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Current Lead Design for VLHC Magnet Development

Masayoshi Wake   

1.Introduction

    The VLHC magnet requires high current operation to produce high field with relatively low inductance of the coil. It’s operation current has been increasing in the process of R&D and now it reaches over 24kA. A design consideration on the current leads for such high current operation has to be done some time before we really make the excitation tests. Present use of current lead in our program is for the Ic measurement of the strand but the feasibility of the existing current lead has not been checked. I wrote a current lead simulation program “leadx” for this. The following are the results from the simulation study.

2. Solution for the constant material parameters

[image: image1.wmf]    Current leads for a superconducting magnet has to carry current from the room temperature to the liquid helium temperature. Therefore the conduction heat through the current lead and the ohmic heat due to the current are the source of the heat load, Q, to the cryogenic system. If the length of the lead is L and the cross section of the lead is S,

 Where, l and r are the thermal conductivity and resistivity of the material. The temperature difference from the warm end to the cold end is DT. It is obvious from the formula, that the heat load becomes minimum when
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This defines the optimum shape of the current lead for constant characteristics. Depending on the material characteristics, one can always find an optimum cross section to length ratio for the operation current. 

3. Gas cooled current lead.

   For a practical case, evaporated helium gas is used to cool the current lead so that the heat load is reduced. In this case, the temperature distribution along the lead is described by a set of differential equations (K.Ishibashi et.al. Cryogenics vol26 p560).
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 Now,  l and r are not constant parameters but functions of temperature. G(x) and T(x) are the temperature of the gas and the lead. The lead is cooled by the gas flow of m  with the thermal transfer coefficient ,h, for the conductor perimeter of F. Heat transfer coefficient to the gas is dependent to the Raynolds number and turbulence in the gas flow. An empirical value is given by the above h(T) according to Duites-Boetler equation.  The solution of the equation can be found numerically by an iteration process. The parameter g and d are the cross sectional area and the effective diameter of the gas path.

4. Program “leadx”
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   Program “leadx” is the one dimensional simulation of the current lead to solve the above differential equations. It is written in C and present version runs on Macintosh computer. The operation of the program is very simple. It displays default values for every parameter and the user can override the values to get the simulation results. The material characteristics such as thermal conductivity and resistivity are included in the program and can be displayed by the command “c”.  The temperature profile of the current read is written in the output file by the command “g” in TOPDRAWER format. The command “p” is used to change additional parameters such as RRR of the material. The operation of the program can be started by double click of the green cat icon. The look of the program is shown in figure 1.  All the parameters are in SI unit. The temperature profile is also printed as a list by the command L. When more iteration cycle is needed to increase the accuracy, M command can be used. The separation of data for type in is either comma or space. Readme file attached to the program describes the detail of the usage.

5. The current lead for the Ic measurement

[image: image6.wmf]   The current lead used for the Ic measurement of a strand is made of brass of outer diameter is 25.4 mm. The current lead rated 600A has a 12.5 mm hole and the one rated 2000A has a 6.35 mm hole to adjust the cross sectional area. The simulation result for the temperature profile is[image: image7.png]' TAA
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Figure 1 Structure of the current lead, (length in mm). (a)
Cross-sectional view of the current lead; {b) linear-cut disk fin
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 Shown in figure 2. At low current, due to the cooling by the gas flow, the temperature profile is concave down. If the current is increased and the Ohmic heat becomes more than the cooling, it shows concave up shape making high temperature part in the middle of the current lead. This is not a good situation for the current lead; if the current is increased too much, the current lead heats up and eventually melts down at the temperature peak.

[image: image9.wmf]   The performances of 600A and 200A current leads are compared by the simulation. The gas flow in the lead is assumed equal to the evaporation rate of the liquid helium due to the heat load to the cold end. Although these current leads are rated 600A and 2000A, the difference of the conductor area is not very large. Both leads showed not so much different results. The 600A current lead has lower heat load with current lower than 600A but is not able to carry high current. The 2000A current lead has more loss at less than 600A but has less loss at higher current. However, the heat generation becomes larger at high current and does not seem to carry 2000A. Since this calculation is for steady state, it might be possible to have 2000A for a very short period but 2000A is more than failing current for steady state.

    If we use copper instead of brass, the current lead becomes smaller in size. Making it larger for higher current is possible for the same arrangement in the cryostat top flange. The figure also shows the characteristics of a copper current lead. This current lead is made of commercially available 22.2x0.8 mm and 19.0x1.0 mm copper pipe of RRR30. Coaxial arrangement of the conductor makes the arrangement of the lead very simple. Extension to the higher current seems easy since it takes less space. The heat load of such current lead is lower at high current but higher at low current. This equipment is given a current only when the Ic measurement is really performed. Since the current stays zero for most of the time, it may not be wise to design the current lead adjusting at high current. Brass current lead may have an advantage for helium saving for the stand by mode.

6.  25kA current lead
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The operation current of the VLHC high field magnet being developed is 24kA. This is more than the capacity of the existing current lead. The use of high Tc superconductor current lead is being considered to be mounted on the existing cryostat top flange. If we try to use copper current lead, the diameter of the current lead is limited to the maximum 5 inches. Considering insulation and others, the copper diameter including cooling fin is set 100mm. The basic shape of the current lead considered here is the scale up of the 7000A current lead used VENUS detector solenoid as shown in Fig4. This type of current lead is made of a single block of copper by machining. Therefore, it is strong against the heating in case of failure. It can stand for the temperature up to 1170C which is the melting temperature of the copper. The current goes through the 26m thick bar in the center. The fins at every 4mm provide cooling. The length of the current lead was assumed 1.2m. The copper RRR is 80. Fig.5 shows the performance of this current lead. It can carry 25kA with the gas cooling by the evaporated helium. However, the heat load of the lead is 98w at 25kA and more than 60w even when there is no current in the conductor. Since HTS current lead can cut down the heat lead to the half, if we are gong to use this cryostat frequently, it worth to invest the cost of HTS current lead. If the testing of the magnet is not very frequent, we can use this copper current lead. Copper current lead is much economical and can be made easily. Probability of accidental failure is also small with the copper current lead. 
     The heat load to the system can be reduced by further optimizing the conductor cross sectional area. Figure 6 shows the heat load at 25kA with different conductor cross section. As shown in the figure, it is possible to bring down the heat load to less than 90w if the conductor area is cut down. However, if the conductor area becomes too small, the heat load increases again. Since this heat load is due to the excess Ohmic heat, it is not safe staying in this region. The rise of the temperature causes higher resistivity and thermal conductivity resulting further heating and less gas flow. Such positive feed back loop can easily make the current lead into a failure. The efficiency of current lead is always a function of risk taking. We to allow some in efficiency for the sake of safety. 20 to 30 percent of additional conductor area would be a good practice for the current lead design.

7. Summary

     The current leads for Ic measurement of strandsand magnet operation were analyzed using numerical solution of differential equations. The program was made available at Technical Division. The existing current leads for the Ic measurement of strands were found effective for the current less than 1000A but there is no indication of safe operation at 2kA. The 25kA copper current lead was also designed and it was found possible to use the same mounting as the existing current lead. However, the heat load comes from the 25kA current lead is more than 120w in total. It might be a considerably large heat load to the cryogenic system.
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Fig1  Display of program running
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