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Abslm~~~-erformrncc or the MID cryogenic systcm in thc 
first ycar's operntion was dcscribed making importance un the 
rccovcry proceAs after the normal trriisition of thc hclical 
cai1.s. During the excitation tcstv of the LBD suporconducting 
coils up io 2.75 T, thc normal znnc propagation IVBS ohsei-vcd 
in the hciical coil nnd the emergency shut-off of I l c  coil power 
supplier was cnrried out. 2,700 C of liquid helium cvapornted 
from thc heliriil coiIs. The culls and tlie heliiim refrigcrwtur 
werc scparated autontnticnlly and the helium rcfrigeratnr 
could kecp its stcady stale operation. Aftsr thc prcfisurc and 
flow rrtc of thc recovery gas h m  the helical coils wcrc settled 
down to the nurmnl statc, the coPe werc conncctcd to the 
hcliom refrigerator rnd thc cooling waj restarted, The sysicin 
coirld rcturn to the steady statc in which coil excitation i s  
cnabling, by unly threc and a half Iioiirs. 

Inilex' Terftw-cryogccnic system, supcrrondueting coils, large- 
acnle, LHD, cmcrgency 

r. IN~IIOIIIJCTION 

'lhe Large Irclical Device (LIID) is a supercondiicfing. 
heliotron type, experimenlal hsion device, which has the 
rcaiurc of current-less and stcady state plasma confinement. 
l 'he construction of LHI) was complctcd by the end of 1997 
as an cighht-year project for thc phase 1 expcriincilt [ I ] .  The 
LHI1 cryogenic systcm succzeded in 64flO-hours operation 
in the first ycar, and proved its high relinbility [2 ] .  
Thc first cycle operation of l .HI1 started on February and 
cndcd on June in 1998, and thc second cycle operation 
started on August and continuctl to the end of 1998. Each 
cycle consists of a purificrition, cool down, steady state, and 
warm-up tiporation. It took 670 hours for 1st cycle and 569 
hnurs for 2nd cyclc to cool down thc total cold mass or  R22 
tons at  4.4 K and 34 tons at 80 K. 

The plasma experiment WRS startedon March 31, 1998 RS 

planned. 'L'wo expcrimcntd campaigns wcrc successfully 
compteted in 1998. The numbers or coi l  excitations and 
plasma discharges wcrc 252 and 7 132, respectively. High- 
performancc plasmas with tsmpcrature as high as 2 kcV 
and energy confinement limcs as long as 0.23 scconds have 
bceii uchievett by ncutrd beam Iwaling. Long pulse 
operation has also been explored up to 22 scconds for 
neutral beam heated plasmas and 2 minutcs for electron 
cyclotron heated plasmas. 

'l'asliiyiiki Milo, niitoh?nifs.ac.i& Phone: t81-572-58-2123, I'w: 4 81-572. 
58-1616, 322-6 Oroshi-chu, 'loki-shi, Gilh-ken, SOq-5292, Japan . 

[I. h A I  UKES OF TI117 1.Hn CRYOGENIC SYSTEM 

Tlic t ,HD cryogenic system consists of the helium (Hc) 
refrigerator, the supercondocting lielicnl and poloidnl coils, 
the supporting strwturc, the LH D cryostat, the control- 
valvc-buxes, the superconducting bus-lines, the currcnt- 
leads cryostat and tlie cryogciiic transfer-lincs as shown in 
Pig. 1 .  'l'he helical coils illy: cooled with pool boiling liquid 
helium. The poloidnl coils Bre cooled with forced flow 
supercritical helium (SIIc). The sopporting structure nnd the 
superconducting bus lines are cooled with forced flow two- 
phase helium and the liqoid helium is used for the current 
leads. Thc 80 K radiation siiiclds of the LIID cryostat are 
cooled with forced flow 40 K - 80 K holium gas. The IIe 
refrigerator simulfuneously has cooling capacities of 5.65 
kW at 4.4 K,  20.6 kW h m  40 K to 80 K and 650 I./h 
liquefaction. Tlic total heat loads undor steady statc 
condition were 1940 W f 450 Llli (3.0 'I) at 4.4 K and 12.1 
kW at 80 K. The mcasurcd heat loads wcre almost tlie 
same as the tinal dosign values. which were about hsl€ol 
the cooling capacitics. 

I I I.-.-' 

H 0  RefrlgeralorlLiquellsr 

Fig. I .  Flow diagram of the LHD cryogenic systcm, 
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1lI. GMUItGENCY PROCiRhM FOR THE COIL QUENCH 

The cmergency scquence programs, corresponding to a 
power failure, apparatus faults, a coil qucnch and a 
successive emergmcy shut-off of the coil power-supplies 
and so on, arc installed into the 1,HD cryogenic control 
system (LIlD-'I'FiSS) [3]. 'I'hc protections of appariltus and 
rccoveiy in a short time period arc possible by the function 
of them. Whenever any anc of superconducting coils or 
superconducting bus-lines qucnches, all coils are 
discotiiiectcd from tlic power supplies and connected to thc 
dump resistcrs. l h e  transport currcnts of the coils are 
discharged exponentially with a time constant of 20 
seconds. Thcse events of a coil qucnch and a subsequent 
emcrgcncy current shut-ofrace abbrcviated to IQ. The 
cryogcnic system has to be protected in thc case ofthe 
quench, which results in evaporalion of a lot o r  liquid 
hclium and rapid raise of coil pressures due to Joule heating 
and/or AC losses. The coils arc rlutomntically isolnted from 
the Ffe refrigerator with IQ-signal by the emergcncy 
sequence program. The coils nre protectcd from thc 
dangerous pressurc buildup by the relief valvcs. On the 
other hand, the He refrigerator can kccp its steady state 
operation for a quick recovciy. 

Figure 2 shows changes of a coaling now for thc poloidal 
coils beforc and after a coil quench cmergency program 
(IQ).  The doted lines in the figure indicate a cooling flow 
in the stcady state and the bold solid lines indicates a 
changed cooling flow after 1Q. In thc steady statc, the 
upper and lower poloidal coils are connected in scrics and 
the SHe i s  supplied from the He refrigerator ancl returns to 
it. After IQ, thc poloidal coils are discoiinccted from the He 
refrigerator by closing the coil inlct and return valves. Thc 
poloidal coil iiilct is directly connected with the discharge 
o f  the turbines # 6 and # 7 in the He refrigcrator, and thc 

bypass line is prepared in order tu prevent the damage of 
the turbines by the rapid pressure variation. Therefnrc, the 
inlet valve (VI) and the return valve (VZ) werc closed with 
60 seconds ramp spccd, while a bypass vatve (V3) is 
opcnctl simultaneously. Out lcts of upper and Iower pofoidaI 
coils (V4, V5) arc connected to the buffer tank in order to 
release and keep the coil pressure same as that o f  the buffer 
tank. The ljqiiid hetium (LIIe) supply valve (V6) to the SHe 
hent exchanger (FIX) is also closed in order ta disconnect 
the coil and thc 20.000 ! LI-Ie Dewar, 

Figure 3 shows changes of a cooling flow for thc heIical 
coils befort: and after 1 Q. In the steady state, rhc liquid 
hclium is supplied to the helical coils with pool boiling 
from tllc bottom of thc coils. I,ow-quality two-phase heliirtn 
supplied from the LHe Dcwar is coolcd by a lieat exchanger 
installed in tho vapor-liquid-sepnration rcservoir ac the 
helical valve box (11-VB), it turns into the single-phase 
liquid helium, and is supplied to Ihc helical coil and the 
supporting structure. Aftcr lQ, the helical coils are isolated 
from the He refrigerntor by closing the coil inlct valve (VI, 
V2) and outlct valve (V3). Once the pressures in !he helical 
coils cxceed the limits, the multi-stage pressure relicf 
valves opcrate. Them arc two kinds of program-controlled 
pressure relief wives; two rccovery valvcs (the oporating 
pressure of 0.137 MDa) are connected to thc room 
temperature (KT) recovery linc, two relensc valves (0.1 57 
MPa) arc connected to the vent l i n ,  Ten spring-loaded 
sarcly valves (0.181 MPa) and ten rupturc disks (0.216 
MPn), are also set up in the helical coil header. The inlet 
valves for the supporting structure and shell arms are also 
closed to isolate then rrom 20,000 e LHe Dewar. 'lhe 
outlets of the supporting structure and the vapor-liquid- 
separation reservoir are connected to the RT recovery line. 

Upper Pololdal Coils 
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Fig. 2. Changes o f  a cooling flow Lbr the poloidat coils nftcr a coil quench emergency program (1Q). 
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Fig. 3. Changes o ra  cooling flow fur thc helical coils and ttic supporting structitrc attcr IQ. 
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1v. PER1:ORMANCES DURING EXCITAI’ION TESTS 

A.. Emergency process due to the coil qntench 

During the excitation tests of the LHD SC coils up to 2.75 
T, normal zonc propagations and a subscqucnt coil quench 
were observcd in the helical coil and the emergency shut- 
off of the coil power supplies (1Q) was carried out [4,5]. 
‘I’hc coils were isolated from the He refrigerator 
automatically by the 1Q emergency sequence program. 
Figure 4 shows the flirctuation of the stiction and discharge 
pressures of the main comprcssors when IQ occurs. 
Although the compressor suction and discharge pressures 
were fluctuatcd, there was dditionai coverage in the 
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Fig. 5. Fluctuation orthc turbine rotatinno! frcqucncics. 

suction-pressure lower limit and thc discharge-pressure 
upper limit in which the comprcssors carry oiit a trip. 
Figurc 5 shows the variation o f  thc turbinc rotational 
Frequency at the timc of IQ, Due to the rapid pressure 
changes after IQ, the rotational frequencies ofturbincs 116 
and #7 wcrc fluctoated greatly, howcver, there was A 

margin in the tipper limit in which the tiirbincs carry out B 

trip. From these data, thc I IC refrigerator was uhle to 
continue the steady state operation after IQ without any 
trips o f  turbincs and compressors. Vigurc 6 shows the 
pressure rise of tlic hclicd coil outlet lieadcr attcr 1 U. 
Pressure rise of the hclical coils was restrnincd lcss than 
0.177 MPa by the function of thc recovery nnd release 
valves. Thc total operating timo orthe release valves, which 
opened 2 timcs, was 17 seconds, and the evaporating 
helium gas of 900 Nm’ cxhaiistcd within 1 minute. 
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Fig. 6. l’ressurc rise of the helical coil header after IQ. 
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Fig. 7. Rccovery chaructwistics aficr 19, a) Coil currcnls, 
b) t’oloidal coils nutlct temperatures, c) Helical coil header 
liquid helium levels, d) Helical coils & Supporting structure 
tempcraturcs. 

Figiitc 7 shows the characteristics during the recovery 
process from IQ; outlet temperattires of lhe poloidol coils, 

liquid hetium lcvcls o f  helical coil header, temperaturcs o f  
the helical coil cans and the supporting structure. Thc 
events from the IQ occurrcnce to the restoration on October 
21, 1998 we listcd in Table t .  2,700 .t o f  liqitid heiium 
evaporated froin thc helical coils. 1,000 Nm’ cif the 
evaporated gas was rccovcrcd to the helium buffer tanks, 
whilc 900 Nm3 WAS exhaustcd into the air. And, thc 
supplement arthe exhausted helium gas and purification 
were completud at 1050 of the next day. 

Tablc 1. Events from IQ wcurrcncc to the restoration 
1 1:44 I Q-signal occurrence 

1 1 5 5  
I-le refrigerator and coils were separated 
Hclical coils returned to thc normal pressure 
Evaporated liquid helium was 2,700 
~ c c o v e r y  gas 1,000 ”?, cxliaust gas 900 Nm3 
Doioidnl coil SI le cooling restarted 

Helical coils LHe supply restarted 
Doloidal coil oullct temperatures recnvercd 
Irelicd coil headcr LIle level recovered 
Supporting structure temperatures recovered 
TJID cryogenic system rcstorcd 
tn the coil-excitation-eiiablc-condilion 

1 156 
12:25 Supporting structure cooling restarted 
12:33 
1325 
1 5 9 5  
15: 12 

V. SUMMARY 

Mer the normal transition oftho SC coils and the 
emcrgency shut-off o f  the coil power supplies, it could be 
restored to tho coil-axcitation-enablc-stillo only in three and 
i i  half hours by the function of the I .FlD cryugenic system 
corrcsponding to the emcrgcncy process. Pressurc rise of 
the hclical coils was supprcsscd less than 0.177 MPa by 
terms of the recovery and release valvcs operations, which 
were prograinmcd in the LHD cryogcnic control system 
(L 1-1 D -TE SS) , 
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