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Abstract—A superconducting (SC) current-feeder system is TABLE |
used as the current transmission lines for the experimental fusion ~ COMPARISON OFMERIT AND DEMERIT FORUSING THE FLEXIBLE SC BUS
device, LHD. It consists of nine flexible SC bus lines with total LINE AND WATER COOLED (WC) Bus-BAR
length of 497 m, and nine pairs of gas-cooled current leads. To - -
avoid the propagation of the ice on the leads, the temperature of ~ Item i SChus-line  WC bus-line
the terminals had been kept in the range between 5 and 20 degrees ~ Manufacturing costs o ©
Celsius by the heaters. The measured voltage drops of all leads ~Running costs . © A
were less than 20 mV. The liquid helium levels of the leads and the ipa"e :‘l‘_’““d thima‘“ device g 2
sub-cooler tank will equalize by the siphon method. The total time Cssem, '"?t'}‘l"” s on site , P X
of the coil excitations exceeds 3000 hours. We have demonstratec H:‘xi’;” © power supply p o
successfully that the SC current-feeder system was stable and easy Maimenin ce o o
to handle, and is useful for the SC experimental fusion device. Safety o o

Index Terms—Gas-cooled current leads, LHD, SC bus-line, SC  _Reliabilities o ©
current-feeder system, stable long-term operation. ©: excellent, O: good, A: Average

|. INTRODUCTION TABLE I
. . . . MAIN PARAMETERS OF ANSC BUS-LINE FOR THELHD
HE LHD is a large-scale SC toroidal fusion device of
heliotron type [1]. One of the main aims of the LHD is " Tems Specifications

to demonstrate the high potentiality of the helical-type devic ~ Number ) Nine
producing current-less steady-state plasma with a sufficien gg; ggiﬁi‘;‘;ﬂfl)s) g‘;‘r)ee)
large ngson parameter withogt large current djsruption _[2 Total length of 9 SC bus-lines 497 m
The main body of the LHD consists of a pair of helical SC coils  Rated current de32kA
three sets of poloidal SC coils and their supporting structu I‘;’iﬂséi‘;do‘f’g:::%; . gg 05;‘1‘11’1@771(
with a total cold mass of 820 tons. Each helical coil is divide  \fimum bending radius 15m
into three block coils that can be excited independently. Tt Cryogenic transfer-line five corrugated SUS tubes

upper and lower poloidal SC coils are connected in serie _Mass flow rate of two-phase helium 12 g/s (max. value)
Therefore, nine SC bus lines were employed as the curre...
transmission lines for the LHD [3].

The construction of the LHD, including the SC current-feeder This paper describes a trial for the automatic manipulation
system, finished in February of 1998, and the improved plasriea the SC current-feeder system of the LHD. The overall
confinement properties could be obtained through the filgeat balance adjustments of the SC current-feeder system is
and second experimental cycles in the first year [4]. On tladso discussed.
other hand, a partial normal transition was observed in the SC
conductor of an inner helical block coil, when engineering [I. SC CURRENT FEEDER SYSTEM
coil excitation tests under the high magnetic field regime were

The application of the SC bus lines leads to a decrease of
X X s i electrical power consumption for the power supplies. Space
and the cryogenic system including the SC current-feedgf o heating devices and/or diagnostics apparatus around the
system were successfully executed. To avoid the growth of itg5 anable to expand, by locating the current leads apart from
on the current-leads, the mass flow rates of all leads had beefpe ¢ pus lines of the LHD have flexibility, since the route
decreased to 70% of the rated values during the nights in §1§1 the SC coils to their power supplies have many corners
first year [5]. Therefore, it is desirable to realize the operatiofhg hends to avoid the direct shine-through of the neutron. The
free and maintenance free system. merits for using the SC bus lines are summarized in Table I.
The SC bus line has a sufficient safety margin exceeding that
Manuscript received September 24, 2001. of the SC coils of the LHD. It maintains a rated current carrying
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TABLE Il

SPECIFICATIONS OF THECURRENT LEAD
Thermostat

(50 degree) \\\

Target coil Helical coil 1V, IS coil OV coil . e
- - - Circuit Open |« M
Number of leads 6 pairs 2 pairs 1 pair Breaker [: ﬂ’:
Rated current 18 kA 22kA 32kA ! Insulation Tr.
Rated mass flow 1.08 g/s 1.3 g/s 1.9¢g/s 30A Y (Aacéekv) N
( without current case) (0.8 g/s) (09 ¢g/s) (14 gs) T2 ° ° ™ Heater
Length 1.5m 1.5m 1.5m —~ —~ — ‘
4—0 0——0 [of

AN
I
| N
(oworr connal) o 2 aepe Hea
On/Off Control Off @ 20 degree eater
o

VME Control System |

Coldbox Recovery line (room temp.) (for SC Busline) Temperature data Current-lead
—¢— :open
L-He (S) —Pp¢— :close
Subcooler
Tank ™ . . . e
) LHD Fig. 2. Electrical circuit diagram of the heaters on the current-leads.
Cryostat

L-He Level Sensor TABLE IV
L-He Storage Tank OPERATIONS FORCURRENT-LEAD IN LHD

L-He Level Sensor >

Current Leads

(9 pairs ) Experimental Cycles  Temp. control for Mss flow Adjustments for

in LHD the terminals current carrying rate
SC Bus Lines (55 m, 9 sets ) Recovery Line 1st Cycle (1998FY) No Every time
2nd Cycle (1998FY) No Every time
3rd Cycle (1999FY) 5-20°C Automatic control
_ . ) 4th Cycle (2000FY) 5-20C Automatic control
Fig. 1. Control scheme of the helium flow in the SC current-feeder system. 5, Cycle (2001FY) 5_20°C Automatic control

The SC current-feeder system is composed of two sub-cooler
tanks, nine pairs of current leads and nine sets of SC bus lines
including the cryogenic valves and their controller. The coolants
of the SC current-feeder system are separated from that of th@he temperature of the warm-end terminals of the current
SC coil system of the LHD. lead depends on the heat balance between the cooling condition

An aluminum-stabilized, SC-compacted stranded cabdg¢id heat inputs such as thermal conduction from the bus-bar
that is the same size and same structure of the full-scalgd the heat transfer from the air. When the ice covers on the
model, was applied to the SC bus lines for the LHD. A paterminal of the current lead, its may gradually grow to the large
of SC cables was insulated electrically, and inserted into th plock, because the ice will act like an adiabatic materials. To
cryogenic transfer line. To decrease the heat load into the § press the growth of ices on the leads, the mass flow rates of
bus lines, five-corrugated stainless-steel tubes with a thermalieads had been decreased to 70% of the rated values during

shielding channel were used. Each process of a cooling-doWfyhts and the ices had been extracted on every weekend in the
steady state and warming-up are controlled by the sequeny t year [5].

program that is linked together with the program for the helium To release these operation and maintenance for the ices on

refrigerator/liquefier system. the leads, two electrical heaters were attached on the terminal

The conventional gas-cooled current leads with the hellugr? all current leads before starting the third experimental cycle

storage were applied to attain the stable current carrying proper- . L
ties at a rated current. The normalized heat load of these c:urr'@nlr999 FY. Th_e electncgl C|_rcun diagram of the heaters on the
leads at 4 K level was designed to be 1.2 W/kA. Main param(égrrent leads is shown in Fig. 2. The current leads and power
ters of the current leads are listed in Table IlI circuits for the heaters was isolated by the transformer with ac

Fig. 1illustrates a control scheme of a helium flow for the Sé KV withstand voltage. The history of the operations for the

current-feeder system. In a steady-state, two-phase helium froffirent leads in LHD is summarized in Table IV.

the coldbox is cooled to 4.4 K by the heat exchanger in the sub-F'g_- 3 shows the overall characteristics of the current leads
cooler tank, and is supplied to the SC bus lines. Returned twRy. Using the heater control; (a) currents, (b) voltage drop of the
phase helium from the SC bus line flows into the sub-cooler, alfds, () temperatures of the warm-end terminals, and (d) on/off
separates into liquid and gas phase. A part of the liquid heliLFttes of the heaters. The temperature of the terminals has been
cools the current leads. Most of the liquid helium evaporates Byonitored continuously, and kept in the range between 5 and 20
the heaters, and returns to the coldbox. The PID compensa@ggrees Celsius by the on/off control of the heater circuits. One
for the cryogenic valves and the heaters adjust automatically ficle from on-state to off-states of the heater, depends on the
the manipulated values of the pressures in the sub-coolers, aagrent carrying rate in the lead, the power of the heater and/or
mass flow rates of the SC bus lines and current leads, and temperature difference of on/off states, is tuned to the order of
liquid helium levels in the sub-coolers [7]. one hour.

" Ill. TEMPERATURECONTROL OF THECURRENTLEAD
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Fig. 3. Time evolution of coil currents, temperatures and voltage drops of thgy. 5. Typical example of the steady-state operation: (a) coil currents, (b) total
leads, and on/off states of the heaters.
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mass flow rate of nine SC bus-lines, (c) mass flow rate of the current-leads for
helical coil, and (d) liquid helium level in the sub-coolers.

the thermal conduction and Joule heat of the conductor [8].

As shown Table lll, the mass flow rates of 1.08 and 0.8 g/s

are designed values of the lead for helical coil system. It is

confirmed that measured voltage drop of the lead shows good
agreements with that of the calculated value. The voltage drops
of less than 20 mV have a large margin for the safety operation
of the leads.

IV. STEADY-STATE OPERATION

Fig. 5 gives a typical example of the steady-state operation;
(a) coil current, (b) total mass flow rate of nine SC bus lines,
(c) mass flow rate of the current leads for helical coils, and
(d) liquid helium levels in the sub-coolers. The SC coils of the
LHD produce equilibrium magnetic field without plasma cur-

Fig. 4. Measured and calculated voltage drop of the leads as a function of B#1t, SO that they are continuously charged up for nine or twelve
temperature of the warm-end terminal.

hours in a daytime. Total mass flow rate of two phase helium
of nine SC bus lines had been kept in constant value of 90 g/s.

The voltage drop of the lead also depends strongly on thegenerally, mass flow rate of the current lead should be ad-
temperature of the warm-end terminal.
Fig. 4 illustrates the measured voltages drop of the leaate. However, the mass flow rates in this system have been kept
as a function of the temperature of the warm-end terminal in constant value, even if the coil current changes from zero to
comparison with that of calculated one. The calculation walse nominal value of 3 T operation.
conducted by solving the one-dimensional energy balanceFig. 6 shows a typical example of the automatic heat-balance
between the cooling term by the coolant, and heating terms agjustment; (a) heater powers in the sub-coolers, (b) pressures

justed to the suitable value in response to the current carrying
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Fig. 6. Typical example of the steady-state operation: (a) heater power and
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TABLE VI
SUMMARY OF THE EXPERIMENTAL CYCLE OF THE LHD

Experimental Cycles Plasma shots Times of coil

in LHD numbers excitations
1st Cycle (1998FY) 1888 shots 692 hours
2nd Cycle (1998FY) 5244 shots 1134 hours
3rd Cycle (1999FY) 10191 shots 679 hours
4th Cycle (2000FY) 8896 shots 609 hours

was open. Even if the mass-flow rates of the current leads were
less than that of the self-cooling condition, a part of the evap-
orated helium gas from the current leads flowed into the sub-
cooler through the valve VX, and returned to the coldbox. The
Joule heats in the leads are automatically absorbed by the small
changes of the heater powers in the sub-cooler, and the pressure
and temperature of the helium gas in the sub-cooler, during the
coil excitation phase. In steady-state, the heaters automatically
adjust the overall heat balance between the SC current-feeder
system and the refrigerator/liquefier system. Main parameters
of steady-state operations are listed in Table V.

Table VI summarizes the experimental cycles in LHD. Total
shot number of plasma production were 26 208, and total time
of coil excitations exceeds 3000 hours. We have demonstrated
successfully that the SC current-feeder system was stable and
easy to handle, and was useful for the SC experimental fusion
device.

V. CONCLUSIONS

The overall operational characteristics of the SC cur-

(b) pressure in the sub-cooler, (c) liquid helium in the leads, and (d) temperati@t-feeder system for the LHD were investigated. The results

of helium gas returned to the coldbox.

TABLE V

MAIN PARAMETER OF THE STEADY-STATE OPERATION

Parameters Values

SC Bus-Line
Mass flow rate of L-He 8.0-12.0g/s
Mass flow rate of shielding G-He 1.8-22g/s
Temperature of two-phase helium 44-45K

Temperature of shielding G-He
Sub-Coolers

Pressures

Liquid helium levels

Heater power (for Helical cryostat)

(for poloidal cryostat)

Others parameter

Temperature of helium gas to coldbox

Pressure of recovery line

51 (in) — 69 (out) K

0.115-0.118 MPa
60 %

500 - 800 W

300 -500 W

43-7K
0.104 - 0.106 MPa

in the sub-coolers and recovery line, (c) liquid helium levels

in the leads, and (d) temperature of the helium gas returned t([)e]
the coldbox. The mass flow rate and current carrying rate influ-

ence the cooling conditions of the current leads. However, both7]
liquid helium levels in the sub-cooler and current leads will au-
tomatically equalize by a siphon method without the mass-flow
adjustment in the leads, when the valve VX shown in Fig. 1

are concluded as follows: 1) The temperature of the terminals
had been kept in the range between 5 and 20 degrees Celsius by
the heaters. 2) The measured voltage drops of all leads are less
than 20 mV. 3) Mass-flow rates, pressures and liquid—helium
levels of the SC bus lines and current leads are well controlled
automatically in steady-state operation. 4) The total time of
the coil excitations exceeds 3000 hours. We have demonstrated
successfully that the SC current-feeder system with high-cur-
rent capacities was reliable and safe, and was useful for the SC
experimental fusion device.
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