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Why cables?

- maximal tape critical current is limited

- maximal tape length is limited

- possibility to bend

- equal electromagnetic conditions in all wires

- low AC loss


Presenter
Presentation Notes
Before we start to talk about superconducting cables, we should know why we need them. There are several reasons. First, a cable offers higher current because it consists of multiple tapes. We can reach the same magnetic field in a magnet either by using a very long tape with low current or a shorter cable with many tapes. For making a shorter cable we can use shorter tapes. A cable with transposed or twisted conductors is flexible and it offers the same electromagnetic conditions to all strands. And finally in some cases it reduces AC loss.
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Cable concepts

Ty

Twisted stack U

Roebel cable

CORC cable



Presenter
Presentation Notes
There are several cable concepts available for coated conductors. Twisted stack was developed at MIT, Roebel cable for coated conductors was invented at KIT Karlsruhe and CORC cable was developed by Danko van der Laan.
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Which one is the best?


Presenter
Presentation Notes
Now we are coming to the important question. Which one is the best? As you will see later in this presentation, each of them has advantages and drawbacks. 
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Engineering current density
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Presenter
Presentation Notes
The Roebel cable has a much higher engineering current density than the CORC cable. In Roebel cables Je slightly decreases with increasing total current, because of self-field effects. Higher total current means higher magnetic field and it has a significantly high component perpendicular to the tape face. In case of CORC cables, self-field effects are negligible, because the magnetic field is parallel to the tape face. The engineering current density even increases, because in cables with more tapes the central hole has a relatively smaller area in comparison to the total cross-section.
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Engineering current density
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Presenter
Presentation Notes
Another parameter is the transposition length. While in case of Roebel cable it rapidly increases, in case of CORC cable it is almost constant and very short. Each tape in a Roebel cable needs a certain length for the transition from one column to another one. Therefore, cables with more strands have longer transposition lengths. In case of a CORC cable the twist pitch might be practically the same even for cables with many tapes and layers.
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Presenter
Presentation Notes
Now let’s compare properties of these two cables when they carry current in an applied magnetic field. For the calculation of current and magnetic field distribution we used properties of the same commercial coated conductor. Cables shown in these figures carry their critical current, which is for both cables almost the same. There is clearly visible a higher magnetic flux density at the edges of the tapes in a Roebel cable. 
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In-field performance
77 K, 100 mT
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Presenter
Presentation Notes
In case of a CORC cable,  strands are twisted around a former, on one twist pitch each strand experience all orientations of the magnetic field. Therefore, a CORC cable exhibits isotropic properties with respect to the applied magnetic field. In Roebel cables all strands have the same orientation with respect to the external magnetic field and they keep it along the cable length. Therefore, the anisotropy of superconducting material is transferred to the anisotropy of the whole cable. 
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In-field performance
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Presenter
Presentation Notes
In global, a CORC cable is isotropic, but within one twist pitch the critical current of the strand is changing. In this graph I’m showing the critical current change along one twist pitch for three outer tapes. The critical current of a strand is determined by the section with minimum critical current, because the I-V curve is steep. 
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Tape resistance against mechanical stress
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Presenter
Presentation Notes
As we have seen, the main drawback of a CORC cable is its low engineering current density. One way how to increase Je is the reduction of the former diameter. We measured the critical current of two different tapes when they were wound on a former to find the minimum feasible diameter. We have gradually decreased the diameter of the former by keeping the lay angle constant. Generally, a tape exhibits a smaller degradation for smaller lay angles. Two commercial tapes have different resistance to this mechanical stress, so it is necessary to test the mechanical properties of a particular tape before cabling. We have found that even a 3.5 mm former diameter is feasible for a SuperPower tape.
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CORC cable - 2 tapes, SuperPower, core diameter 3.5 mm
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Presenter
Presentation Notes
To cross-check the mentioned results we prepared a short model of a CORC cable with a former diameter of 3.5 mm. On such a small-diameter former we could place only two 4 mm wide tapes. The original critical current of the tape was 110 A. We placed voltage taps on both tapes and current leads. The measured I-V curves are shown in this graph. The current is probably not evenly distributed within the tapes, but the superconductor is not degraded.
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CORC cable SuNam tape — 4 tapes

Core — copper tube, 6 mm outer diameter

Length—5m

Internal cooling — flow of nitrogen

Coil - 5 turns, diameter 33 cm
13 turns, diameter 11 cm
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Presenter
Presentation Notes
SuNam tapes require a bigger diameter of the former, but thanks to its low price we could prepare a CORC cable with a length of 5 m with 4 tapes. This cable was wound on a copper tube with an outer diameter of 6 mm. From the cable we first made a coil with a diameter of 33 cm. Later from the same cable we prepared a coil with a diameter of 11 cm and more turns. We didn’t find any degradation after all these steps. On these two coils we have also successfully tested the idea of an internal cooling when the coils were cooled by a flow of nitrogen in the central channel.
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CORC cable SuNam tape — 4 tapes
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Presenter
Presentation Notes
We measured the critical current of a coil with a diameter of 11 cm in liquid nitrogen in applied magnetic fields up to 2 T. We compare that result with the critical current measured on a single tape in perpendicular magnetic field. The cable consist of 4 tapes, therefore in the graph we multiplied the critical current of the single tapes by 4. This figure shows that we can quite precisely predict the behavior of a cable in a magnetic field from results measured on a single tape.
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Low AC loss cable — CORC with striations

- full transposition of filaments
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Presenter
Presentation Notes
A CORC cable has the advantage that tapes are twisted, in case of striated tapes it means that filaments are fully transposed. The reduction of hysteretic magnetization AC losses by dividing a superconducting layer was shown by several groups for short samples. On the other hand, an additional coupling loss would appear in long length striated tapes. A way how to suppress the coupling loss is to transpose the filaments. This is actually automatically done in CORC cables. To show this feature of a CORC cable we prepared a short cable with 3 tapes, each with 5 filaments. In this experiment we have shown that the magnetization losses are reduced at high fields. No coupling loss appeared, even when low resistance current leads were soldered to cable.
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CORC cable - summary

- low engineering current density

- scalability to high currents

- short twist length

- isotropic properties (only on long length)

- low AC loss



Presenter
Presentation Notes
Let me now summarize the features of the CORC cable.
A CORC cable has a low engineering current density in comparison to other cable concepts.
On the other hand CORC cables can be made with many tapes in many layers and thus cables with high currents can be prepared.
Even cables with many tapes can have a short twist pitch.
On long lengths the CORC cable has isotropic properties.
And finally, the cable has low AC losses thanks to transposition and the possibility to utilize striated tapes.
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Question:

Which cable is the best?

Answer:

For which application?

CORC cable is good choice for

AC applications
with

high currents


Presenter
Presentation Notes
Now I’m coming back to my question: “Which cable concept is the best?” Frankly said, I don’t know. Important is to know what will be the final application. But what I can tell you knowing the results I have just showed you is that the CORC cable is a good choice for AC applications requiring high currents.
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