typical strand cross-section

Initial (before deformation) diameter of the strand is 1 mm. Flat surfaces of the strand are oriented along the cable width. By simple scaling, average thickness of the shell was found of about t = 0.072 mm. Heat transfer in the cable block in radial direction takes place along the two opposite branches of the shell oriented parallel to the cable width. The length of each of these branches is about l = 1.5 mm. 

There are the two major ways for heat to go along the wide side of the cable:

1. through strand-to-strand contact areas partially filled with epoxy,

2. along strands in the cable.

Fig. 3 shows idealized cable cross-section, and Fig. 4 can be used to estimate area of the contact surfaces between strands in the cable and thickness of epoxy layer that can separate strands. 
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Fig. 3. Nb3Sn DM#2 insulated cable cross-section. Nominal mid-thickness is 1.8 mm.
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Fig. 4. Pictures of the DM-2 impregnated coil cross-section.

Scale in the Fig. 4 can be found knowing the cable mid-thickness, which is 1.9 mm after reaction. Measurements of features of the cable are summarized in the following table:










Table 1. 

	Cable Section Feature
	Value

	Bare cable mid-thickness                                   tc
	1.9 mm

	Azimuthal cable insulation thickness                tinsa
	0.2 mm

	Radial cable insulation thickness                      tinsr
	0.2 mm

	Copp.-to-copp. interlayer insulation thickness  tint
	0.77 mm

	Strand copper shell thickness                             tsh
	0.07 mm

	Strand radial contact surface average width       ssh
	0.28 mm

	Maximal inter-strand epoxy layer thickness       tep
	0.02 mm


The value of the strand shell thickness from the cable cross-section is in a good agreement with what was measured earlier from the picture of a strand. Insulation thickness measurements are in a good agreement with what was measured earlier by D. Chichili. As one can see from the pictures in Fig. 4, inter-stand epoxy layer thickness is not consistent through the cross-section. Nevertheless it is quite important to know it for making more or less accurate thermal calculations. In this exercise, integrated thickness of the epoxy insulation layer was accepted to be twice as large as maximal observed value from Table 1. To keep thickness of this epoxy layer at the low level, it is important to have radial pre-stress during impregnation to avoid significant gaps between cable strands. 

Values of thermal conductivities for epoxy, G-10, and copper at T = 4.5 K are shown in table 2.










Table 2

	Material
	Thermal Conductivity (W/m(K)

	Copper    (CCu)
	400

	Epoxy      (Cep)
	0.05

	G-10        (CG10)
	0.075


Although cable block structure is not completely uniform, it is convenient to work in terms of effective thermal conductivity that would treat the blocks as uniform. 

Radial Thermal Conductivity

Based on the definition of thermal conductivity, it is possible to write down the expression for the first part of the effective thermal conductivity of epoxy-impregnated cable along its wide side (through strand-to-strand contact, without taking into the account cable insulation):
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(1)

where tci is cable thickness including insulation, and the rest of designations are in agreement with those in Table 1 and 2. Using values from Table 1 and 2, for this part of the thermal circuit and taking into the account that number of strands in the cable Nstr=28, we have C1eff ( 3.8 W/m(K. This value is mainly defined by gaps between cable strands filled with epoxy, so one can expect much higher or lower values depending on details of the internal structure of an impregnated cable block. 

Along the cable strands, effective thermal conductivity can be found if one knows the cable transposition length Ltr:
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(2)

where dstr is strand diameter and ( is strand copper to non-copper ratio (1.2 for the Oxford strand). Effective thermal conductivity defined by direct heat transfer along strands is C2eff ( 7.5 W/m(K.

The two branches of radial heat transfer inside the impregnated cable have similar effective thermal conductivities. The second branch is much more stable against possible variations of cable compaction and impregnation quality, so we must conclude that the cable block effective thermal conductivity is higher than 7.5 W/m(K. In the case of a perfect compaction and impregnation, it can go up to about 40 W/m(K. At this stage, integrated radial effective conductivity of cable block (without cable insulation) was accepted at the level of 11.4 W/m(K.

Azimuthal Thermal Conductivity

Azimuthal thermal conductivity can be found in a similar way. In this case, because of the laminated structure of cable blocks in this direction, it is necessary to include cable insulation into the account. Also, stainless steel core can be introduced into the cable, so this feature must be also considered. Because azimuthal stress is rather high at the stage of magnet impregnation, no epoxy-filled gaps are considered between the two layers of strands in the cable. As it was in the previous case, two possible ways for heat transfer must be considered. They are in the direction perpendicular to the cable wide side and along strands.

At the first stage, for the bare cable, effective thermal conductivity can be found by combining the two partial conductivities. At the second stage, cable insulation is added to get complete picture. 

For the bare cable
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(3)

In this case, heat flow inside the cable is significantly restricted if stainless steel core is introduced. With the 25-(m core, bare cable effective azimuthal thermal conductivity is 4.7 W/mK while without the core it is about 35 W/mK. Heat flow along strands does not add much to this value: it responsible only for about 10% of the total heat flow.

As it could be predicted, cable insulation significantly reduces effective thermal conductivity. Simultaneously, its presence smoothes the difference between thermal behavior of cable blocks made of cables with and without stainless steel core. Global azimuthal thermal conductivity can be calculated using the expression
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(4)

that gives efficient azimuthal thermal conductivity of about 0.4 W/mK if core is introduced and about 0.42 W/mK without core. 

So coil structure has quite anisotropic thermal properties.

IV. Coil Static Temperature Rise

AC loss measurements performed on DM #2 and DM #3 showed little dependence on current ramp rate [4]. This suggests that hysteresis mechanism is a major contributor to the AC loss. Heat deposition measured in the triangular cycle 500 – 6500 – 500 A was about 850 J/cycle, so heat deposition in the coil after the current reaches its maximal value is about Qcoil = 425 J. Coil volume can be found based on the coil cross-section in Fig. 5. The volume of windings in the inner layer, Vcin = 1.5 10-3 m3. For the outer layer, Vcout = 1.8 10-3 m3. Distribution of the heat deposition between the coil layers was accepted proportional to the volume of the corresponding layer. Cooling inner surface per 1 m of the coil length Scin = 0.095 m2.

Because the radial thermal conductivity is much higher than the azimuthal one, for the purpose of this estimate we can neglect the azimuthal heat flow.

Also, because of large coil length, we can neglect longitudinal heat transfer, and only radial heat flow will be considered. The heat flux directed radially inward is removed by LHe. A conservative estimate of heat transfer into LHe is provided in [3]:
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[5]

It gives temperature rise at the inner surface of about 0.12 K.
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Fig. 5. Coil cross-section

For the outer surface, because it is not cooled directly by LHe, heat goes through the aluminum alloy spacer and the iron (or stainless steel) yoke to the field correction holes that are filled with LHe and serve as a heat sink (Fig. 6). 
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Fig. 6. Magnet cross-section

Thermal conductivity of aluminum alloy 7075 T6 is about 3 - 5 W/m(K at 4.5 K; thermal conductivity of low carbon steel is about 13 W/m(K at 4.5 K. For the purpose of this study, we accept that heat flux is distributed equally along the perimeter of the coil outer surface. Efficient surface of heat sink in the yoke is about one full perimeter of one field adjustment hole which is about 56 mm. Effective length of heat propagation in iron is of the order of 20 mm. Thickness of the Al spacers is 10 mm. With this set of data, inner surface is capable to transfer at least 4 times more heat with the same temperature rise. The situation is worse where stainless steel yoke is used (thermal conductivity of 0.24 W/m(K at 4.5 K), so only inward flow of heat will be considered for the purpose of this study.

Based on the arguments above, one-dimensional problem was solved with the additional assumption that the turns in the inner and outer layer are placed one above the other so that no azimuthal heat transfer occurs. In this case maximal temperature is on the outer surface of the outer coil. Integrated temperature rise consists of several components:

1. Temperature rise in the inner G-10 insulation layer due to the total heat flow, 

2. Temperature rise in the inner layer due to heat generated in the same layer,

3. Temperature rise in the inner layer due to heat generated in the outer layer,

4. Temperature rise in the outer layer due to heat generated in the same layer.

5. Temperature rise in the interlayer G-10 insulation,

According to this scheme, integrated temperature rise can be written as
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(6)

In this expression tin and tint are thickness of the inner and interlayer insulation layers, aout and ain are average integrated azimuthal dimensions of inner and outer cable blocks, w – cable width, and (c –the current rise time. After substituting the values of all parameters, this expression gives (T ( 1.5 K at (c = 36 sec (corresponds to about 200 A/sec of the current rise rate). Temperature gain on the insulation layers prevail in the total temperature balance in the proportion of 4:1, so in reality sensitivity of temperature rise to cable properties is smoothed to some extend. 


V. Conclusion

1. It is shown that for the cos( dipole static temperature rise due to hysteresis loss in the cable strand is on an acceptable level, which is consistent with the magnet quench history. It results in the statement that thermalization time constant for the magnet is (t = (c((Tst/(Tad ( 3 sec. So, to have an acceptable coil cooling, current rise time must be low in comparison with (t. 

2. Most critical material in the coil structure from the point of view of heat conductance is insulation – so proper attention must be paid to coil insulation system so that its thermal properties are not compromised.
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