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Abstract 

Based on the design of the 30 kA current Iead with a low temperature superconductor (LTSC) 
forseen for the test of a superconducting pulsed model coil (POLO model coll) in the test facillty 
TOSKA at KfK, a 50 kA current Iead for the future test of a model coil for the International Ther
monuclear Experimental Reactor ITER in the TOSKA facility was proposed resulting in a helium 
mass Oow rate normalized to the current of 0.055 g/(s-kA) at 50 kA resp. of 0.015 g/(s-kA) at zero 
current. 

ln this paper, the possibility of the use of High Temperature Superconductors (HTSC) for high 
current carrying current Ieads cooled by forced Oow supercritlcal helium has been investigated 
in order to study the capabilities. 

The current Iead behaviour has been theoretically studied under different conditons: zero cur
rent operation, nominal current (50 kA) operation, extended current (70 kA) operation, and safety 
behaviour (loss of helium mass now). Two design cases which differ in the current sharing and 
critical temperatures of the HTSC have been investigated in order to Iook on the amount of heli
um mass flow reduction. 

The result is that the reduction of mass now rate will be 50 % at zero current and about 10 to 20 
% at 50 kA for the two cases. The transient behaviour of the HTSC Iead differs considerably 
from the one of the L TSC Iead due to the high electrical resisitivity of the HTSC. 
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Numerische Studie einer 50 kA Stromzuführung unter Verwen
dung von Bulk-Hochtemperatur-Supraleitern 

Zusammenfassung 

Aufbauend auf dem Design der 30 kA Stromzuführung mit einem Einsatz bestehend aus 
herkömlichem Supraleiter, welche für den den Test der POLO Modellspule vorgesehen ist, 
wurde eine Stromzuführung für 50 kA vorgeschlagen, die für den Test einer Modellspule für ITER 
verwendet werden kann. Der Massenstrom bezogen auf den Betriebsstrom beträgt danach 0.055 
g/(s-kA) bei 50 kA bzw. 0.015 g/(s-kA) bei Nullstrom. 

ln diesem Bericht wurde die Möglichkeit der Verwendung von Hochtemperatursupraleitern in 
einer zwangsgekühlten Hochstromzuführung untersucht. 

Die Eigenschaften dieser Stromzuf(]hrung wurden unter veschiedenen Bedinungen theroretisch 
untersucht: Nullstrombetrieb, Nominalbetrieb (50 kA), Überstrombetrieb (70 kA) und Sicherheits
marge bei MassenstromausfalL Zwei Fälle, die sich in der kritischen Temperatur des Hochtem
peratursupraleiters unterscheiden, wurden untersucht in Hinblick auf die Reduzierung des Heli
ummassenstroms, verglichen mit einer herkömliehen StromzufOhrung. 

Das Ergebnis ist, daß die Reduzierung des Massenstroms im Nullstrom Fall 50 Prozent und bei 
50 kA 10 bis 20 Prozent beträgt. Das transiente Verhalten einer Hochtemperatur-Stromzuführung 
unterscheidet sich beträchtlich von einer vom POLO-Typ infolge des hohen elektrischen Wider
stands des Hochtemperatursupraleiters im normalleitenden Zustand. 
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1.0 lntroduction 

1.1 Motivation 

ln [1], the design of a 50 kA current Iead made of phosphorous deoxidized copper and addlng 
Nb3Sn insertions in the lower temperature part of the Iead for getting minimum Iosses in a wide 
current range has been presented for the ITER model coil test in TOSKA-Upgrade. The design is 
an extrapolation of the 30 kA I 23 kV current Iead developed and tested at the Institut für Tech
nische Physik for the POLO model coil test in TOSKA. [2]. The reason of using Nb3Sn Inserts 
was not the reduction of the thermal Ioad but the minimization of the helium mass flow rate in a 
wide current range. 

The specifications of the TOSKA-Upgrade facility has been given in [3]. The power margin avall
able for heat Ioad tests, i.e. simulations of the AC Iosses during plasma disruption, divertor 
sweeping, coil charge and discharge, as weil as simulation of nuclear heating will be about 300 
w. 

Because the main origin of the static Ioad to the refrigerator power are the current Ieads, it 
would be useful to search for possibilites for further reductions. This can not be done by further 
optimization of conventional copper Ieads because here the physical Iimit for the specific mass 
flow rate of 0.05 g/(s-kA) has practically been reached in the POLO Iead design. Therefore other 
design paths have to be opened as: 

stepwise reduction of the conductor cross section towards the low temperature end [4], [5], 
use of superconductors with or without copper in parallel [7], [8], 
use of a low thermal conductivity material, e.g. brass, and 
use of high temperature superconductors. 

ln this report, the latter possibility will be studied. 

Figure 1 shows a scheme of a copper current Iead including Nb3Sn Inserts in the low temper
ature part (POLO type Iead) resp. the HTSC current Iead: 

Copper Iead: 
lt consists of a room temperature region which carrys the connections to the power supply, 
a heat exchanger region, i.e. central copper conductor surrounded by perrforated copper 
disks, and a low temperature heat exchanger region of the same type including Nb3Sn su
perconductor Inserts. 
HTSC Iead: 
lt consists of a room temperature region which carrys the connections to the power s'upply, 
a heat exchanger region, i.e. central copper conductor surrounded by perrforated copper 
disks, and a low temperature region made of HTSC superconductor. 

The figure illustrates the main difference of the two approaches. Table 1 summarizes the main 
properlies of the two schemes. 



Copper Ioad 
300 K 

Room temperature 

region incl. 

cooling disks 

Transition region 

Heai exchanger 

copper region 

Heot exchangar 

copper region 
incl. Nb 3Sn 
wires 

4 K 

Haat exchanger 

HTSC region 

Figure 1. Schematlc vlew of the copper and the HTSC current Iead 

Region 
Joule heating 

Copper Iead HTSC Iead 

Low temperature 0 forT< Tc 0 forT< Tc 
heat exchanger Pcu,RRR=s·F forT 2 Tc PHTsC'I2 forT 2 Tc 

Heat exchanger pcu,RRR=s·f2 Pcu,RRR=s·f2 

Transition region Pcu,RRR=s·l2 Pcu,RRR=s·f2 

Room temper-
p Cu,RRR = 5' f2 Pcu,RRR = 5' 12 ature end 

HTSC Ioad 

Heat conduction 

Copper Iead HTSC Iead 

Acu,RRR=5 AHTSC 

Acu,RRR=5 Acu,RRR=5 

Acu,RRR=5 Acu,RRR=5 

Acu,RRR=5 Äcu,RRR=5 

Table 1. Characterization of the copper and HTSC Ieads ln terms of electrical resistivity p and thermal 
conductivity .t RRR is lhe residual resistivity ratio, i.e. p(273 K)/ p(4 K) 

1.2 Short overview about existing HTSC current Ieads 

ln literature, a large number of papers is present in which the use of high temperature supercon
ductor as a conductor for current Ieads is described ([9] - [19]). Several papers present results 
of design studies, others describe design and test results of prototypes operating in a current 
range of 1 - 2 kA. Existlng designs can be divlded into several classes: 

Type of superconductor used in the lower temperature part {4 K- 77 K), e.g. 
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1. YBa2Cu307 (YBCO) without and with admixture of silver of different amount, having a Tc 
= 92 K, 

2. Bi2·xPbxSr2Ca2Cu30x, having a Tc = 110 K, and Bi2Sr2Ca2CU20x, having a Tc = 80 K, 
(BSCCO) 

Cooling mode, i.e. 
1. Liquid helium cooling from 4 K to room temperature, 
2. No cooling up to 77 K and liquid nitrogen (LN2) cooling from 77 K to room temperature, 

and 
3. Combined cooling, liquid helium from 4 K to 77 K and nitrogen from 77 K to room tem

perature. 

The reported reduction of heat leakage is in the order of 30 - 60 % depending on the oparational 
current and the design. 

1.3 Material properlies 

Figure .2 shows the heat capacity of a YBCO HTSC as given in [21]. For comparison, the heat 
capacity of pure copper has been added. This shows that the heat capacity of both materials are 
very similar. 
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Figure 2. Heat capacity of YBCO and cornparison to pure copper. The full circles are measurement data 
from [21] whereas the full line corresponds to a fitted spline to copper data 

ln Figure 3, the thermal conductivities of pure sintered YBCO (dash-dotted line, Fitted data as 
given in [9]), and sintered YBCO with 10 wt.% silver content (full line, cubic spline to data given 
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in [15]) are plotted. The thermal conductivity data of BSCCO are given, too, i.e. Bi-2212 data as 
a dashed line, and Bi-2223 data as a long-dashed line, both data are presented in [16]. For com
parison, the thermal conductivities of copper with different residual resistivity ratios (RRR) are 
shown as weil as measurement data of phosphoraus deoxidized copper (RRR = 5) used for the 
POLO current Iead (full circles). 
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Figura 3. Thermal conductlvity .t of YBCO resp. BSCCO and comparison to copper. The full line corre
sponds to data from silver doped VBCO measured by [15], the dash-dotted line represents fitted 
data used in [9], the dashed line corresponds to Bi-2212 data given in [16], the long-dashed line 
respresents Bi-2223 data from [16], the full circles are measurement data of copper used in the 
POLO current Iead, the dashed lines correspond to fitted splines of copper data of different RRR 

The very low thermal conductivity of the HTSC material is the maln reason for looking on the 
possibility for using it as a conductor for current Ieads. Nevertheless, the thermal conductivity 
depends strongly on the quality of the material (see e.g. [16]). 

ln Figure 4, the critical current densities of YBCO resp. BSCCO superconductors at 77 K are 
plotted as a function of the applied magnetic rield as presented in [16] (rield orientation perpen
diculra and parallel to current flow direction) resp. [20] (rield orientation perpendicular to cur
rent flow direction). The weil known strong decrease of the critical current density with increas
ing magnetic rield resp. orientation of the applied magnetic rield is clearly seen as weil as the 
wide range of critical current density depending on the size of the superconductor resp. the pre
paration, e.g. with or without silver contents etc. 

4 



,...., 
f-4 e e ..._ 
< ......., 
.....,u 

"' e 
u 

< 

.9 

6 

3 

0 

to3 

8 

6 

4 

2 

_;u 

0 

--411- Rod I; Ocld J. 
-·•··:R.od 1; ncld II 
.......,.__Rod I; flcld J.. 
··-&··Tube 1; fldd .i 
--+ -Rod z: nt'ld .J. 

:ascc.o 

40 80 
Jl

0
H [mT] 

t 
::BSCCo 

T =77 K 

• 
Sampie Ac.. cm

2 I, cm Symbol 
Al 0. 55 s.o .. 
AZ Q53 15.0 .. 
BI Q 4) 8.8 0 

BZ 0. 36 5.1 • 
Cl Q68 12. 7 0 

cz Q52 12.7 " 01 to3 10.2 A 

02 Q88 7.3 .. 
E1 Q32 12.7 0 

E2 Q32 12.7 
n Q32 15.2 0 

F2 Q64 14.8 • 

50 75 100 125 150 
Be' Gauss 

Figure 4. Critical current density vs applied magnetic field of BSCCO and YBCO. The data shown on top 
are taken from [16] the ones shownon bottom are given in [20] (1 Gauss = 0.1 mT) 

Summing up the material properties of the HTSC, the critical issues of any HTSC design are: 

1. Thermal conductivity: 
The low thermal conductivity of the HTSC materials results in a !arge electrical resistivity in 
the normal conducting case. ln [9], the Lorentz number of YBCO is given to be 
L0 = 3.16·10-8W 0 I K2 whereas for pure metals, L0 = 2.45 -10-8 W 0 I K2, i.e. about 25 % 
lower. Therefore, the electrical resistivity of YBCO would be about two orders of magnitude 
higher than for copper. 

2. Critical current density at 77 K in externally applied magnetic fields as weil as in self-fields: 
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A Iead carrying currents of up to 70 kA produces a self-field which will be in the order of 0.1 
to 0.4 T depending on the cross section. To this number the background field of the magnet
ic device, i.e the superconducting coil, has to be added vectorlally to get the total applied 
field. ln case of the ITER model coil test, large background field in the current Iead region up 
to 2.5 T are expected [22]. lt is weil known that the critical current of the HTSC depends 
strongly on the direction of the applied magnetic field with respect to the current now axis. 

3. Brittleness of the HTSC materials: 
For mechanical stability reasons, addition of silver to the HTSC is favoured. This increases 
the thermal conductivity of the material depending on the amount of silver admixture. ln ad
dition, the addition of silver also affects the critical current density. 

4. Dimension of HTSC conductors: 
For technical and electromagnetic stability reasons, e.g. manufacturing of HTSC rods with 
cross sections and lengths needed for current Iead application, AC lasses, cooling etc., the 
conductor of the HTSC part has to be subdivided in the cross sectional area. Due to manu
facturing problems, this innuences strongly the height of the critical current as weil as its 
dependence on applied magnetic field. 

These requirements Iead to the following boundary conditions of the design: 

The HTSC cross-sections will be considerably larger compared to copper. Looking on 
Figure 3, the difference in thermal conductivity between YBCO I BSCCO and phosphoraus 
deoxidized copper is about one to two orders of magnitude. Assuming a critical current den
sity of HTSC of 2.5 A/mm2 at 77 K and a magnetic field of 0.1 T, and an operation current 
density in copper of 15.6 A/mm 2, the ratio of the current density is about one order of magni
tude. Besides space problems the advantage of low thermal conductivity is partiy cancelled 
by the low operation current density at 77 K in high magnetic fields. 
This problern mentioned could be much reduced if the temperature at the upper end of the 
HTSC part will be (much) below 77 K, e.g. 20 K. The reduction ofthermal Ioad of a HTSC 
current Iead working at an upper temperature of 20 K will be less than for a Iead working at 
77 K. 
Due to the large electrical resistivity in normal state operation, the cross section of the 
HTSC conductor should be anyhow large to increase the burn-out-time in case of lass of 
coolant. 
Due to the large cross section of HTSC materials, AC Iosses during transient current opera
tion have to be taken into account, too. 

Despile these !Imitations, a HTSC current Iead will be described in the following sections being 
able to carry current densities of 4 A/mm 2 above 77 K. Alternatively, a second approach will be 
presented working at a lower temperature Ievei at the upper end of the HTSC part. 
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2.0 Results of steady state calculations 

ln the following, design criteria are presented based on a 50 kA copper current Iead for the ITER 
Model coil test in TOSKA. YBCO high temperature superconductors will be used in the low tem
perature part for the optimization procedure. 

The calculations were done by means of the computer code CURLEAD [23] and [24], which was 
extended to the use of YBCO-HTSC material. The thermal conductivity given by [15] is used, the 
electrical resistivity in the normal conducting case is calculated by means of the Lorentz number 
given in [15], and the heat capacity is taken by fitting a cubic spline to data points given in [21] 
resp. by a cubic extrapolation to the low-temperature-region. 

2.1 Optimization of current Iead lengths 

At 50 kA, i.e. nominal operation current, the length of the copper conductor for a fixed length of 
the HTSC conductor has been varied to find the minimum mass flow rate. This was done for two 
different current sharing resp. critical temperature Ievels, i.e. 

1. 82 K I 95 K - case I resp. 
2. 20 K I 30 K - case II. 

The current sharing resp. critical temperatures have been defined such that 

lc(T = Tcs) I lop = 1, 
lc(T = Tc) I lop = 0. 

The increase of the electrical resistivity is linear between the current sharing and the critical 
temperature. 

After that, the same procedure has been done for the HTSC conductor. ln Figure 5, the mass 
flow rate through the current Iead is plotted vs the copper resp. HTSC conductor lengths. The 
result is the following: 

1. Copper conductor: 
For conductor lengths smaller than the optimum one, the mass flow rate is determined by 
the heat leakage at the lower end of the Iead. A heat leakage of 1 W was arbitrarily chosen 
as Iimitation. 

For conductor lengths larger than the optimum one, the mass flow rate is determined by the 
temperature at the warm end of the conductor. 

2. HTSC conductor: 
For conductor lengths smaller than the optimum one, the mass now rate is determined by 
the heat leakage at the lower end of the Iead. As for the length optimization of the copper 
part a heat leakage of 0.7 W was chosen as Iimitation too. 

For conductor lengths !arger than the optimum one, the minimized mass now rate is Inde
pendent of the length because no Joule heat production takes place at the warm end of the 
HTSC part. 
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Figure 5. Helium mass flow rate vs conductor length. The dashed line corresponds to the HTSC, the full 
line corresponds to the copper conductor using two different current sharing I critical Iernper
ature sets for the HTSC. 

As a conclusion of the calculations, the length of the HTSC conductor was set to 0.25 m. The 
length of the copper conductor was set to 0.20 m (case 1), i.e. smaller than the optimum length to 
have lower mass flow rates at higher current, resp. to 0.45 m (case II). 

Table 2 summarizes the geometrical parameters of the current Iead. The parameters of the cool
ing disks of the copper heat exchanger as weil as of the copper conductor are slightly different 
to the ones given in [1]. 
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Value 
Parameter Unit 

HTSC part Copperpart 

reetangular rods 
central conductor 

Heat exchanger type parallel orien-
surrounded by 

tated 
perforated cop-

per plates 

Length m 0.25 
0.20 (case I) 
0.45 (case II) 

Cross section of conductor Acu cm2 174.0 38.5 

Cooled perimeter of heat exchanger Pcool m 10.44 11.77 

Cross section of helium AH• cm2 159.0 3.86 

RRR of cooling disks 50 

Rib efficiency of cooling dlsks 
function of tem-

n.a. 
perature 

mm 
Cross sectional dimensions of HTSC rod X 10 X 5 

mm 

Number of HTSC rods 348 

Total length of Iead m 
0.72 (case I) 
0.97 (case II) 

Helium inlet temperature K 4.50 

Helium inlet pressure MPa 0.40 

Conductor temperature at low-temperature 
K 4.50 end 

Conductor temperature at upper end of 
K 

< 82 (case I) 
HTSC part < 20 (case II) 

Conductor temperature at high-temperature 
K 295 end 

Table 2. Input parameters of the heat exchanger for the proposed HTSC current Iead. n.a. 
able 

not avail-

During the optimization procedure, an interesting result has been obtained which relates to a 
fundamental distinction between a copper and a HTSC current Iead concerning burn-out condi
tions: 

1. For the HTSC Iead the burn-out region will be localized, i.e. slightly below the upper end of 
the HTSC part because the electrlcal resistance of the HTSC is about two orders of magni
tude larger than for copper. A consequence is that the increase of the heat leakage towards 
the löw temperature end of the Iead is less sharp if the mass Oow rate is reduced below the 
minimized one. 

2. For the copper Iead the burn-out region will be more distributed araund 80 per cents in heat 
exchanger length and the heat leakage towards the low temperature end of the Iead rises 
sharply if the mass Oow rate is reduced below the minimized one. 

This is clearly seen in Figure 6 where the temperature profile as a function of position is plotted 
for a copper Iead and a HTSC/copper Iead for two different helium mass Oow rates each, one 
being below and one being above the minimized mass Oow rate. Figure 7 shows the heat leak
age towards the low temperature end of the Iead as a function of the hellum mass Oow rate 
normalized to the minimized mass Oow rate, once for the HTSC Iead (full line) and once for the 
copper Iead (dashed line). 
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ln the next sections, the results of the calculations for currents up to 70 kA are presented and 
compared to the ones for a POLO-type current Iead, i.e. a copper conductor with Nb3Sn in
sertions to get minimum mass flow rates for different currents and for zero current ("stand-by
rnode"). 

2.2 Nominal operation 

The ternperature profiles of the optimized current Ieads are shown in Figure 8 whereas the num
bers are given in Table 3 at the end of this chapter. 

Although the total length of the HTSC Iead of case I is much srnaller than for the copper Iead 
(0.72 m instead of 1.15 m), the minimized mass flow rate is only 2.16 g/s (HTSC Iead) instead of 
2.77 g/s (copper Iead). The reason is the low thermal conductivity and the high critical temper
ature of the HTSC material resulting in a high temperature at the lower end of the copper part. 
For case II, the minimized mass flow rate is 2.60 g/s, i.e. much higher than for case I. The reason 
is the lower critical temperature resulting in a Ionger length of the copper conductor. 
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Figure 6. Temperature proflle of the HTSC current Iead at 50 kA and comparison to the copper Iead 

2.3 Stand-by operation 

The temperature distributions for zero current ("stand-by") have been computed, too. The criteri
on of the minimization procedure of the mass now rate was the aim to get a heat leakage at the 
low temperature end of the Iead of about 0.8 W. 

Figure 9 shows the temperature proflies for the HTSC Ieads (case I and II) resp. the copper Iead 
for comparison. ln Table 3 at the end of this chapter, the numbers are given. 

The minimized mass now rate of the HTSC Iead is 0.45 g/s in case I resp. 0.40 g/s in case II 
whereas the POLO-type copper Iead needs a mass now rate of 0.85 g/s. Also here, the reason is 
the low thermal conductivity of the HTSC material resulting in a high temperature at the upper 
end of the HTSC part. This will be discussed later. 
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Figure 9. Temperature profile of the HTSC current Iead at 0 kA and comparlson to the copper Iead 

2.4 Extended (70~kA-)operation 

The design of the current Ieads was made in view of the boundary condltion to carry a maximum 
current of 70 kA in a stable manner. Because the optimization was done for 50 kA, the helium 
mass flow rates at 70 kA are no Ionger optimized ones neither the copper Iead nor the HTSC 
Ieads of cases I and II. But it would be possible to operate the Ieads at 70 kA at steady state 
conditions. 

Figure 10 shows the temperature proflies of the HTSC Ieads of case I, of case II, and of the cop
per Iead for comparison. All temperature proflies are based an minimized mass flow rates. The 
corresponding numbers are summarized in Table 3 at the end of this chapter. 
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Figure 10. Temperature proflle of the HTSC current Iead at 70 kA and comparison to the copper Iead 

The minimized mass flow rates for the HTSC Ieads are 3.20 g/s (case I) resp. 4.40 g/s (case II) 
whereas for the POLO-type Iead the helium mass flow rate is 3.85 g/s, i.e in between. The rea
son is that due to the Ionger length of the copper part of the HTSC Iead of case I, the Joule heat 
production is much higher than for case I resulting in a higher mass flow rate needed for cool
ing. 
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2.5 Steady·state Ioad line of the current Iead 

The steady state Ioad line of the current Ieads was calculated by minimizing the helium mass 
flow rate for 0 to 70 kA in steps of 5 to 10 kA thus to get minlmum Iosses at the low temperature 
end and no overheating at the warm end. This has been done for cases I and II and for compar
ison for the POLO type copper Iead, too. 

Figure 11 shows the temperature profiles for the HTSC Iead of case I for different operating cur
rents. The upper end of the HTSC part of the Iead is clearly seen as a step in the temperature 
profile indicating the transitlon region between the HTSC and the copper conductor. For currents 
below 30 kA (here called transition current), the temperature at the upper end of the HTSC part 
is above the critical temperature, i.e. the Joule heating in the HTSC conductor can be transferred 
to the helium. For currents of 30 kA and above, the helium is no Ionger able to transport the heat 
produced in the HTSC conductor being in the normal conducting phase. Therefore, the temper
ature in the HTSC has to be below the critical temperature at any location to prevent Joule heat. 

The HTSC Iead of case II shows the same behaviour, the transition current is now 20 kA. 

1t should be noted here, that the effect of small heat production in the HTSC, if working near the 
critical current, has not been studied here. Only heat conducting, heat production, and heat 
transfer has been taken into account. 

ln Figure 12, the minimized helium mass flow rate is plotted as a function of the current for both 
HTSC Ieads and also for the copper Iead. Here the effect of the temperature at the upper end of 
the HTSC conductor part ls also seen: The "wiggle" in the curve araund the transition current is 
also due to the change in the temperature at the upper end of the HTSC conductor. The latter 
one is plotted in Figure 13 whereas in Figure 14 the valtage drop along the Iead conductor is 
plotted as a function of current for the HTSC Ieads of cases I and II, and of the copper Iead. 

Figure 15 shows the reduction factor of the helium mass flow rates for the HTSC Ieads of cases I 
and II compared to the POLO-typecopper Iead. The reduction factor r [%] is defined as follows: 

r = 

w.here 

mHTSC - mcu .
100 

lncu 

IJlHTsc = rnass flow rate of HTSC Iead, and 
lncu = rnass flow rate of Copper Iead. 
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Figure 15. Reduction factor r in % vs current of the HTSC Ieads and comparison to the copper Iead. The 
full lines correspond to the HTSC Iead (case I and II), the dashed line to the copper Iead with 
Nb3Sn inserts 

The results of the steady state Ioad line calculations for the POLO-type copper Iead and the 
HTSC Iead of cases I and II are summarized in Table 3 on page 21. 
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I m AU Ap Qbotlom Tcold Tmox,Cu Ttop,Ho r 
[kA] [~] [mV] [mbar] [W] [K] [K] [K] [%] 

POLO-type copper Iead I 
0 0.85 0.00 98. 0.63 116.2 293.7 293.2 n.a. 

10 0.95 17.83 120. 0.36 117.6 293.7 293.2 n.a. 

20 1.20 38.50 200. 0.32 131.2 293.9 293.4 n.a. 

30 1.65 56.30 346. 0.0 135.3 294.2 293.6 n.a. 

50 2.77 57.27 485. 0.0 64.9 293.6 292.4 n.a. 

70 3.85 69.85 740. 0.0 36.8 294.0 292.9 n.a. 

HTSC Iead - case I I 
0 0.45 0.00 25. 0.59 184.8 294.3 294.1 -47.1 

10 0.65 24.90 45. 0.65 176.3 294.2 294.0 -31.6 

15 0.85 33.45 70. 0.0 167.9 294.2 293.9 n.a. 

20 1.10 36.87 102. 0.0 149.3 294.0 293.6 -8.3 

25 1.35 37.57 134. 0.0 128.3 293.9 293.2 n.a. 

30 1.60 27.57 148. 0.0 81.5 293.4 292.4 -3.0 

40 1.85 37.91 198. 0.0 80.9 293.7 292.8 n.a. 

50 2.16 49.71 276. 0.0 81.3 294.2 293.5 -22.0 

70 3.20 68.66 539. 0.0 61.0 294.9 294.7 -16.9 

HTSC Iead - case II I 
0 0.40 0.00 37. 0.62 140.1 294.4 294.2 -52.9 

5 0.44 22.25 44. 0.74 149.1 294.4 294.3 n.a 

8 0.53 38.60 63. 0.64 159.8 294.5 294.3 n.a 

10 0.62 53.80 87. 0.66 175.7 294.6 294.4 -34.7 

15 0.98 52.43 157. 0.0 126.3 294.3 294.0 n.a. 

20 1.35 37.31 191. 0.0 59.0 293.7 293.0 12.5 

25 1.56 33.01 203. 0.0 26.9 293.4 292.5 n.a. 

30 1.73 39.07 245. 0.0 22.5 293.5 292.6 4.8 

40 2.12 55.22 382. 0.0 19.9 293.9 293.2 n.a. 

50 2.60 77.63 641. 0.0 19.4 294.9 294.7 -6.1 

70 4.40 91.04 1258. 0.0 5.8 294.7 294.3 14.3 

Table 3. Main results of the Ioad line calculations for the POLO-type copper and and for the HTSC Ieads of 
cases I and II. Obottom = heat leakage at low temperature end of the Iead, Tcold = tenwerature at 
the upper end of the supercondcutor carrying part, T max,cu = maximum temperature in copper 
conductor, T1op,He = helium outlet temperature, n.a. = not applicable 
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3.0 loss of helium mass flow 

An important feature of a high current carrying current Iead is its behaviour in case of loss of 
helium mass now. ln the study, the Ieads have been loaded to 50 kA reaching steady state condi
tions. Afterwards the hellum mass fiow was stopped, and the temperature distributions voltage 
drops and heat leakages have been computed at different times while the current stays at 50 kA. 
ln the calculations the heat capacity of the stagnant helium has been included in the energy bal
ance as weil as the heat capaclty of the copper cooling disks of the heat exchanger. The con
ductor temperatures at the low temperature end of the Ieads have been set to the ones of the 
steady state conditions, i.e. T He,bot = 4.5 K, and flxed du ring the transients. 

Figure 16 and Figure 17 show the temperature proflies of the HTSC Ieads of cases I and II for 
different times after stopping the helium mass now. For comparison the temperature proflies of 
the POLO-type copper Iead at different times have been plotted in Figure 18. 

ln the figures the fundamental distinction between the HTSC and the copper Ieads is seen which 
has been described already in the flrst section of this chapter: the high electrical resistivity and 
the low thermal conductivity of the HTSC in the normal conducting case Ieads to a fast rise of the 
temperature because the Joule heat generated can not be conducted fast to both ends of the 
heated region. The difference between the HTSC Iead of case II to that of case I is the Ionger 
copper conductor producing also more heat. 

Figure 19 shows the maximum temperature in the HTSC part of the Ieads of cases I and II as a 
function of time after stopping the helium mass now. This figure lllustrates the latter fact of a 
more dramatic increase of the temperature of the Iead of case II compared to that of case I. The 
same behaviour is illustrated in Figure 20 where the voltage drop along the HTSC Ieads is plot
ted as a function of time (full lines) and compared to the copper Iead (dashed line). The voltage 
drop related to a maximum temperature in the HTSC part of 700 K is indicated as a full circle. 

Figure 21 shows the heat leakage at the low temperature end of the Ieads as a function of the 
voltage drop along the Ieads. The higher voltage drop of the HTSC Iead of case II compared to 
the POLO-type copper Iead due to the higher electrical resistivity is clearly seen as weil as the 
fact that the heat leakage of the HTSC Iead of case I is negligible even if the maximum temper
ature of the HTSC part rises upon 700 K. The latter point is indicated as a full circle. 

The conclusion is that the HTSC Ieads are less stable than the POLO-type copper Iead. More
over, the HTSC conductor has to be controlled by a quench detection system based on the tem
perature or the voltage drop which will initiate a safety discharge of the supercondcuting coil. 
The time scale will be not so dramatic, i.e. a discharge time constant of 1 min should be large 
enough not to get into trouble. 
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4.0 Summary and conclusions 

A design of a 50 kA current Iead consisting of a HTSC part in the low temperature region and a 
copper part in the high temperature region has been presented. The steady state behaviour at 
nominal current, i.e. 50 kA, at stand-by condition, and at 70 kA extended condition has been 
studied. The transient behavlour in case of loss of mass now has been investigated as weil. 

As a result of the requirements given in chapter 2, the following design was chosen: 

HTSC part: 
The total cross section of the HTSC conductor is subdivided in a large number of reetangular 
rods. The unit size of a HTSC rod is 10 mm x 5 mm, the number of rods is 348, the distance 
of the rods is 1 mm in both directions. The supercritical helium nows in between. The length 
of each HTSC rod will be 250 mm. 

Due to the strong dependency of the critical current of the HTSC on the applied magnetic 
field at 77 K, two designs are made, one with a current sharing temperature of 82 K and a 
critical temperature of 95 K (deslgn case 1), another design with a current sharing temper
ature of 20 K and a critical temperature of 30 K (design case Ii). The length of the HTSC 
conductor is not affected by these two design cases. 
Copper part: 
The copper part consists of a POLO-type heat exchanger, i.e. a central copper conductor 
(RRR = 6) surrounded by perforated cooling disks for helium cooling. The diameter of the 
circular conductor will be 70 mm i.e. as for the POLO Iead. The cooling disks are made of 
OFHC copper (RRR = 50) with an outer diameter of 135.7 mm. The length of the copper heat 
exchanger will be 200 mm for case I, and 450 mm for case II. 
Transition region: 
The adaptation of the HTSC part to the copper part will be done by a 20 mm thick copper 
disk (RRR = 50) with an outer diameter of 205.7 mm having some cooling holes at weil de
fined locations. A similar adapter piece can be used for the connection of the HTSC part to 
the magnetic device I superconducting bus bar. 

The HTSC rods which are prepared at both ends with silver contacts will be soldered to the 
copper disks. The space requirement for the HTSC part Iead to the question whether it is 
possible to solder such a large number of rods. 
Warm end connection to the water-cooled power cables of the power supply: 
This will be done in the same way as already described for the 50 kA current Iead proposed 
for the ITET model coil test in TOSKA [1]. 

Table 4 summarizes the geometrical numbers of the HTSC current Iead design. Figure 22 shows 
a sehematte view of the design case I. 
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Value 
Parameter Unit 

HTSC part Copperpart 

reetangular rods 
centrar conductor 

surrounded by 
Heat exchangertype parallel orien-

perforated cop-
tated 

per plates 

Length m 0.25 
0.20 (case I) 
0.45 (case II) 

Cross section of conductor Acu cm2 174.0 38.5 

Cooled perimeter of heat exchanger Pcoot m 10.44 11.77 

Cross section of helium AHa cm2 159.0 3.86 

Inner diameter of cooling disks mm 70. 

Outer diameter of cooling dlsks cm 135.7 

Transversal distance of cooling disks mm 2 

Disk thickness mm 1 

Hole diameter in cooling disks mm 0.5 

Minimum hole distance in cooling disks mm 2.5 

RRR of cooling disks 50 

Rib efficiency of cooling disks 
function of tem-

n.a. 
perature 

mm 
Cross sectional dimensions of HTSC rod X 10 X 5 

mm 

Spacing between HTSC rods in both trans-
mm 2 

verse directions 

Number of HTSC rods 348 

Total length of Iead m 
0. 72 ( case I) 
0.97 (case II) 

Conductor temperature at upper end of 
K 

< 82 (case I) 
HTSC part < 20 (case II) 

Conductor temperature at high-temperature 
K 295 

end 

labte 4. Geometrical quantities of the heat exchanger of the HTSC current Iead 
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A comparison was done between the HTSC Ieads of cases I and II and a POLO-type Iead. 
Table 5 shows the helium mass now rates normalized to the current for 0 kA and 50 kA. The 
conclusion is that the reduction of mass now rate at nominal current is not dramatic as already 
presented in section 3. Moreover it is the largest at zero current which is not neglegible for an 
experimental facility. A further reduction could be emphasized using pure BSCCO instead of sil
ver doted YBCO. This is in agreement with results presented by other authors on smaller cur
rent Ieads. 
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Mass flow rate normalized to current 
Current 

Copper HTSC case I HTSC case II 

0 kA 0.017 g/(s-kA) 0.009 g/(s-kA) 0.008 g/(s-kA) 

50 kA 0.055 g/(s-kA) 0.043 g/(s-kA) 0.052 g/(s-kA) 

Table 5. Helium mass flow rates normallzed to the current at 0 kA and 50 kA for 
the HTSC Ieads and the copper Iead 

The numbers given above can be used to estimate the margin in cooling power resulting in dif
ferent power margins for an ITER model coil test in TOSKA. These numbers are given in 
Table 6. The latter numbers are based on values presented in [3] 

Value 
Parameter 

Copper HTSC case I HTSC case II 

Nominal current 60 kA 

Warm gas fiow rate 
11.94g/s 8.82 g/s 10.32 g/s 

(3 X 60, 2 X 0 kA) 

Available refrigeration capacity at 4.5 
1000 w 1320 w 1200 w 

K 

Needed refrigeration capacity at 4.5 K 535 w 
Available margin 465 w 785 w 675 w 

Table 6. Cryogenic Ioad of the HTSC Ieads and comparison to the copper Iead for the ITER model coil test 
in TOSKA 

Care has been taken on regarding the transient behaviour of the HTSC Ieads in case of a loss of 
mass flow. Here the HTSC conductor will quench, producing the Joule heat which will cause a 
rise in temperature being much faster than in case of a POLO-type current Iead even with Nb3Sn 
inserts. This requires a quench detection system for the HTSC part of the Iead based eilher on 
the temperature at the upper end of the HTSC part or the valtage drop along the HTSC conduct
ing part. After quench detection, the superconducting coil has tobe discharged, but the time sca
le will be in the order of 1 min, i.e. an energy dump should cause no problems. 
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