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Investigation of electrical insulating property of slush nitrogen for next
generation superconducting cable
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In immersion cooling superconducting equipment, the refrigerant plays the
double role of cooling and electrical insulation, but electric field concentration on the
refrigerant causes partial discharge (PD), which can be a weak point in electrical insulation.
Although slush nitrogen, which is a mixed refrigerant of liquid nitrogen and solid nitrogen
particles, has high cooling performance; however, the effects of the introduction of solid nitrogen
particles on the insulation performance has not been clarified. From the analysis of PD waveform
characteristics, it was shown that the solid nitrogen particles have a certain barrier effect
against discharge, but basically act as a weak point in electrical insulation. On the other hand,
the breakdown voltage of slush nitrogen with high solid phase ratio is about 80% of that of liquid
nitrogen. It was suggesting that the high cooling performance and sufficient insulation performance
may be compatible depending on the insulation design.



B X C—19, F—19—1, Zz—19 (dm)

1. WFZERRME LD 5

BEERML, BREPNIZEE IR 2R MAEFIH L CHRAZERMICKBTE 5700, =
L% - FIROERIIC LA =X — - BERAL & 32, CO2 B - BB AT
Hilkd 28 & LTl s s, ERAZMDT, @EEMISOZE - BRI, FEERARD
GO TRANIED N TV, BEEEEOBHHTRIT, BEIC L 28R E, BRE
JELLT OWEECHBEER 2 EEE T, BIEGEIT R0 2 21IckBl&an 5, P THEEGANL, £
OFFEEND, < OB TERASNTEY, BEENGBHIO R L P ELMEZGOKE HH - T
%, BEEIREDOREMERFO 72 DI21E, WBIEEWEHIMEREICIN 2 T, Hato RHEHEM: 2 R
T HBERMEIERENER SN D, RS 7 EORBIRIGH ZBRIIE, SIRBEEE2FHTE 5K
REZDH O IZ IO EN DD, L LR D, RIKERDOFHEAD I CHEIT REZ2#iPHI X
RONTEY, FEEL/NIWEDIZ, KEOHREKEENLETHDL, £, REGAIFTRICE
WU, WS ERET N E U D200 EPD) 24 U5 <, O XX — XA EIC R
ICEASND T, BEOKALEITL, K[iE, FIZPD OREZBET 5720, BERICITHE
BEEZ| SR TN EH D, FICENABROBEERIICB T, @BE L~ ~DREH
DAEINDT=0, PD BT HRERIILETH D,

2. WEOEM

AT v 2 BHRIE, WEREREERERRT-ORABEETH Y, RIKEZOBBIZT T <,
EAZZNAET2EWVERBEA LR X 5720, WEREHZFERICHNTEN -G 2H
T2, AT v aBROGBAEFHER X OSERRIEICEE T 2 HE5 1T 20,
WRARAERRAR TR O RHRL 1L, MR 2T T 5 Z R E< oMb TS, Ry
B F D ERPIRAEHZRI LR TE WAL, Rkl 703 @ BRI E L, &zl
BN 7Y v CEERT D720, HEHREEETEZIK T 5, 2F 0, BEERERDHEMICAMY
ELTERT AL, G EOBRICRD Z ENTFREND, LER-T, AT vy a%EH
DOMEFFIEEE I TRAE BRI TR T T2 EE 205, —FH T, FiHE L= Iz
NER 2 K Tl 7 LT i KB A R AR L, PD O R AXF—Z2 KOMRICIHE TE 5720
MR EREA R LY bERT-EIEERMERE T2 2HME L, AT v v aERF
DOERERZS, KERBRICKEICT D27 vy 7R E2H9 5 /REMEILE V., AFETIE, PD
b2 5 07= AT v ¥ 2 BHRO I e EL MRS EZH S T L,

3. WFEED kA

Freeze-Thaw 5%, MOFIEIZH AR THEBHOMEEIZAT v 2 BREERTE D, T2T—
WERE L, IIRERZORBEBEAZFIN L CRIEZIET S8, EEICEIRICEE L ERER%
BT 22 LICED, AT v v 2 BREER LU R AEIL L L X OB ERMBOE GV %,
ATy aBROBEMELEER L, #Ix0E, K1 IEEMEE 80 %DIRETHD, mBEN AT
EHWEAT v 2 BFZOBIEND, BMEDEZRET 5EAEZEOY A 1T, HAKTH 1mm
ThHY, TN TOBEKRER G ZEBILE SN, AT v v a2 BRPICEK-EREMR(6 12 mm, H
B A RIE U, MefR R & S L7z,

ek D PD HHIFIET, EORSCHIER L W\ o BRI EZ BICERA LT\, v e 2 a—
Tl EDOFHMEEE DT D H NG BN R TH - 7272012, MHEIRE A8 L CEHEILEE O F
BEEBEEICEDOE TRIBICIN T ¢ A 0NERH 7=, HF5N5D PD BIE, AkD PD KW D
DDA &R 2 S O 7= FHY 2T D ORERB O EIARII > TS, DF D, K
[ 58 O JE W B VEIC L » CHIEORMEGE 0 /ISE T OB 2R ON%, LEREEhn s, PD AR
FEONL ED ST RSB AR bV, MEZERICBT 2E A 4 O & KB L
TWb, LR -> 7T, 176KD PD G AT MEZMOREZ KR LT, 2 bOEEREFRE
RELLTWDZ LD, K20 PDEHAI AT L% HWT, PD AR A2ERSRINCH > T
TSk L, PD WENETARMELZ T, 2T vy 2 BHOMRIERICE 2 DEEEHEDE
BAEBE LT,

Solid phase ratio 80 %

S

T
| -
" Without stirring B X

|




1 nF

e

300 pF
Il
I

PD
Signal

2k 20kQ i
ﬁw\r—T—’V\f\r*f Y ‘
AC power 300 pF ==

Supply (\) #Apphed voltage
\ 1MQ ~; —— 540 nF

PD measurement circuit

X2 PDEHEIT AT A

4. HFFERHE
(1). HMofahk R

X 3 IZHufxf R E DX v v THEHE 2 R T, ey FBXO= T — —%, 10 E D
EE O AR J:UF’EE%?ET&)Z) Xy v 7HEEN 0.75 mm LA FIZBWTIE, AT via%
FOMIFIEE IR AERE L IRIERE L 72572, 1mm DL EOMEIZ BV T, FEHEES 80 %
WZBWTIE, AT v v a2 R OISR I TRIEER O 80 % ThH 5723, EFHFEN 20 % E T
KT 5 &, FICHBIEESFIIET L, MIEEZOR 40% L 72 - 7-, Clausius Mossotti D=
LV EHUZBEREROFEERIL, &¢%$®15&rf%@,%@@%ﬁr##ﬂuTifﬁ

TITHIF OB, EEREZEOEANDHIZL > TR I D &35 2 H, Lo THE
L7ERERENERLEEEZ SR, E&éPD%%ELtt@,ﬁﬁwﬁﬁf%ﬁ?btk
X A

— 5T, BEHE 80 YDA T v a BEDOKFIRETIEN, EHE 20 %I TEHWI L

5, ERERSM i EoFHEORE LTERA L E LB 2V, EMRROBINCES T
BRNEITHINT 5720, EREHEOBAICL>TPD ORAEZYRELZLELTYH, ZOTRLE
%%lwgﬁwﬂ% ICHETE D, EHROBWAT v 2 BHRIT, EHREEETEOKIERET
I TE 5 LR ENT,

80
70 F
& 60 F LN,(-200 °C) Literature value
: N
r =
& =
8 / {)
—g 40 /% _________;;____._7__ =
g 30 | @ - 3 Slush nitrogen
5 ¢ /é (-210°C, Solid phase ratio 80 %)
e
S 47
é Qé ™ Solid phase ratio 20 %
< 10 r
0
0.4 0.6 0.8 ¥ 1.2 1.4 1.6 1.8 2

Gap distance [mm]

3 AT v aBHROMIRMBEEFED X ¥ » 7 HEEHK A

(2). PD H5k

X 4 |ZIREETE, AT vy 2 BHROMA) 7 PD B4 R~d, HIKZEFEO PD KEIE, %10
ns BEO/ VAR ERLTEY, BITHETHES N TV AREREEHEE LD, —FT, A
T v a RO PD ERIL, MKAERLFREFEOR - — 7%%?6PD&%kAbﬁf EZ 4
— 7 EHTHRENBHIS, 2IEOK 50 %% b Tz, FEEOFHS AT L& W= A
ZRTOPD EREOPIZIX, 2R —7 2 BT 5HBIEBIHI STz,

Fz, WRIFRERIZHAT PD BAEROHEMEBERBOKT A L7, PD EEORERZL
W2 B9 0UE, IRIREFR TIIE 10 ns OV AEZ AT 2 PD BB BRI L E L TR SN D
DIZX LT, A7y vaBRIIZHE—T AT HREDRI DT TR, »WLAERLED
i CH7 > T,

PD I B ZE IR D EF R a2 K L C\b, o0, PDIREREGTH 2D
DE—271%, 2EOEFRTFEBRENM LTS EEZ NS, LEN-T, BEEREZFDOEHA
WZE o T, BAIOBEFRTENNERER EOFERICLVEREL, wELBERER L IERMEE



D, WOBARIENEIRE L ETRIND, HERIC L > THEIRER D EME ~MERAITEAT
Ll ZORRRBIENAET DD, TNLUSNOLEITRIAE SR L RO PD HEAEHI S 5137
Tdh D, 1000 FD PD NS EIELIZ 100 F 23, X 512~7 PD R ORI E %2 H
WTCHEAREFROBAIZL D PD EEOELEELE LTz, v BV B L ONLT 0 KEEE, PD ¥
FEORKIRIED 10%705 90% F CORFZE L EFR Lz, £7o, EmEITEREFZ#EY L THE
HL7, AT vy a%HZ0 PD B ORMESAIX, LERKRERLERDMN, L EYESTTY
BEAEL, BMEORIWERENBIIIENTWDLZ ERNbhot-, ZOEREFIX, 22—
ZAHTHPDIETHY, BEKRZERZOEANICLY, PDIREOS EV/SETFORBENES 2D L
AR LTWD, AIEROMEY, DB F /2NN EARERZICEEL, HEL-EHERERICLDSE
REENERDETRIENOREZELZETIL, BRIV EVERZER L
Z LT B, PD DO EVITEFOZEE), SLTOIFA A OFBZ KL TWA72D, Kb
FEWEEBEA R L7-OThIUE, L EVNAL T ORMAELS 2D Z L ITFBTE %,

DLEX Y, PDIREOREREMIT LY, BEREZITHEICH L T—EONITHREETSHZ
ERHIEEN DD, FEARMICIZERE R IR EogE s UTIER L, HIKZE I~ TR
DOMFFEERFHEIIER T T Z EBALNE R o7, —F T, FEHEORWA T v ¥ = 2R OMERZKE
BT TR HZHIRD 80 NWIEE TH D Z LD, GRS TEWGEINERE & 45 2 ii
PERENEI ST T X 2 JREME HoRIE S vz,

70

-10 I I .
0 50 100 150 200
Time [ns]
4 BT PD P
L o Slush nitrogen (PD waveform with two peaks)
—12 - £
E
— 10
=)
38
£
= 6
o] o
240 X
© 9 L Slushnitrogen (PD waveform with single peak)
U 1 1 1 1
0 20 40 60 80 100
Rise time [ns]
(a) 7.1V el — E A AR
H s Slush nitrogen (PD waveform with two peaks)
‘,‘/
§ 12
= 10 LN,
=) = @
g 8 Yo
E §7§3 ) cjc;c‘ o
< 6 %a g)gég N jL‘Q&‘;o_@? © o
- ﬁ%%\ hoBs m® ° o °
,g Slush nitrogen (PD waveform with single peak)
© o2
0
0 20 40 60 80

Fall time [ns]

(b) 32 F Y el — EE A By A7

73
5 L.k IFRIANLE V) R — EEA Ry A



1 1 0 0

YAMADA Kazuki KAWASHIMA Tomohiro OBANA Tetsuhiro MURAKAMI Yoshinobu NAGAO Masayuki HOZUMI 15

Naohiro

Discrimination of Partial Discharges in Gaseous and Liquid Nitrogen by Using Waveform 2020

Characteristics

Plasma and Fusion Research 2401025 2401025
DOl

https://doi.org/10.1585/pfr.15.2401025

4 0 3

K. Yamada, T. Kawashima, Y. Murakami, N. Hozumi

Fundamental study for breakdown characteristic of slush nitrogen as a coolant in superconducting coil

2019 IEEE Conference on Electrical Insulation and Dielectric Phenomena (CEIDP)

2019

K. Yamada, T. Kawashima, T. Obana, Y. Murakami, M. Nagao, N. Hozumi

Assessment of electrical insulation performance of cryogenic fluids using partial discharge waveform

The 28th International Toki Conference on Plasma and Fusion Research

2019

T. Kawashima, K. Yamada, Y. Murakami, M. Nagao, N. Hozumi

AC dissipation current of dielectric material at high electric field in cryogenic

The 28th International Toki Conference on Plasma and Fusion Research

2019




2019

(Yamada Kazuki)

(Murakami Yoshinobu)

(Hozumi Naohiro)

(Nagao Masayuki)




