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Foreword

The task “Conceptual Design of External HTS Bus Bars” (EFDA Reference: TW4-TMSF-
HTSCOM) is a joint work between the Centre de Recherches en Physique des Plasmas
(CRPP), Villigen, Switzerland, and the Forschungszentrum Karlsruhe, Germany. The two
main objectives of the task TW4-TMSF-HTSCOM are:

a) Comparison of the actual ITER design with and without HTS current leads.

b) Consequences of the use of HTS current leads and HTS bus bars for ITER including a
conceptual design of the external HTS bus bars.

The work performed at the Forschungszentrum Karlsruhe focuses on the potential advantages
of the use of HTS current leads instead of conventional ones for ITER, while CRPP considers
the consequences of the use of HTS bus bars in addition to the HTS current leads.

The present report describes the CRPP contribution to the EFDA Task TW4-TMSF-
HTSCOM. The comparison of the actual ITER design with and without HTS current leads
will be presented in a separate final report prepared by the Forschungszentrum Karlsruhe.

The close collaboration of CRPP and the Forschungszentrum Karlsruhe within the frame of
the present task is reflected by the fact that both associations have contributed to each of the
two sub-tasks.



1. Introduction

The Centre de Recherches en Physique des Plasmas and the Forschungszentrum Karlsruhe
were responsible for the development of a 70 kA current lead demonstrator for the
International Thermonuclear Experimental Reactor (ITER). This work was performed in the
framework of the European Fusion Technology Program. In the first half of 2004, the 70 kA
HTS current lead was successfully tested in the TOSKA facility of the Forschungszentrum
Karlsruhe [1-4]. In this test campaign, the heat exchanger part of the current lead was cooled
by helium gas of 50 K inlet temperature. At the nominal HTS warm end temperature of 65 K
the current lead could be safely operated in steady state at currents up to 80 kA. The nominal
operating conditions (helium inlet temperature of 50 K, warm end HTS temperature of 65 K)
have been selected based on the results of an optimization study [5], which indicates that the
refrigerator input power needed to cool the current lead reaches a broad minimum close to
these operating conditions. Because of an extremely large contact resistance of more than
40 nQ the helium mass flow rate required to cool the heat exchanger part of the current lead

was much higher than the design values.

In autumn 2004 the screw contact between the HTS and the heat exchanger part of the 70 kA
current lead was filled with solder, leading to a considerably reduced contact resistance of less
than 10 nQ2. After this modification the current lead was again tested in December 2004.
Under these conditions the helium mass flow rates required to cool the heat exchanger part of
the current lead were in good agreement with the design values [6].

From a system point of view it would be advantageous to cool the current leads with 80 K
helium gas in parallel to the thermal shields. In spite of the fact that the 70 kA current lead
was designed for a helium inlet temperature of 50 K and a HTS warm end temperature of
65 K it could be even operated using helium gas of 80 K inlet temperature. The resulting
temperature at the warm end of the HTS part is close to 86 K [6]. These encouraging results
clearly demonstrate that the HTS have reached the maturity that they can be used for the
feeder system of ITER.

The new EFDA task TW4-TMSF-HTSCOM is again a joint work between the Centre de
Recherches en Physique des Plasmas and the Forschungszentrum Karlsruhe. The primary
objective of the task is the comparison of the actual ITER design with and without HTS
current leads. This study will not only provide estimations of the differences in the investment
and operating costs but also point out implications with other ITER components and the
required ITER design changes. The performance assessment of HTS current leads for ITER is
based on the test results of the 70 kA EU current lead. The work performed at the
Forschungszentrum Karlsruhe is focused on this aspect.

A second objective of this task is the assessment of a third ITER design option, which not
only replaces the conventional current leads but also the water-cooled aluminium bus bars by
high-temperature superconductors. In addition to reduced electrical power losses, the use of
HTS bus bars could provide significant savings in the space required for the installation. The
work performed at CRPP concentrates on this option, which includes a conceptual design of
HTS bus bars suitable for ITER. In addition to the feasibility of the HTS bus bars for ITER,
economic aspects are considered. In the design of the HTS bus bars the originally considered
nominal operating conditions for the 70 kA HTS current lead (helium inlet temperature of
S0 K, HTS warm end temperature of 65 K) are used as a reference scenario. The possibility to
operate the HTS bus bars using helium gas of 80 K inlet temperature has been also addressed.



As a basis for the present work the actual ITER feeder design has been reviewed. This design
will be compared to the option using HTS current leads (see FZK final report) or HTS current
leads and bus bars (this report). The overall performance of the different design options
(1. Conventional current leads and water-cooled aluminium bus bars, 2. HTS current leads
and water-cooled aluminium bus bars, 3. HTS current leads and HTS bus bars) is compared.
The conceptual design of the HTS bus bars is described.



2. General Description of ITER

In this section, a general description of the ITER magnet system including the
superconducting feeders and the normal conducting bus bars will be presented. Most of the
content of this section has been deduced from different ITER documents [7-10].

2.1 General Description of the ITER Magnet System

ITER is an experimental fusion reactor according to the tokamak principle which for the first
time will generate a plasma with power reactor-like properties over a longer time period
(some 300 seconds). The investigations on plasma physics will concentrate on all aspects of a
burning plasma which essentially is maintained by alpha-heating. Alpha heating means the
transfer of Kinetic energy of alpha particles originating from the fusion reaction to the plasma
particles (electrons and ions).

Furthermore key technologies for a fusion power station (plasma heating, superconducting
magnets, plasma facing components, fuel cycle and remote handling) will be tested under
power reactor-like conditions. ITER is also capable to perform first tests of blanket concepts
by suitable test modules. An artist view of ITER is shown in Figure 2-1.
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Figure 2-1. Artist view of ITER.

2.1.1 Magnet System

The magnet system for ITER consists of 18 toroidal field (TF) coils, a central solenoid (CS),
six poloidal field (PF) coils and 18 correction coils (CCs). The magnet system elevation is
shown on Figure 2-2.



Figure 2-2. The ITER main magnet system

The TF coil cases, which enclose the TF coil winding packs, form the main structural
component of the magnet system. The TF coil inboard legs are wedged all along their side
walls in operation, with friction playing an important role in supporting the out-of-plane
magnetic forces. In the curved regions above and below the inboard leg, the out-of-plane
loads are supported by four upper and four lower poloidal shear keys arranged normal to the
coil centreline. In these regions, the coils are linked by means of two upper and two lower
pre-compression rings which provide a radial centripetal force and improve the operation of
the shear keys. In the outboard region, the out-of-plane support is provided by four sets of
outer intercoil structures (OISs) integrated with the TF coil cases and positioned around the
perimeter within the constraints provided by the access ducts to the vacuum vessel. The OISs
are structures acting as shear panels in combination with the TF coil cases. There is low
voltage electrical insulation between TF coils in the inboard leg wedged region and between
the OIS connecting elements in order to avoid the circulation of eddy currents.

The magnets are located within the cryostat which provides the thermal insulation for the
4.5 K superconducting coils from the ambient heat load. This is done by a vacuum within the
cryostat to eliminate the convective heat loads, and by the use of intermediate thermal shields
at 80 K to intercept the bulk of the thermal radiation and conduction from the cryostat and the
vacuum vessel.

Feeders to the coils include the superconducting bus bars, cryogen service lines, and
instrumentation cables. These feeders run from individual coil terminals inside the cryostat,
through cryostat feedthroughs (CF) and into coil terminal boxes (CTBs) or structure cooling
valve boxes (SCVBs). These boxes are located outside the cryostat and bioshield, in the
tokamak galleries which are accessible for hands-on maintenance. The interfaces between the
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magnet system and the power supplies and the cryoplant are at these boxes. Figure 2-2 shows
a schematic view of the ITER main magnet system (TF, CS, PF).

2.1.2 Power Supplies

The interface between power supplies and the magnets occurs at the CTBs where the
transition is made from superconducting bus bars to room temperature (water-cooled
aluminium) bus bars. The power supplies have two physical interfaces to the magnets.

i) The current supplies and discharge circuits for the coils. These consist of one supply for the
18 TF coils plus 9 discharge resistors connected between each pair of coils. Each PF and CS
coil module has its own supply and discharge resistor.

ii) The magnet structure grounding scheme. The magnet structures are all connected to ground
through the bus bar containment pipes to the cryostat wall. The connection of the cryostat into
the overall machine grounding scheme is part of the power supplies.

2.1.3 Cryoplant

The boundary between the cryoplant system and the magnet helium manifolding occurs at the
CTBs and SCVBs. These boxes contain the adjustable valves that allow the proper
distribution of the helium flow into the magnet components.

In operation, the cryoplant provides supercritical helium to the four sets of coils (TF, CS, PF
and CCs), their superconducting bus bars, and the magnet structures. The coils, bus bars and
structure cooling systems are subdivided into a number of closed loops where supercritical
helium is circulated by a pump and re-cooled through a primary heat exchanger located in the
auxiliary cold boxes of the cryoplant. For the coils, the supercritical helium is supplied in the
temperature range of 4.4 - 4.7 K. The cryoplant also supplies liquid helium to the current
leads and receives back gaseous helium at room temperature from these current leads.

2.2 Description of the ITER Superconducting Feeder System Layout

The superconducting current feeder system connects the magnets systems of ITER with the
power supplies via current leads and superconducting bus bars. It mainly consists of
superconducting (sc) bus bars, a sc bus line interface terminal (so-called coil terminal box
(CTB)) and the current leads. These current leads will be either conventional or high
temperature superconductor (HTS) type. Each sc feeder has a length of approximately 25 m
and is made of three parts, the in-cryostat feeders, the Cryostat Feedthrough (CF) (including a
straight section and an S-bend structure) and the CTB. This integrated system will be used as
the current transmission system for the ITER magnet system. As the maximum field acting on
the sc feeder is low and due to its complex cable structure, it has been decided to use similar
kind of cable-in-conduit conductors for all the TF, PF and CS sc feeders which are made from
NbTi/ Cu. These sc feeders will also be cooled with forced flow supercritical Helium at 6 bar
and 4.5 K as performed for the ITER magnets.

Each in-cryostat feeder is a subassembly that connects a coil or structure to the end of a
Cryostat Feedthrough (CF) located just inside the cryostat; each has a robust steel outer
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containment that provides protection to the cryostat components in the event of a short within
the current supply bus bars. For a coil, it consists of the feed and return current supply bus
bars (using NbTi superconductor), the return and supply helium lines and instrumentation
lines. For the structures, the feeders contain a bundle of cooling pipes (since control of the
supply to each of the 3 TF case cooling circuits is required). The upper structural feeders
contain the 3 outlet supplies from the inside of the case as well as the outer surface outlets.
The lower structural feeders contain a common inlet supply for each coil for all 3 circuits

[11].

The CF includes a straight length from the cryostat wall to an S-Bend Box, as shown in
Figure 2-3. In Figure 2-4, a cross-section of the feeder is shown.

Figure 2-3. Schematic view of the cryostat feedthrough with S-bend and the CTB.
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Figure 2-4. Cross section of the feeder.
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Figure 2-5. Cryogenic distribution within the CTB.

The S-bend box is also part of the CF and contains S-shaped bends in the bus bars and the
cooling lines. These bends accommodate the movements of the in-cryostat feeders and the
coils, relative to the fixed S-bend box and Coil Terminal Boxes (CTB), due to differential
thermal contraction and expansion, electromagnetic forces, and earthquakes. The CTB
consists of a pair of current leads along with the cryogenic distribution scheme as shown in
Figure 2-5.

2.3 Coil Power Supply and Distribution
2.3.1 Design Requirements and System Description

The basic components of the Switching Network and Discharge Circuits are the Switching
Network Units (SNUs) and the Fast Discharge Units (FDUs). Their function is to absorb the
magnetic energy stored in the superconducting coils by inserting in series with the coils
discharge resistors normally bridged by circuit breakers.

As already explained above, the ITER-FEAT magnet system consists of the eighteen TF coils
(TF1-TF18), the Central Solenoid (CS), the six PF coils (PF1-PF6) and the nine Correction
Coils (CCs). The CS is divided in two groups, symmetrical to the equatorial plane; each group
consist of the 3 modules: CS1U, CS2U, CS3U (upper group) and CS1L, CS2L, CS3L (lower
group). All TF coils are connected in series and are supplied by a common power source. The
CS modules, PF coils and CCs are supplied by separate power circuits with exception of the
CS1U and CSIL that are connected in series and powered by one power supply. Every
individual Power Supply System (PSS) includes FDU(s) to protect the coils by the fast energy
discharge in case of quenches. The SNUs are used in the PSS for the PF1, PF6 and all CS
modules to generate the high voltage necessary for breakdown and plasma current initiation.
The SNUs and FDUs are part of the coil power supply system DC circuits as well as the bus
bars connecting the power supplies (thyristor converters) via the FDUs and SNUs with the
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coil terminals. Table 2-1 shows some basic requirements mainly determined by the coil
current and voltage design limitations.
Table 2-1. General requirement for DC components.

Parameter Unit TF CS, PF1 PF2 - | Correction
& PF6 PF5 Coils
Maximum current kA 68 45 45 7.5
Max. current duration s continuous 3800* 3800* 3800*
Short circuit current kA 300 200 200 40
Max operating voltage kv DC 10 10 14 1.0
Design insulation voltage kv AC 17.5 17.5 17.5 33
between poles /contacts
/terminals and to ground

*- Duty factor varies in the range of 0.3 -0.7 depending on the cycle duration.

The fast discharge will be initiated if a quench occurs in one of the superconducting coils or
in case of a very serious fault in the power supplies that can cause damage to the coils. It is
assumed that the total number of the fast discharges during the life-time of the machine will
not exceed 100 for the TF coils and 500 for the CS and PF coils. Therefore, the DC circuit
breakers that will be used for the coil fast discharge shall be designed for at least 50
operations without replacement of sacrificial contacts and a few hundreds operation without
major maintenance. Specific requirements for the FDUs are given in Table 2-2.

Table 2-2. FDU design requirements.

Parameter Unit TF [ CS3U | CS2U | CS1 | CS2L | CS3L
Number of FD Units 9 1 1 2 1 1
Max energy to be dissipated GJ 3.82 1.15 1.2 1.2 1.2 1.15
(per FDU)
Fast discharge time constant S 11 7 7 7 7 7
PF1 PF2 PF3 PF4 PF5 PF6
Number of FD Units 1 1 1 1 1 1
Max energy to be dissipated GJ 1.0 0.42 1.9 1.6 1.6 2.10
Fast discharge time constant S 14 14 14 14 14 14

Most of the Switching Network and Fast Discharge Circuit components, except for the TF
FDUs, will be located in the Magnet Power Supply Switching Network Building. The
switches of the TF FDUs will be placed in the Pit of the Tokamak Building, close to the Coil
Terminal Boxes (CTBs); the discharge resistors and the counterpulse capacitors will be
located in the adjacent building: Diagnostic Hall.

A description of the DC circuits including the FDUs, the SNUs, the element of the grounding
system and other components is given in the following using as examples the TF and PF1
Power Supply Systems (PSSs).

The TF coils are combined in nine groups. All coils are connected in series; the connection
within each group is made inside the cryostat. Therefore, only 9 pairs of the current leads
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(half of the coil terminals number) are available outside the cryostat for connection to the
switches initiating the fast discharge of the energy stored in the coils.

The nine FDUs are interleaved with the pairs of the series-connected coils. The FDUs consist
of circuit breakers and discharge resistors. Two circuit breakers are included and connected in
series in each of the FDUs. The first, called the current commutation unit (CCU), is designed
for multiple operation and will open when a quench is detected. The second, explosively
actuated circuit breaker (pyrobreaker, PB) is used as a backup, if the CCU has failed.

2.3.2 DC Bus Bars, Interconnections and Removable Links

The DC bus bars will connect the TF, CS, PF and Correction Coils to the AC/DC converters,
the FDUs and the SNUSs. Aluminium will be used as the material for all the bus bars.

All bus bars routed from the CTBs located in the pit in the Tokamak Building through the
Galleries and Diagnostic Hall up to MPSSNB, will be water-cooled. Grounded cases and
separators between “+” and “-* poles will be provided to protect the bus bars from damage
and to decrease the probability of a pole-to-pole short circuit.

All the bus bars inside the MPSSNB and the MPCB, and on the bridges connecting these
buildings will be air-cooled. The air-cooled bus bars will be provided, where possible, with
protective cages and grounded separators. The connections between water-cooled and air-
cooled bus bars will be made inside the MPSSNB.

2.3.2.1 Water-cooled bus bars and interconnections

The main design data on the water-cooled DC bus bars are given in Table 2-3.

Table 2-3. Design data of the water-cooled bus bars

Device / Parameter Unit TF CS & PF CcC
Rated current kA 68 45 10
Rated voltage (between poles and to kV AC 17.5 17.5 33
ground)

Short circuit current kA 300 200 40
Cross-section mm* 41000 20000 4500
Total length * m 100 1300 1000
Total number of flexible joints * 4 50 40
Total number of bends * 3 60 50

* refers to two-polarity bus bars

Examples of the designs of the water cooled bus bars and their flexible joints are shown in
Fig. 2-6 and 2-7. The TF coils CTBs will be connected with the FDUs located nearby with the
water-cooled interconnections of the same cross-section as the main bus bars (41000 mm?).
The length of one connection is 12 m including two bends (one on each end). Moreover, a
flexible connection on each side should be provided. Total number of the one-polarity
interconnections is 18.
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2.3.2.2 Air-cooled bus bars and interconnections

The main design data of the air-cooled DC bus bars are given in Table 2-4.

Table 2-4. Design data of the air-cooled bus bars

Device / Parameter Unit TF CS & PF CC
Rated current kA 68 45 10
Rated voltage (between poles and to kV AC 17.5 17.5 33
ground)

Short circuit current kA 300 200 40
Cross-section mm’ 72000 32000 7200
Total length * m 150 2100 3000
Total number of flexible joints * 3 40 60
Total number of bends * 2 40 40

* - refers to 2 - polarity bus bars

The relatively short interconnections between the main bus bars and the PF FDU and SNU
components (switches) will be made with the copper, 24 000 mm?, bus bars. The total length
of these bus bars is approximately 750 m.

2.3.2.3 DC links

These links provide flexibility during the commissioning period. In every individual PSS they
provide a closed circuit that includes one AC/DC converter, the FDU(s) and a dummy load. In
the CS & PF systems the SNUs can be also included in this circuit (together with the FDU or
separately). The coils will be excluded in this circuit with the help of disconnector (in CS/PF
PSSs) or links (in the TF system). The links in the CS/PF systems should be designed for the
20 s ON/20 s OFF operation under the maximum rated current (45 kA). The average length of
these links will be about 1 m; the total number is 44. The links for bypassing the TF coils will
have the same design as the 10 kA bus bars for the CC system: 4500 mm?, water-cooled bus
bars. Nine links of 30 m each will be used for this purpose.

Current reversing links will be used to change polarity of the AC/DC converters in the TF
PSS and of the SNUSs in the CS/PF PSSs if the plasma current direction has to be changed (see
drawings N41GR 227 and 228). These links should have the same ratings as the main bus
bars. The total number of the 1 m (in average) links will be 4 in the TF and 36 in the CS/PF

PSSs.

2.3.2.4 ITER design of water-cooled aluminium bus bars

Tables 2-5 and 2-6 show the main parameters of the TF and CS&PF water-cooled bus bars.
The maximum unit length is 10 m from which it can be seen that there are a lot
interconnections and bendings on the way from the CTB and the FDU respectively to the
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SNU. Another parameter which will be a challenge for HTS bus bars is the short circuit
current of 300/200 kA for at least 100 ms where no quench will occur.
Table 2-5. TF PS water-cooled bus bars [9]

Table number- 41D4-18 | Title: TF PS Water-cooled Busbarz
Reference mumber in Pquipment List:| Reference drawings: Origmator: RF HT
41D-4.6.1.1, 41D-4.6.1.2 41GR 1158, 41GK 119, 41GR 125
Data category Parameter Value Value
GENERALS | Funchon DChushar DChasbar
Type of bushar smgle double
Applicable IEC standards IEC 694 IEC 694
Conductor material alurnmuum ASTM6063
Insulation material micoglass micogiass
Case material steel stael
Cross section of conductor, num* 41.000 2x41,000
Rated voltage kV 24 AC 24 AC
Short ciremit crorent! &ln'ahon, kAme 360:100 3007100
Rated paak withstand current, kA k1] 300
Maxinmem operating temperature, *C: continous operat. 60 60
short cireudt operat. 95 95
BUSBAR Current densaty, A‘mam” 1.66 166
DATA Busbar shape pun x(112x112) | 2xfdx{112x113}]
Busbar dimensions. pam - 425x425 425690
Mininnun bending radius, mm zee dr. 41GR 125 | see dr. 41GR 125
Safety margin of mechamical stress desipn, MPa 75 5
Rewonant faguencies
STRAY DC resistance, mQ'm at room temperature 072 144
PARAM. af confinuous operating temperature 0.85 1.7
Stray inductance for shraight nstallaton, uH'm 1 1
Stray capacitance, pF/m  between poles/to ground
BNSULATION | Rated insul. level according  to prownd 24 AC 24 AC
IEC 71. kV between terminals 24 AC 24 AC
ENDURAMCE | Life ttme_ years 15 13
COOLING Cooling system water water
Max. power to be dissipated m the cooling water, kWim 19 78
Maximum power to be dissipated in the room air, kWim g4 08
Demmmeralized water: maximum conductivity, pS/m 100 100
maxpmen miet temper., °C 45 45
maximumn outlet temper | °C 60 60
water flow, m>hperm .23 046
maximam inlet pressore, MPa 05 0.5
e pressare drop, MPa g.25 Q.25
Maxirman operating time without forced cooling 1,750 1,750
{water flow = (%) at ratnd cperating current. 5
CONDITIONS | Maximmm earthquake withstand acceleration, g 0202 0202
honzontalvertical
SIZES AND | Total lavout cross sechon, non- WxH 425x425 690425
WEIGHTS Total weight (alumunnom) kg'm i1l 222
F&gkfcf&emmxpiminshippmgmﬁm 1,400 2,500
| X8
Weight of the heaviest piece o be handled during 1,460 2,500
mnstallation kg
Sizes of the largest piece, m. LxWxH 10x0.425x0.425 | 10x0.69x0.425
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Table 2-6. CS&

PF PS water-cooled bus bars [9]

Tahle murber: 41D4-11 Title: CS & PF PS Water—cooled Busbars
Reference number in Equipment] Reforence drawmgs: Onginator: RF HT
List: 41D-4.6.2.1 GR 119, 41CR 128
Data category Parameter Value
GENERALS | Function BC bushar
Type of busbar double
Applicable IEC standards TEC 694
ASTME063
Cross section of conductor, mm” 2x30.000
Rated voltage kV 24 AC
Rated operating contmuous current 45
Short circwit cxrent duration, kA/ms 3007100
shoet cireuit operat 95
BUSBAR Current density, Aqnm”* 225
DATA Busbar = e 2x[2x(1 56x783]
Bushar dimensions. mm 1952390
Minmwmm bending radius See draw .4 1GRI25
Safety margin of mechanical stress desizn. MPa 75
Resonant frequencies
STRAY DX resistance, mQ'm at room/operating temperature 2.97/3.49
PARAM. Stray iductance for stanght mstallation. yH/m 1
Stray capacitance between poles/to sround
INSULATION | Blated insunl. level according IEC 71, kV  fo ground M AC
between termunals 24 AC
ENDURANC | Life time, vears 15
E
COOLING Coohng systam water
Max. power to be dissipated in the cooling water, kW/m 7.06
Max. power to be dissipated in the room air, kWim 0.3
Denitneral water: max. conduchvity, uS*¥m 100
max. inlet temperature, °C 45
max. outlet temperature, “°C 60
water flow, m*/h per m a2
max./mm. miet pressure, MPa 0.50.1
neax. pressure drop, MPa 021
Cool down time from max. temperature without load cmrent
Max. operatmg time without forced cooling at rated curent, 5 800
AMBIENT Location indoor
CONDITIONS | Max earthquake withstand acceleration, g honzental ‘vertical 0.20.2
SIZES AND | Tetal layout cross section, mm Wx H 345x346
WEIGHTS Total werght {(aluminium) kg/m 108
Weight of the heaviest piece mn sinpping confipuration 1,300
Wesght of the heaviest prece to be handied duning mstallation 1.300
Sizes of the largest prece mm [xWxH 10.000x345x540

Figures 2-6, 2-7 and 2.8 show the layouts of the water-cooled aluminium bus bars.
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Figure 2-8. Layout of the bending of water-cooled aluminium bus bars.

20



3. Comparative Studies of Current Lead Performances

3.1 Introduction

The objective of the present report is an ITER design option using both HTS current leads and
HTS bus bars. The aspects related to the use of HTS current leads instead of conventional
ones is described in detail in the final report of the Forschungszentrum Karlsruhe. For a better
readability the present ITER current lead design and the main results of the subtask performed
at the Forschungszentrum Karlsruhe [12] are also briefly described in the present report.

3.2 Present ITER Design

The following description has been taken from the ITER-DDD 1.1 [10]. Each CTB contains
one pair of copper current leads, those for the CC contain 2 pairs. The helium cooled current
leads provide electrical connection between the room temperature bus bars from the power
supply and the superconducting bus bars at 4 K inside the CTB.

The base cryoplant load and space requirements for the current leads have been calculated
assuming cooling with forced flow supercritical helium at 4.5 K inlet temperature, and
without the use of either low temperature or high temperature superconducting inserts along
the thermal gradient part of the lead. Improvements to the base design can be made at the time
of procurement, as long as the alternative is fully qualified (i.e. has been manufactured and
tested) and meets the base design requirements listed at the end of this section.

The number and capacity of the current leads are listed in Table 3-1. A sketch of the
conceptual design is shown in Figure 3-1.

Table 3-1. Current leads requirement for ITER

Coil type No. of Coils | No. of current Max. | Operation
lead pairs current
TF 18 9 68 kKA Steady
state
PF 6 6 52 kA Pulsed
CS 6 6 45 kA Pulsed
CC 6/6/6 9 10 kA Pulsed

The current scenarios for the CS, PF and CC are pulsed, and in some plasma scenarios the
coils are operating well below their maximum design values for most of the time (i.e. during
the dwell and burn phases). A current lead designed to work efficiently at maximum current
will generally not work at optimum performance at lower currents (generally, the extra copper
needed to reduce the resistive heating at high current produces extra heat conduction from the
warm end at lower currents). At present this has not been included in the design
considerations but could be a factor in later optimization. The current leads are sized for
optimum performance when carrying the coil maximum design current. The helium flow to
the leads is not adjusted to follow the operating current through a pulse scenario (although it
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could be reduced for the PF, CC and CS for periods when there is no plasma operation). It
could be set too low for the peak operating current, so that the lead operates in a transient
condition, with a slow (time scale many hundreds of seconds) when the current exceeds the

design current, and a slow recovery when it is less.

Coolant inlet
Insulation break Current terminal

Coolant outlet

‘Warn end

Current terminal

insulation break
Figure 3-1. Schematic diagram of the forced flow conventional current lead design.

A further design consideration is operation under faulted conditions. For a current lead, the
most serious condition is a loss of helium flow. For ITER, it is essential that even under these
conditions the current leads can continue to operate for a time much longer than that required
to detect the loss of flow and discharge the coils. Two conditions are adopted for a complete

loss of flow

1) That the time taken for the temperature of the hot end to rise by 100 K is > 300 s (to give
time for detection)

2) That the heat load at the cold end to the conductor increase by less than a factor of 3 in
600 s

3.3 Power Consumption Calculation [12]

For evaluation of the operational costs the efficiency of the specific refrigerator system plays
a key role. In [13], approximations have been used to compare the operation costs of a HTS

current lead to a conventional one.
Here, the power consumption is calculated using the following relation:

P, = (dmldt)(H,/ey) + Qk(Pe/Pk)reﬁ-igeratian = (dm/dt)(H,/ e1) + Oi/(nc e2) (D

Where

dm/dt = mass flow rate of coolant in (g/s),

QOx = conduction and resistive loss at cold end, i.e. at 4.5 K level

H, =300 (S; —82)— (I — h2) =5919 J/g for 300 K to 4.5 K at 5 bar pressure.
nc is the Carnot efficiency of the machine, = [T,/ (T,~T;)]
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e; is the thermodynamic efficiency at different temperatures
ez is the thermodynamic efficiency at 4.5 K

It is assumed that the efficiency factors e; and e, reach a value of 29.5 % at 4.5 K. These
efficiency factors depend upon the particular refrigeration system and its capacity.
3.4 Forced Flow Cooled Conventional Current Leads [12]
For constant cross section conventional leads, the following performance data are used:
m(I=0)=0.04 g/s’kA/lead
m (I = Ina) = 0.06 g/s/kA/lead
Ox (I =0)=0.1 W/kA/lead (Conduction loss at cold end)
Ok (I = Ing) = 0.1 W/kA/lead + o™ R; with R; = 1 nQ
Efficiency factore¢; =¢; =29.5% at4.5K
The main operating conditions and the refrigerator input power required by conventional

current leads are summarized in Table 3-2.

Table 3-2. Operating conditions and the refrigerator input power required by a single
conventional ITER current lead at the maximum current.

System | Ino | Number | i1 (Inm) | h (IF0) | Ollma) | QU=0) | mH/e; | OdPJIPY) | P
(kA) | of CL (g/s) (g/s) W) (W) (kW) (kW) (kW)
TF 68 18 4.08 2.72 11.4 6.8 81.9 2.71 84.6
PF* 52 12 3.12 2.08 7.90 5.2 62.6 1.87 64.5
CS 45 12 2.70 1.80 6.53 45 542 1.55 55.7

* 45 kA in normal operating mode

3.5 HTS Current Leads [12]

The performance of the EU 70 kA HTS current lead is used to estimate the refrigerator input
power required by ITER HTS current leads. The main test results regarding the performance
of the EU 70 kA HTS current lead are listed in Table 3-3. The reduction factors in the needed
refrigerator input power achievable by the use of HTS current leads are gathered in Table 3-4.
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Table 3-3. Operating conditions and the refrigerator input power required by the 70 kA HTS
current lead [12].

Scenario 1 Scenario 2 Scenario 3

1 (kA) 0 68 0 68 0 68
Tr™" (K) 50 50 50 50 80 80
1 ge (8/s) 2.17 |47 1.0 4.7 1.51 15.0
Trrs™™™ (K) 65 65 105 65 105 85

X at 4.5 K (W) 13.5 13.5 | 24.0 13.5 |24.0 18.9
O™ at 4.5 K (W) - 17.1 17.1 17.1
m Hyle; (kW)** 116 1252 |54 252 159 58.4
Ou(Pe/Pr) (kW) 3.2 7.2 5.7 7.2 5.7 8.5
P, (kW) 148 324 |11.1 [324 |11.6 |66.9

** g =28.4 %, H,= 1521 J/g (Ty,"™ = 50 K), 1 = 25 % H, = 973 J/g (T = 80 K), p = 4.4/4.6 bar

Table 3-4. Reduction factors in the refrigerator input power necessary to cool the current
leads provided by the use of HTS [12].

HTS CL HTS CL HTS CL HTS CL
THeinlei =50K THeinIel =50K THeinIei =80 K THeinlet =80K
T; HTSwarm =65 K Tyygwam =105/65 K T HTSwarm 1 THTSwarm =85K
105/85 K Neglecting 80 K
mass flow rate
Standby 3.79 5.11 4.89 991
Operation 2.66 2.66 1.27 10.66
ITER duty 3.39 4.08 2.79 9.97
cycle*
* TF coils: 16/24 x 5/7 x 8/12 = 0.32 (16 h/day, 5 working days/week, 8 month of operation per year)

PF/CS coils: 3/24 x 5/7 x 8/12 = 0.06 (3 h/day operating time)

3.6 Economic Aspects of the Use of HTS Current Leads [12]

The use of binary HTS current leads can considerably reduce the cooling power needed for
the current leads. The main results of the sub-task performed at the Forschungszentrum
Karlsruhe are summarized below.

Required refrigerator input power for all ITER current leads:

Conventional current leads 2.164 MW

HTS current leads

a) Ty = 50 K, Turs”™™ = 65K 0.638 MW
b) THef"Z’ =50 K, Turs"™™ = 105/65 K 0.530 MW
¢) T = 80 K, Tyrs™™ = 85K 0.777 MW
d) Ty = 80 K, Tiurs”™™ = 85 K (only 4.5 K level) 0.217 MW
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Supposing electricity costs of 0.05 €/kW h the operation costs for all ITER current leads are:
Conventional current leads 0.948 M€

HTS current leads

a) Tue™" = 50 K, Turs"™™ = 65 K 0.279 M€
b) THef”:' =50 K, Turs™™ = 105/65 K 0.232 M€
¢) T = 80 K, Turs"™ = 85K 0.340 M€
d) 7w = 80 K, Tzs"™™ = 85 K (only 4.5 K level) 0.095 M€

The reduction of the operation costs is between 0.716 M€ (b) and 0.853 M€ (d).

Concerning the HTS modules required for ITER, about 3.8 M€ are required. To this number,
additional design and development costs including the fabrication and cold test of one
prototype HTS current lead has to be added.

The higher investment costs for the HTS current leads are more than compensated by the cost
saving for the 4.5 K refrigerator plant. If looking to the liquefaction capacity required to cool
all ITER leads, 143 g/s would be needed at 4.5 K which is equivalent to about 22 kW
refrigeration capacity. A 22 kW cryo plant unit will require much higher investment costs
than the higher costs required for HTS current leads. Cost estimations for the cryo plant unit
give about 10 M€ [12].

A final cost assessment can be made as soon as the parameters of the ITER cryo plant and of
the ITER operation cycle are finalized.

4. Conceptual Design of HTS Bus Bars for ITER

4.1 Introduction

In a collaboration of CRPP and the Forschungszentrum Karlsruhe the possibility to replace
the water-cooled Al bus bars by high-temperature superconductors has been investigated. In
the present report, the conceptual design of HTS bus bars for the TF, CS and PF coils of ITER
is described. The design is based on the availability of 50 K helium gas and a bus bar warm
end temperature of 65 K. According to the results of a previous study [5] these operating
conditions provide a minimum refrigerator input power necessary to cool HTS current leads.
In addition, the economic aspects related to the replacement of the conventional current leads
and the Al bus bars by HTS current leads and HTS bus bars are discussed.

4.2 Short Description of the Al Bus Bars

The Al bus bars for the TF coils are designed for a rated current of 68 kA. The rated voltage
between poles and to ground is 17.5 kV. The TF bus bars consist of two aluminium
conductors, each 200 mm in width and 107 mm in thickness (see Figure 2-6). In both sub-
conductors, two pipes, each 25 mm in diameter, are embedded for the required water cooling
[14]. The maximum inlet temperature of the cooling water is limited to 45°C. The total
aluminium cross-section of the TF bus bars is approximately 41000 mm®. The length of a
single TF bus bar is 12 m. The minimum tolerable bending radii (on site bending) vary
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between 428 and 1200 mm, depending on whether the thicker or the thinner side of the
rectangular bus bar is bent. The duty factor for the steady state DC operation of the TF bus
bars is 32 %.

The rated current of the PF and CS Al bus bars is 45 kA. In the case of the PF coils, a back-up
mode with currents up to 52 kA is foreseen. The PF and the CS bus bars will be operated in
pulsed mode. As in the case of the TF bus bars the rated voltage between poles and to ground
is 17.5 kV. The PF and the CS bus bars are formed, similar to the TF bus bars, of two
aluminium sub-conductors, each 200 mm wide and 53 mm thick (see Figure 2-6). The
diameter of the cooling channels is 20 mm [14]. The total aluminium cross-section is
approximately 20000 mm®. The minimum tolerable bending radii (on site bending) vary
between 212 and 1200 mm.

The electrical resistivity of aluminium is 3 _ 10 Qm at an operating temperature of 50°C.
The resulting resistance of the TF bus bars is 7.34 _ 107 Q/m. At the rated current of 68 kA, a
Joule heat of 3.4 kW/m is generated in the TF bus bars. The resistance of the PF and CS bus
bars is 1.5 _ 10°° Qm leading to resistive losses of 3 kW/m at the nominal current of 45 kA.
Because of the pulsed operation of the PF and CS magnet system, the root-mean-square (rms)
values of the currents in the different coils are considerably smaller than 45 kA. The load
factors based on the rms currents vary between 0.148 and 0.566 for the CS coils. The load
factors for the PF coils are below 0.384 [15].

4.3 HTS Bus Bar Design

The design of the HTS bus bars is similar to that of superconducting power transmission
cables. A sketch of a superconducting power transmission cable with a room temperature
dielectric is shown in Figure 4-1. The superconducting Bi-2223 tapes are wound onto a
flexible stainless steel former. For the DC operation of the TF bus bars, the current
distribution among the layers is mainly determined by the contact resistances. In the case of
the pulsed operation of the PF and CS bus bars, the inductive current distribution is of
importance. In the development of superconducting power transmission cables it was found
that for a constant twist pitch and alternating winding senses most of the AC current flows in
the outermost layers of the cable. This behaviour is a consequence of the variation of the self
and the mutual inductances of the different layers. A uniform current distribution among the
layers can be achieved by variation of the twist pitches of the individual layers. In such a
design the winding angle increases continuously from a negative minimum to a positive
maximum value [16-18]. In the conceptual bus bar design presented in this report the aspect
of optimised winding pitches will not be discussed.

The coolant flows in the space between the superconducting layers (outer radius ry) and the
inner corrugated stainless steel pipe of the vacuum thermal insulation system (inner radius
riim, See Figure 4.2). Because of the constant number of Bi-2223 tapes in the different layers
there exists a small gap between adjacent tapes in the outermost layers. If this space is not
sufficient for the penetration of the cooling gas into the superconducting layers additional
spacers may be introduced.
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Figure 4-1. Schematic illustration of a single phase power transmission cable with warm
dielectric.
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Figure 4-2. Sketch of a HTS bus bar for ITER showing the main dimensions needed for the
design.
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The main dimensions of a HTS bus bar are defined in Figure 4-2. The superconducting
Ag/Bi-2223 tapes of 4 mm width and 0.22 mm thickness (dimensions of EAS standard Bi-
2223 tapes) are wound onto a flexible stainless steel former of inner radius r; and outer radius
r». Due to the twist pitch the effective width w.g of the Bi-2223 tapes is enlarged to a value
w/cos @, where @ is the twist angle with respect to the axial direction. The number of tapes
per layer is n = U/wyy= 21tro/weg (n is an integer number). The determination of the required
number of Bi-2223 layers and the cable critical current is described in Section 4.3.1. The
thermal insulation of the bus bar is provided by evacuated superinsulation, which is embedded
between two flexible corrugated stainless steel pipes. The heat leak through the thermal
insulation is

27k -T,,)

P, 2
" ln(rloth / r2ith) @

where k=2 10 W/mK is the thermal conductivity of the evacuated superinsulation. The
temperatures at the outer (7104) and inner radii (r2a) of the thermal insulation are 7o = 300 K
and Top.

The electrical insulation of the bus bar is provided by a dielectric surrounding the outer
flexible stainless steel pipe of the thermal insulation. The maximum electric field in the

dielectric is

o — 3)
ri Inrog/ rig

where U is the voltage, ris the inner and 7,4 the outer radius of the dielectric.

The AC losses in the PF and CS bus bars have been estimated for the reference operating
scenario [19]. The operating currents occurring in the CS and PF conductors during the
reference scenario are listed in Tables 4-1 and 4-2, respectively. The largest variation in the
currents (+39.9 kA to -45 kA) is foreseen for the CS coils CS1U and CS1L. Using the
monoblock model, an upper limit of the transport current AC loss can be estimated. In a
hollow cylinder the transport current loss per cycle is [20, 21]

2 2
P = Moo {(1 ~Tn(-T)+T -52—} (4)
eycle
with
I
==t 5
L. (5)

where 1 is the permeability of free space, /, the peak current and £cyc = 1800 s the duration
of a full cycle. Io = 7 rs. jov is the fictitious critical current, which would result from the
overall critical current density j, in a solid cylinder of radius 7y (rs: outer radius of the
outermost superconducting layer). In the estimation of the transport current AC losses
averaged over a full cycle of 1800 s length a peak current of +45 kA was used.
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Table 4-1. Currents in the CS conductors during the reference operating scenario [19].

Magnet CS3uU [CS2U [CS1U [CS1L JCS2L |CS3L
Time (s) I (kKA)

39.9

258

oo v cn

e S B e TR

B S R T R NE RIS TN SRS S
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Table 4-2. Currents in the PF conductors during the reference operating scenario [19].

Magnet PET [PF2 [PF3 [PFa [PF5 [PF6
Time (s) T (kA

26 232

e

- 1.8

56.21 33.3
e 323 Y BT -
72.55 29
s g
105 216
- T8 e
115 217
T e
125]° 21.7
e e s
530 6.9
" 564 7
T o
580 9.6
T B o
'847.4 5.2
6683 qe61
669.1 -16
Ty T et

720 - -238 -16.4

. T 1o} A 5 5t SRS S 5T SS
1490 o] o] 0 o] 0] 0
R h ] R I 5% i
1800 382 5.9 26 22 3.5 19.9

4.3.1 Determination of the Bus Bar Critical Current

The estimation of the bus bar critical current is based on the /. data for AgMg/Ag/Bi-2223
tapes presented on the home page of European Advanced Superconductors (EAS). In the
present study a maximum conductor temperature of 65 K is considered. Furthermore, the
possibility to operate the HTS bus bars at temperatures of 80 or 85 K has been considered. To
estimate the bus bar critical current at 65, 80 and 85 K it was necessary to use scaling laws
approximating the measured in-field /. data.
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Figure 4-3. Critical current of AgMg/Ag/Bi-2223 tapes at zero applied field as a function of
temperature.

The temperature dependence of the critical current of cuprate superconductors at zero applied
field can be typically well represented by the scaling law [22]

T7\¢
[c = Ic()(l -?) (6)

4

where I is the critical current at zero temperature, T, the critical temperature and « a scaling
exponent. Figure 4-3 shows the critical current of the Bi-2223 tapes at zero applied field as a
function of temperature. The solid line has been obtained from the scaling law (6). The values
of the scaling parameters are:

10.=7289 A
7.=111.8 K
a=1.54

To reach high critical current densities in cuprate superconductors, a network of low-angle
grain boundaries is required. In Bi-2223 tapes, a c-axis texture is sufficient to reach high
critical current densities. This means that the crystallographic ¢ axis of the superconducting
filaments is perpendicular to the broad face of the tapes. Because of their layered structures
the cuprate superconductors are characterised by highly anisotropic physical properties.
Therefore, the field dependence of the critical current of the textured Bi-2223 tapes depends
on the direction of the applied magnetic field with respect to the crystallographic ¢ direction.
The decrease of the critical current is more pronounced for magnetic fields parallel the
crystallographic c axis, i.e. perpendicular to the broad face of the tapes. In the proposed bus
bar design, the maximum magnetic field at the outermost Bi-2223 layer is parallel to the
broad face of the tapes, which is the favourable field direction. Magnetic fields in the
unfavourable field direction occur at conductor bends and are also generated by the return
conductor.
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Figure 4-4. Critical current of Bi-2223 tapes as a function of the magnetic field parallel to the
broad face of the tapes. The critical current of the tapes at 77 K in self field is 115 A.

Figure 4-4 shows the critical current of the Bi-2223 tapes as a function of the magnetic field
applied parallel to the broad face of the tapes. The critical current decreases nearly
exponentially with increasing applied field in the low and the high field region. The reciprocal
values of the slopes of the straight lines can be considered as scaling fields. Generally, the
scaling fields for the low field region are considerably smaller than those for the high field
region.

The scaling fields for the high field region are shown in Figure 4-5. The data indicate that the
scaling field for the high field region decreases exponentially with increasing temperature.
The scaling temperature is much smaller than the critical temperature. Omitting the data point
at 4 K a value of 16.37 K was found for the scaling temperature. The intersections of the high
field trend lines and the current axis provide scaling currents /,.(7). These scaling currents as
a function of temperature are shown in Figure 4-6 for fields parallel to the broad face of the
tapes. The resulting scaling law for the critical current in the high field region is [22]

Ic(B,T)=1sc(T)exp( _1—9%) )

where the scaling parameters are defined as

B.(T)=B., exp( - ?T—) (8)

sc

T B
ISC(T)=1M(1—7) 9)

4
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Figure 4-5. Scaling fields for high magnetic fields applied parallel to the broad face of the
Bi-2223 tapes as a function of temperature.
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Figure 4-6. Scaling currents for high magnetic fields applied parallel to the broad face of the
Bi-2223 tapes as a function of temperature.

The values of the scaling parameters for magnetic fields applied parallel or perpendicular to
the broad face of the Bi-2223 tapes are given in Table 4-3.
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Table 4-3. Scaling parameters used to describe the critical current of the Bi-2223 tapes in the
high field region for fields applied parallel or perpendicular to the broad face of the tapes.

Scaling Parameter | Parallel Field Perpendicular Field
7. (K) 111.8 111.8

B 1.24 1.03

Lsco (A) 374 250

Bseo (T) 112.9 94.55

T (K) 16.37 13.68

The critical current in low magnetic fields can be estimated using the following scaling
relations.

IC(B,T)=L(T,0)exp(—E§ﬂ) (10)

where By (T) = Bso — bT and I(7, 0) is given by equation (6). The scaling parameters for the
low field region are listed in Table 4-4.

Table 4-4. Scaling parameters used to describe the critical current of the Bi-2223 tapes in the
low field region for fields applied parallel or perpendicular to the broad face of the tapes.

Scaling Parameter | Parallel Field Perpendicular Field
By (T) 3.15 0.574
b (T/K) 0.0351 0.0062

Using equations (7) and (10) and the scaling parameters provided by Tables 4-3 and 4-4 the
critical current can be estimated with an accuracy of 10-30 % in the region of interest.
Figure 4-7 shows the critical current of the Bi-2223 tapes as a function of the magnetic field
parallel to the broad face at a temperature of 65 K. The values have been calculated using the

presented scaling laws.

In the present study the bus bar critical current has been determined for flexible stainless steel
cable formers of 26.5, 34.0 and 42.25 mm outer radius. The number of Bi-2223 tapes in a
single layer is 35, 46 and 57 for r, values of 26.5, 34.0 and 42.25 mm, respectively. In the
determination of the bus bar critical current the problem encountered is the fact that the
maximum magnetic field generated at the surface of the outermost superconducting layer
depends on the critical current of the Bi-2223 tapes, which is a function of the generated self
field. The self-field generated by the multi-layer cable conductor is

uon N1

B, = 11
2Jriro+Nti (b

where #n is the number of Bi-2223 tapes per layer, N the number of layers, / the average
current carried by a single tape, r, the outer radius of the stainless steel former and

t = (.22 mm the thickness of a single Bi-2223 tape.
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Figure 4-7. Critical current of AgMg/Ag/Bi-2223 tapes as a function of the magnetic field
applied along the broad face of the tapes at 65 K.

At the bus bar critical current the tape current reaches /.(B;), which leads to a bus bar critical
current 1.°> = nNI(B,). In Figure 4-8, the determination of the bus bar critical current is
illustrated for a stainless steel former of 42.25 mm outer radius. In the considered example the
number of Bi-2223 tapes per layer is 57. The intersections of the /.(B,T) line and the straight
lines, describing the relation between the self-field and the tape current, provide the tape
critical currents in the different multi-layer bus bars for an operating temperature of 65 K. For
HTS bus bars with up to 16 layers of Bi-2223 tapes the self-field is in the region, where the
tape critical current is well described by the low field scaling law (equations 6 and 10).

Using the results provided by design charts similar to Figure 4-8 for all considered former
diameters, the bus bar critical current as a function of the number of Bi-2223 layers and the
operating temperature has been determined. The bus bar critical currents at 65 K obtained for
former diameters of 53, 68 and 84.5 mm are presented in Figures 4-9, 4-10 and 4-11,

respectively.

The nominal operating current of the TF bus bars is 68 kA. To limit the ratio of the operating
to the critical current to a value of 0.8 the minimum required critical current of the TF bus
bars is 85 kA. The nominal operating current of the PF and CS bus bars is 45 kA. In the case
of the PF bus bars a back-up mode with a conductor current of 52 kA is foreseen. To limit the
value of /,,/I. in the back-up mode to 0.8 a bus bar critical current in excess of 65 kA is
needed. To avoid the necessity of a third bus bar design identical layouts are proposed for the

PF and CS bus bars.
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Figure 4-8. Determination of the critical current of Bi-2223 tapes in multilayer bus bars at
65 K. The Bi-2223 tapes are wound onto a flexible stainless steel pipe of 42.25 mm outer
radius. The straight lines describe the relation between the tape current and the self-field at the
outermost layer. The intersection of the I.(B,T) line and the straight lines provide the tape

critical current at 65 K and the bus bar self-field.
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Figure 4-9. Bus bar and tape critical currents at 65 K as a function of the number of Bi-2223
layers wound onto a flexible stainless steel pipe of 26.5 mm outer radius.
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Figure 4-10. Bus bar and tape critical currents at 65 K as a function of the number of Bi-2223

layers wound onto a flexible stainless steel pipe of 34.0 mm outer radius.
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Figure 4-11. Bus bar and tape critical currents at 65 K as a function of the number of Bi-2223

layers wound onto a flexible stainless steel pipe of 42.25 mm outer radius.
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4.3.2 Examples of TF and PF Bus Bar Designs

The bus bar designs presented in this section are based on the use of commercially available
flexible stainless steel pipes. The maximum conductor temperature is limited to 65 K. The
main dimensions and the operating conditions for the investigated design options are
presented in Table 4-5.

Table 4-5. HTS bus bar designs based on the dimensions of commercially available flexible
stainless steel pipes.

HTS Bus Bar Designs

Design TF A TEB TE C PF A PF B PE C
Former - e e - B e S N S0 U SO VR S S
rlro[mm] ~ |25.0726.5 |32.5/34.0 |40.0/42.25(25.0/265 |32.5/34.0 [40.0/42.25
Superconductor AgMg/Ag/Bi-2223 tapes (4 mm ? 0.22 mm), 1,(77 K, sf) =115 A
Tapes/layer n y .3 | 4 { S7 | 3 | 4 | 5
Numberof layersN | 24 ~ [ 16 | 12 | 16 | 12 1.8
Fs [MmM] 31.78 3752 | 4489 | 3002 | 3664 44.01
Thermal 'nSUIat'on v e s e d N (AU SOOI SURSSRI
Tt / T2 [mm] |38.1/42.8 [49.0/546 49.0/546 [38.1/42.8 [49.0/546 |49.0/54.6
Frotn / F2om [Mm]  |63.5/71.45|73.5/81.25|73.5/81.25|63.5/71.45|73.5781.2573.5/81.25
E'eCtr'ca' 'nsu'atlon af e s o e e v e ol i n ) e ek w e v e i 4 s s L e kot e e wi et e s s o e Art e am £ e i 7w et o 4 e i eyt et 3ot e s
Fig / Tog [MM] 71.45/80.76 |81.25/90.49 |81.25/90.49 | 71.45/80.76 |81.25/90.49 [81.25/90.49
Operating conditions RURRIOY N AU IOV SRR §

TelKl | e | e | e | e | 6 | e
plkAl | e8 | e | es8 | a5(2) 45(52) | 4s(52
CaAl ] se | e | sas | s | ese | ese
Umkvi | 178 | ars | a7s |7 a7s | a7s | s

Em [KV/mm] 2 2 2 2 2

Losses o — PR e e e N e - . - I B -
PAC [W/m] - - o 012 ' o ooe o 004
e B I e e Rt

In the case of the TF coils a critical current of approximately 85 kA seems to be sufficient for
a safe operation of the bus bars. The number of Bi-2223 layers needed to reach a critical
current of 85 kA depends on the outer radius of the flexible stainless steel pipe used as cable
former. For an outer radius of 42.25 mm 12 layers of Bi-2223 tapes are sufficient to reach a
critical current of 84.5 kA at an operating temperature of 65 K (Design TF C). The outer
radius of the bus bar varies between 80.76 (TF A) and 90.49 mm (TF B & C). The heat leak
through the thermal insulation varies between 0.75 and 0.99 W/m. The length of the TF bus
bars is approximately 12 m [23]. The resulting total thermal load for a single TF bus bar is
=12 W.

The bus bars will be cooled using helium gas of 50 K inlet temperature. Figure 4-12 shows
the specific heat of helium gas as a function of pressure and temperature. For pressures in the
range of 1 to 10 bars and temperatures between 50 and 90 K the specific heat depends only
weakly on temperature and pressure. To estimate the required helium mass flow rate, a
specific heat of 5.2 J/g K is used. Allowing an increase of the helium temperature from 50 to
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51 K the helium mass flow rate required to remove the thermal heat load of approximately
12 Wis

P 1w
CAT  5.2J/gK 1K

=2.31g/s (12)

The helium gas used to cool the TF bus bar may also be used to cool the conventional current
lead operating between =65 K and room temperature. During the extended tests of the 70 kA
HTS current lead [6], it was found that a 50 K helium mass flow rate of 4.7 g/s is necessary to
cool the heat exchanger part of the current lead at the nominal current of 68 kA. This result
indicates that the use of TF HTS bus bars does not significantly enhance the required 50 K
helium mass flow rate. Using both, HTS bus bars and current leads, the warm end temperature
of the HTS bus bar should be kept at a temperature of 65 K even during stand-by operation.
Therefore, the required helium mass flow rate at stand-by operation cannot be reduced to
1.0 g/s as in the case of the 70 kA HTS current lead, where a warm end temperature of 105 K
may be acceptable.

) s
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Figure 4-12. Specific heat of helium gas as a function of pressure and temperature. In the
considered pressure and temperature range the specific heat is close to 5.2 J/g K.

For the PF coils a bus bar critical current well above 60 kA seems to be sufficient even for the
operation in back-up mode. For the former of 42.25 mm outer radius 8 layers of Bi-2223 tapes
are necessary to reach a critical current of 62.5 kA at an operating temperature of 65 K. The
outer radius of the bus bar varies between 80.76 (PF A) and 90.49 mm (PF B & C). Due to the
pulsed operation of the PF and CS coils the transport current AC losses need to be taken into
consideration. The AC losses averaged over a plasma cycle of 1800 s length were estimated
using the monoblock model. In the case of a uniform current distribution the AC losses may
be considerably lower. In the calculation of the AC losses a variation of the current from
45 kA to -45 kA and back to 45 kA was assumed. For all considered PF/CS bus bar designs
the AC loss averaged over a full cycle of 1800 s is lower than 0.012 W/m, which is by more
than a factor of 60 smaller than the thermal losses. Taking into account that the highest values
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of the field change rate reach more than 60 times the average value of 50 A/s
(2x45000 A/1800 s = 50 A/s) (see reference scenarios according to Tables 4-1 and 4-2) the
peak load due to the AC losses may become comparable to the thermal losses for a duration
of less than 10 seconds. Nevertheless, the mass flow rate required to cool the bus bars under
pulsed operation is expected to be not significantly higher than that necessary to cool only a
current lead.

During the test of the 70 kA HTS current lead the voltage measurements were affected by the
600 Hz ripple of the power supply. The question arises, if the 600 Hz ripple of the power
supply causes AC losses in the HTS bus bars. In the case of the PF and CS coils the AC losses
due to the pulsed operation are expected to be much larger than the 600 Hz ripple losses.
Long flat-top times are only foreseen for the TF coil system of ITER. It is therefore sufficient
to consider the TF coils. To reduce the voltage ripple the power supply is alternatively
connected to the 69 and the 22 kV power grids. The maximum voltage of the power supply is
900 V, where the phase angle is close to 90°. Using a value of 0.1 for cosd leads to an
inductive voltage ¥, =900 V x 0.1 x 22/69 = 28.7 V. The inductance of the 18 TF coils is
17.7 H leading to an inductive resistance R, = w L =2x f L = 66.7 kQ (f = 600 Hz). Thus, the
ripple current is Al = Vi/R;, = 28.7 V / 66.7 kQ = 0.43 mA. Consequently the ripple current is
only of the order 10® of the transport current of 68 kA. Based on this estimation it can be
expected that the AC losses caused by the 600 Hz ripple of the power supply would be
negligible in the ITER HTS bus bars.

4.3.3 Optimized HTS TF and PF Bus Bar Designs

The use of corrugated stainless steel pipes with dimensions optimized for the bus bar
application would reduce the outer dimensions of the HTS bus bars for ITER. In addition, it
seems to be possible to enhance the maximum electric field in the dielectric up to a value of
5 kV/mm. The outer radii of the corrugated stainless steel pipes envisaged to be used for the
thermal insulation system obey the relation [24]

Fop =1.1047,+0.39 mm (13)

where r;, and r,, are the inner and outer radii in millimeter. It seems to be sufficient to have an
inner radius of the inner wall of the thermal insulation, which is 3 mm larger than the outer
radius of the outermost superconducting layer. The space needed for the evacuated
superinsulation is 20 mm. The bus bar dimensions resulting for the use of flexible stainless
steel pipes with optimum dimensions are listed in Table 4-6.

Using flexible stainless steel pipes with optimized dimensions the outer radii of TF and PF
HTS bus bars can be reduced to 85 (TF C, 12 layers) and 75 mm (PF B, 12 layers),
respectively. The cross-section of the HTS bus bars is by a factor of =2 smaller than that of
the water-cooled Al bus bars. In the case that Bi-2223 tapes with 7.(77 K, sf) > 150 A would
be available the number of layers in the designs TF B and PF A could be reduced to a
reasonable value of 12. The outer bus bar radii accessible with these two designs would be 76
and 67 mm, respectively. The resulting reduction in the bus bar cross-sections would be
between a factor of 2 and 3.
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Table 4-6. HTS bus bar designs based on the dimensions of flexible stainless steel pipes with
optimized dimensions.

HTS Bus BarDesigns

Design TF A TF B TF C PE A PEB PEC
Former B - J T A [ S S e S e
f/ro[mm] 25.0/26.5 |32.5/34.0 |40.0/42.25|25.0/26.5 |32.5/34.0 [40.0/42.25
Superconductor AgMg/Ag/Bi-2223 tapes (4 mm ? 0.22 mm), (77 K, sf) =115 A
Tapes/layer n 3% | 4 | 57 3 | 45 57
Number of layers N 1} 24 16 12 16 N 12 o 8 o
fee [MmM] 3178 | 3752 4489 | 3002 36.64 44.01
Thermal insulation |

1t / P21t [mm] 34.78/38.79|40.52/45.12 |47 89/53.26 | 33.02/36. 84 39 64/44. 15 47. 01/52 29
o / F2om [mMm]  |58.79/65.29|65.12/72.28 |73.26/81.27 |56.84/63.14 |64.15/71.21 |72.29/80.20
E‘eCtrlcal InSUIat'on - ! GRS U 0PSO SOOI GDUNY: SRV RO S0P
fia ! foq [Mm] 65.29/68.89 |72.28/75.87 |81.27/84.85 |63.14/66.74 |71.21/74.80 |80.20/83.78
Operating conditions b U R
Tkl | e | e | e | e | e | 65
lop [KA] 68 | 68 68 45(52) ' 45(52) * 45(52)
Coear N Bl B LRy i Rl ) o ozs
ukvi | ws ] 47 | 75 ) a7s | 175 | 175
Em [KV/mm] 5 5 5 5 5 5
Losses . Y VU0 R SRRSOt A JREN S U R e
PAC [W/m] - - - o 012 o oos o 004 '
Pnwml | o071 | o8 | o093 068 079 | o091

4.3.4 Minimum Bending Radii

For the water-cooled aluminium bus bars the minimum bending radii are in the ranges 428 to
1200 mm (TF) and 212 to 1200 mm (PF, CS) depending on whether the thicker or the thinner
side of the rectangular bus bar is bent. The proposed HTS bus bar design is in principle
flexible, however, the minimum tolerable bending radii are relatively large. The minimum
tolerable bending radii for the proposed cable formers (not completely tight) and the
Flexwell™ tubes (vacuum tight corrugated stainless steel pipes) are listed in Table 4-7. It may
be noticed that the minimum tolerable bending radius is not limited by the HTS tapes.

Table 4-7. Minimum tolerable bending radii for the cable formers (For) and the corrugated
stainless steel pipes (Flex) needed for the thermal insulation system.

Forl | For2 | For3 | Flex 1 | Flex?2 | Flex 3 | Flex 4
Inner radius (mm) 25.0 | 32.5 140.00 | 38.1 | 49.0 | 63.5 | 73.5
Outer radius (mm) 265 | 34.0 | 4225 | 42.8 | 54.6 | 71.45 | 81.25
Minimum bending | 320 400 320 | 1400 | 1800 | 2300 | 2600
radius (mm)
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The flexibility of the HTS bus bars is limited by the minimum tolerable bending radii of the
corrugated stainless steel pipes enclosing the evacuated superinsulation. The lowest tolerable
bending radii of the corrugated stainless steel pipes Flex 1 and 4 are 1400 and 2600 mm,
respectively.

4.3.5 Magnetic Field in the Bend Region

In the region of a bend the magnetic field is enhanced as compared to a straight conductor. In
addition, field components perpendicular to the broad face of the Bi-2223 tapes are generated.
The magnetic field for a bend of 1000 mm radius has been estimated for the bus bar design
TF C. A sketch of the conductor arrangement is shown in Figure 4-13. In the calculation of
the magnetic field the bus bar is represented by a single current line in the centre. The
procedure is similar to that described in a previous report [25]. The results of the field
calculations are presented in Table 4-8.

y (m)

x (m)

Figure 4-13. Conductor arrangement used for the estimation of the magnetic field at the
positions marked by the crosses.
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The magnetic field at the surface of the outermost superconducting layer of a straight TF bus
bar, based on the design TF C, is 303 mT at the nominal current of 68 kA. The magnetic
fields listed in Table 4-8 indicate that for a bend of 1000 mm radius the maximum field
perpendicular to the broad face of the tapes is approximately 21 mT at a current of 68 kA. The
maximum magnetic field is reached in the centre of the bend region. The maximum tangential
field reaches a value of =331 mT at a current of 68 kA. The critical current in the bend region
at a temperature of 65 K is limited by the enhanced tangential field and not by the additional
field component perpendicular to the broad face of the tapes. The reduction of the tape critical
current due to the enhanced tangential field is less than 5 %. Consequently the minimum
tolerable bending radius of the HTS bus bars is not limited by the field enhancement in the
region of the bend for a bending radius of 1000 mm.

Table 4-8. Estimated magnetic field (B, By, B;) at the positions (x, y, z) for / = 68 kA. B, is
the field component perpendicular to the broad face of the tapes.

x (m) Y (m) z (m) B, (mI) By (mI) B (m1) B, (mT)
-3.5 1.04489 0 0 0 301.63 0

-3.5 0.95511 0 0 0 -304.00 0

-3.5 1 0.04489 -0.01 -302.80 -1.19 -1.19
-3.5 1 -0.04489 0.01 302.80 -1.19 1.19
-2.5 1.04489 0 0 0 301.25 0

-2.5 0.95511 0 0 0 -304.61 0

-2.5 1 0.04489 -0.02 -302.91 -1.68 -1.68
-2.5 1 -0.04489 0.02 30291 -1.68 1.68
-1.5 1.04489 0 0 0 300.36 0

-1.5 0.95511 0 0 0 -305.60 0

-1.5 1 0.04489 -0.05 -302.92 -2.60 -2.60
-1.5 1 -0.04489 0.05 302.92 -2.60 2.60
-0.5 1.04489 0 0 0 294.17 0

-0.5 0.95511 0 0 0 -304.55 0

-0.5 1 0.04489 -0.23 -302.87 -5.18 -5.18
-0.5 1 -0.04489 0.23 302.87 -5.18 5.18

0 1.04489 0 0 0 281.27 0

0 0.95511 0 0 0 -314.55 0

0 1 0.04489 -6.80 -297.01 -13.22 -13.22
0 1 -0.04489 6.80 297.01 -13.22 13.22
0.52245 0.90490 0 0 0 276.30 0
0.47756 0.82715 0 0 0 -331.04 0

0.5 0.86603 0.04489 -151.46 -261.55 -20.51 -20.51
0.5 0.86603 -0.04489 151.46 261.55 -20.51 20.51
0.72955 0.72955 0.03174 -148.92 -148.66 190.35 -14.20
0.68466 0.68466 -0.03174 153.68 153.41 -238.98 15.44
0.72955 0.72955 -0.03174 148.92 148.66 190.35 14.20
0.68466 0.68466 0.03174 -153.68 -153.41 -238.98 -15.44
0.70711 0.70711 0.04489 -213.89 -213.52 -20.87 -20.87
0.70711 0.70711 -0.04489 213.89 213.52 -20.87 20.87
0.73885 0.73885 0 0 0 272.94 0
0.67536 0.67536 0 0 0 -331.35 0
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4.3.6 Magnetic Field of the Return Conductor

For a single conductor the self-field is always tangential to the conductor surface, i.e. the
magnetic field is parallel to the broad face of the Bi-2223 tapes. In the case of the TF bus bar
design TF C the outer radius of the superconducting layers is 44.89 mm. The self-field
generated by a single conductor at the nominal current is 0.303 T. The outer diameter of the
bus bar is approximately 170 mm. Taking into consideration the return conductor, its stray
field has field components parallel and perpendicular to the broad face of the tapes.
Assuming, that the distance of the return conductor is 300 mm, the contribution of the return
conductor to the maximum magnetic field parallel to the broad face of the Bi-2223 tapes is
0.053 T. The resulting maximum tangential magnetic field is 0.356 T. The maximum
magnetic field perpendicular to the broad face of the tapes is 0.0464 T. The tape critical
currents at 65 K in tangential magnetic fields of 0.303 and 0.356 T are 134.5 and 126.6 A,
respectively. On the other hand, the tape critical current at 65 K for a magnetic field of
0.0464 T, perpendicular to the broad face of the tapes, is 145 A. Thus, the critical current is
not limited by the small field perpendicular to the broad face of the tapes generated by the
return conductor. The bus bar critical current at an operating temperature of 65 K is reduced
from 84.5 to 80.3 kA. Thus, the enhancement of the tangential magnetic fields leads only to a
5 % reduction of the bus bar critical current.

4.3.7 Fault Currents

The short circuit currents in the TF and PF bus bars reach values of 300 and 200 kA,
respectively. Because of cost reasons, the HTS bus bar can not be designed to be able to carry
such high currents. The problem of the handling of the short circuit currents needs to be
investigated in more detail. Using a superconducting fault current limiter, as has been
proposed for HTS power transmission cables, may be used to solve the problem. However,
the use of a HT'S fault current limiter would further enhance the investment costs.

4.4 Economic Aspects

The required length of Ag/Bi-2223 tapes and the corresponding conductor costs for a 12 m
long TF bus bar are listed in Table 4-9. The estimation of the superconductor costs is based on
a price of 60 € per meter of Ag/Bi-2223 tape. The required length of the tapes is by a factor
1/cosg larger than the length of the bus bar because of the twist pitch. In the present cost
estimation, a twist angle of 30° is used. In principle, the required length of the tapes is further
enlarged because of the material needed for the forerun in the winding process. This
additionally required material has been neglected in the estimation presented in Table 4-9.

Table 4-9. Conductor costs for a HTS bus bar of 12 m length.

Design TF A TF B TF C

Number oftapes |~ 840l 736 684
Lengthoftape(m] |~ 11640l " 10200] 5480
Tapecosts(k€] ' " e8| " et2[ 869
Critical current [kA] | 88| " " "84l 845
Costs/current/iength [k€/kA/m] |~ 0676]  0.607] 0561
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The superconductor costs have to be compared to the costs of an aluminium bus bar of 12 m
length. It seems to be reasonable to assume that the costs for the ITER TF bus bars would be
comparable to those for the 80 kA bus bars installed for the 70 kA HTS current lead test at the
Forschungszentrum Karlsruhe. The numbers are as follows [26]:

Engineering design, drawings etc. 42.0 k€
Material, fabrication including water cooling, assembly leak
and insulation tests 6.40 k€/m

The estimated total cost for an ITER TF aluminium bus bar of 12 m length would be
approximately 100 k€, which is by a factor of 5 to 6 less than the costs for the Bi-2223 tapes.

The operating costs for a HTS TF bus bar combined with an HTS current lead are not
significantly higher than those for the HTS current lead alone. The Joule heat generated in the
aluminium bus bars at the nominal current of 68 kA is 3.4 kW/m (see Section 4.2). For a bus
bar of 12 m length, the electric losses are as high as 40.8 kW. Based on a duty cycle of 32 %
the operating time within one year is 8760 h x 0.32 = 2803 h. The electric energy consumed
by a single TF bus bar of 12 m length within one year is therefore 40.8 kW x 2803 h =
114362 kWh. The electricity costs per single TF bus bar and year reach a value of =5700 € for
an energy price of 0.05 €/kW h. If we assume that the costs for the water cooling are
comparable to the electricity costs, the operating costs for a single bus bar are of the order of
12 k€ per year. The accumulated operating costs over an operation time of 20 years would
reach 240 k€ for a single TF bus bar. The potential savings in operation costs seem to be
smaller than the additional investment costs caused by the use of HTS bus bars.

4.5 High Operating Temperature Option

The thermal shields of ITER will be cooled by helium gas of 80 K inlet temperature. It would
therefore be desirable to use this helium gas also to cool the HTS current leads and bus bars.
Very recently, it has been demonstrated that the 70 kA EU HTS current lead demonstrator for
the TF coils of ITER could be operated in steady state even for a helium inlet temperature of
80 K. This result clearly indicates that the HTS current leads for ITER could be operated
using the 80 K helium gas available in a large quantity for the shield cooling. In order to
provide the required safety margins the average magnetic field perpendicular to the broad face
of the tapes has to be reduced. Moreover, the superconductor cross-section needs to be
increased. In principle a further improvement of the critical current of the AgAwBi-2223
tapes seems to be possible.

For this reason the operation of the HTS bus bars with warm end temperatures between 80
and 85 K has been considered. The results of these estimations have been described in a
previous report [27]. The main result of this estimation is that for a former diameter of 68 mm
diameter, 38 layers of Ag/Bi-2223 tapes would be required for an operating temperature of
80 K. It seems to be not feasible to wind such a large number of layers onto a cable former. In
addition, severe problems in the current distribution among the layers may occur. The
required amount of superconductor is mainly determined by the operation temperature.
Operating temperatures of 80 K or above would lead to unreasonably high superconductor
costs of more than 1.5 M€ for a single TF bus bar of 12 m length.
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4.6 Conduction-Cooled HTS Bus Bars

For the DC bus bars of the TF coil system the possibility to use conduction-cooled HTS bus
bars has been considered. To reduce the thermal conductivity of the matrix gold is added to
the silver matrix of Bi-2223 tapes used for the current lead application. The thermal
conductivity of pure silver integrated over the temperature range of 4 to 80 K is by a factor of
20 larger than that of AgAu. Using Bi-2223 tapes with a pure silver matrix it would in
principle to be possible reach a length of 12 m for the HTS part of the current lead [28].
Nevertheless, it seems to be difficult to replace the HTS part of the current lead (AgAW/Bi-
2223) and the water-cooled aluminium bus bars by a conduction-cooled Ag/Bi-2223 current
lead of approximately 12 m length. The main problem encountered is the presence of bends in
the TF bus bars for ITER, which would require a flexible design. In addition, the fabrication
of Bi-2223 stacks by a sintering process is limited by the length of the furnaces used in the
fabrication process. Using a soldering process it may possible to prepare sufficiently long
stacks, however, this process has not yet been demonstrated.

5. Conclusions

In the present report the conceptual design of HTS bus bars, which is similar to that used for
HTS power transmission cables, has been presented. To reach a reasonably small number of
layers it is necessary to operate the bus bars at temperatures of 65 K or below. Using flexible
stainless steel pipes of optimized dimensions, the cross-section of the HTS bus bars may be
reduced by a factor of 2-3 as compared to the water-cooled Al bus bars. Even for an operating
temperature of 65 K, the HTS costs exceed 500 k€. This conductor cost is based on the
assumption of a price of 60 € per meter of Ag/Bi-2223 tape. In the conductor layout and the
cost estimation, a self-field critical current of 115 A at 77 K has been supposed. The
uncertainty of the in-field critical current at 65 K and the bus bar self-field is approximately
20 %. The availability of Ag/Bi-2223 tapes with /. values above 150 A at 77 K and zero
applied field would provide the possibility to reduce the number of layers or the former
diameter. A reduced former diameter would allow the reduction of the HTS bus bar
dimensions. In addition, higher performance tapes could lead to reduced superconductor
COSts.

In last few years, a remarkable improvement of the properties of long, developmental YBCO-
123 coated conductors has been achieved. The use of Y-123 coated conductors with superior
properties may provide a reduced number of layers as well as reduced superconductor costs.
Because of the fact that Y-123 coated conductors are presently not commercially available in
long length, a HTS bus bar design based on the use of coated conductors has not been
investigated within the framework of this task.

The heat leak of the order of I W/m has been found to be the main loss contribution. The AC
loss in the PF and CS bus bars averaged over a full plasma cycle has been found to be
negligible as compared to the thermal losses. The cooling power required for a combination
of HTS bus bar and current lead is expected to be not significantly larger than that necessary
to cool only the HTS current lead. Based on the present Bi-2223 performance ({77 K, sf) =
115 A) and conductor prices (60 €/m) the savings in the operation costs within 20 years of
operation are expected to be smaller than the additional investment costs caused by the use of
HTS bus bars.
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The minimum tolerable bending radius is for most of the proposed designs, which are based
on the use of commercially available flexible stainless steel pipes, between 2.3 and 2.6 m. The
minimum bending radius is determined by the flexible stainless steel pipes providing the
vacuum for the thermal insulation system. In principle it would be possible to bend the cable
former on bending radii of less than 1 m. The field enhancement in the bend region was found
to be not a limiting factor. A distance of the return conductor of 300 mm seems to be

reasonable.

Using flexible stainless steel pipes optimized for the bus bar application and higher
performance tapes the total diameter of the HTS TF bus bars may be reduced to =152 mm,
corresponding to a cross-section of ~18000 mm®. The dimensions of a water-cooled TF
aluminium bus bar are 236 mm x 217 mm, corresponding to a total cross-section of
51200 mm’,

The main advantage of the use of HTS bus bars instead of water-cooled aluminium bus bars
could be the reduction of the required cross-sections. For the use of HTS bus bars it would be
desirable to have a limited number of bends with a sufficiently large bending radius.

The design of the terminations and the aspects related to the large short circuit currents have
to be investigated in further studies.
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