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Quench: Irreversible transition from superconducting state to normal resistive state.

> If not quickly detected, it may lead to possible permanent damage of the magnet.

> Starting from a local perturbation, the normal (quenched) zone propagates and generates a large resistive power by Joule effect.
1
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Cold Test Facility instrumentation allows to study the quench propagation
and the resulting helium expulsed mass flow from the coil.
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Resistive and inductive voltage determination

Pure Current Fast Discharge (PCFD) test (without quench Rp,(t) =0 Q) was
used in order to estimate inductive voltage induced in TFC02 double-pancakes.

_ Vb,DP (t) _ VDP,inductive (t)
pickup PCFD pickup quench

Application to TFCO2 acceptance quench test
(lo = 25.7 KA, Bjyax = 3.05 T, hy, = 24 g/s, 744 = 0.15,7 = 8s)

Cold Test facility instrumentation scheme Al VDP,R I
3: VDPZR
The fast current discharge decreases magnetic field which induce inductive = '3 Vors,
T 3l I
voltage inside coil and passive structures. 2,4 v
2 4 .
dI(t) dl,(t) 7 v
p 3 15}
% t) =1L +M + Rpp(E) I(t @
b.op(t) WEDP Ty PP g i pp(t) ()'. .|
__________ ‘I_________J \____"____J
] } 05¢
VDP,inductive VDP,resistive 0

Inductive voltage due to the mutual inductance between coil and passive structures #54~000! 24007 0ed T.‘r‘r?ee[zs] 408400 24008 4070
dlp(t)
—p)

pran 0 V) using an analytical method.

were estimated negligeables (Mpp TFCO2 acceptance quench test, double-pancake resistive voltages (Exp)

[1] A.Louzguiti et al., ‘Modeling of AC losses and simulation of their impact on JT-60SA TF magnets during commissioning’, ASC Conference, 2020
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Heuristic quench propagation model for normal length estimation

> Experimental pancake resistance assumption:

RDP(t) VDP resistive (t)
Rp(t) = =
r® 2 21(t)

> Maximal conductor temperature calculation: Tng max (£)
Initial condition: Teondmax(t = 0) = Ts

0-D energy conservation relations applied to helium, conductor and jacket

» Linear temperature profile assumption:

Boundary condition: Teonq(t,x = 0) = Teondmax(t)

ATcona (t,x) _ (TCS - Tcond,max(t))
dx - Lq ®

» Predicted and measured resistances comparison

» CICC normal length evolution at each time step

Rexpm'f Cmaxe ¥max

{ Inputs: Ax, At, tini. Ta, By, Iy ]

n=1, i=1

T, = (T i Xuty) |
Jl K - [[B{I Linis K..r“_:' |
X =X+ A%
-“' d i=it+l
R[mnr:lk:‘ = Z p(T.B, x.]'b_
p=0m .

— FALSE

X = I-'q_usnch l‘ FALSE

s __t“ s i Rpxp[iPUnj | " =

n=n+l Rpancake = 3 J " X = Xpax
TRUE TRUE

[_LUM ut: qu;uenfh =% (t=1y) ]

FALSE

Schemattic of the heuristic quench propagation model

[2] Y. Huang, ‘Study and modelling of the thermohydraulic phenomena taking place during the quench of a superconducting magnet cooled with supercritical helium’, p. 179, 2019
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SuperMagnet code (L. Bottura ,CERN, fortran):
Coupling THEA (1-D CICC electrical and thermohydraulical model) and FLOWER (hydraulical model)

THEA modelisation of 12 CICC with helium, strands and jacket components FLOWER modelisation of the cryodistribution

, heat exch g h relief tank, val d heat
Magnetic field profile (TRAPS) and friction factor correlation (OTHELLO facility) for each pancake (pump, heat exchanger, quench relief tank, valves and heater)

J16, Pump
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th

V2
Quench primary detection: voltage threshold Ugetec= 0.1V

Current discharge (I(t) = I,e~t/7) triggers after quench detection and action time (74,= 0.1 s)

- Developed numerical SuperMagnet model of JT-60SA TF coil and its cryodistribution Rz g 9 anvaaz

QUNOS
—_/

Schematic of TFC and cryodistribution SuperMagnet model

[3] S. Nicollet and al., ‘Parametric Analyses of JT-60SA TF Coils in the Cold Test Facility With SuperMagnet Code’, IEEE Trans. Appl. Supercond., vol. 28, no. 3, p. 4205205, Apr. 2018.
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STREAM: Superconductor Thermohydraulical and Resistive Electrical Analytical Model

(S. Nicollet, IRFM, Matlab):

Thermohydraulical governing equations: E— === ColL:
7 :
0-D adiabatic cold volume submitted to isentropic compression: / Heated volume W“h\\\ Ryou=Vhor/ (VhortVeoid
p P ' heat deposition & ! P, identical in hot and cold part of Coil
Joule Heating ~ / Isentropical compression of cold helium (volume)
dW(t) _ p(t) dVCOld(t) _ p(t) thOt(t) P Tee e Teonan A by heated (hot) volume
- - S
dt dt dt V’ .
. . . . . cold %
0-D energy conservation relations applied to conductor, helium and jacket: Cold Volume with EXHAUSTED HELIUM VALVES & TUBES
isentropical compression’ —
nC (t) L (t) PHe: THE,U TLUHd.[ / , 1 ) | Real
chond (t) % I(t)z - hconv PW,Cond L (Tcond (t) = The (t)) \\5"?":Cons‘ame:s““‘)""l o :RLJI : &
— U s T il 1 f Model
| p—
dt L (Acu Pcu Ccu(t) + Anbri Pabri Chpri(t)) :
/ Upstream Cold Downstream Warm Spring
: . . . [ Tube (UCT w falve (WSV)
Second law of thermodynamics, energy and mass conservative relations describe the Cold Safety & fl(M th Tumnwﬂ :;P'“j‘PS“
. . . Valve (CSV) Cn HE < o
1-D expulsed helium flow from the coil when reaching a pressure drop threshold. . 12,2,42,0h2 13,3, A3, Dh3
Else reduced
STREAM model scheme A3b, bhsb

A. Shajii analytical quench propagation model: Long coil - High pressure rise Regime

1 2
A_P=M>1 v (t)=qu(t)=0766 2 Dp\5 (1 Lg,ini @0 J§\® 1
Po 2P0 vq(tm) ? dt ' f Co 1
ts
,_24Dycdty 0= min ( Acyneu(T) )
f Vg (tm) T=[Ter:3001 " Acond Peond Ccond(T) + Ajacket Pjacket Cjacket(T)

[4] A. Shajii, J. P. Freidberg, and E. A. Chaniotakis, ‘Universal scaling laws for quench and thermal hydraulic
quenchback in CICC coils’, IEEE Transactions on Applied Superconductivity, vol. 5, no. 2, pp. 477-482, Jun. 1995
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TFCO2 acceptance quench test, Magnetic field and current sharing temperature profiles
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TFCO2 acceptance quench test, coil resistive voltage (SM, STREAM, Exp)

Ucoitmax,sm = 149V < Ucoitmax,strREam = 17.3V < Ucoil,max,Exp =178V

> Good agreement between experimental, analytical and numerical
results.

> STREAM is conservative, indeed the model extrapolates results from
one CICC to the twelve composing the coil.
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TFCO2 acceptance quench test, coil Joule energy dissipation (SM, STREAM, Exp)

Ecoil,Exp =1.64 M) <Ecoil,SM =1.90 MJ< ECuil,STREAM =2.21M]

i=Ntot =Ntot ¢ Ly(t)
Ecoitsm = Z Ep; = Z f f Rpi(x,t) I(t)? dx dt
=1 i=1 "0 0

Ecoil,SM,conservative = Neot EPL',max = 220M]J
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TFCO2 acceptance quench test, helium and conductor temperatures (SM, STREAM, Exp) TFCO2 acceptance quench test, helium mass flows (SM, STREAM, Exp)

»  Normal zone induces local helium depletion and high forced convection expulsing

Safety Safety
helium mass flows in two opposite directions (reverse and accelerate mass flows) valve valve
» Quench detection time (t=4055 s): Helium inlet and outlet valves are closed (quasy f{fé;feef x f{ff{géwt
isochoric system) X%
TE2412 TE2414 TE2432
PT2412 PT2416 PT2424
> 5 s period (t=4060 s) : Quench safety valves opening (releasing the warmed helium Fr2412 Fra32
from the coil into the quench tank)

»  The maximal conductor temperature calculated numerically reach 32.58 K in the

side pancake 12 (first pancake reaching the quench saturation phase) Cold Test facility instrumentation scheme
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Study in collaboration with A. Louzguiti in the framework of WPSA

Name | Tokamak | CTF |  Unit
TF Coil 8 8
TF stored magnetic energy 58 20.5 MJ . 752
Maximum magnetic field 5.65 3.05 T £ 8
Minimal Current Sharing Temperature 6.47 7.45 K € o
Current discharge time constant 14 8 s £ ° 3
Helium Coolant " :
WP Helium inlet temperature 4.5 4.7 K 5 is E
WP Helium inlet pressure 0.53 1.038 MPa ) ! . A
WP Nominal mass flow rate 48 24 g/s . 29m | | 48m 1s

o] 10 20 30 40 50 60 70 80 90 100 110 120
Time (s)

——8,P1 ——B,P6 ——B,P12 ——B,P10 —- - Tcs,P1 —-— Tes,P6 — - — Tes,P10 — - = Tes,P12

JT-60SA TFC in Tokamak configuration, Magnetic field and current sharing temperature profiles
Hydraulical coil protection:
The quench incident during Tokamak operation is simulated without isolating the coil from cryogenic plant at the quench detection time.
For this configuration quench relief valves with pressure threshold of 20 bars are the only hydraulical protection for the coil.

Quench initiation:
The resistive transition is induced by Minimum Quench Energy deposition of 30 W/m during 5 s over each pancake first turn, precisely at
absissa 5<x<19 m. The quench begins at the helium inlet of the central pancake 6 where the minimal current sharing temperature belongs.
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=1 S 0,0018
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g oM . % 0,0014
= 4]
2 0 ——NL,P10,SM  0,0012
29 0,001
30 22 M_ . 0,0008
——NL,P12,5M 2
20 0,0006
w0 e NL,Coil, STREAM 0,0004 — R,Coil,5M,conservative
0,0002 i seeeeeee R, Coil, STREAM
0 = 0 I R,Coil,SM
1003 1004 1005 1006 1007 1008 1009 1010 1011 1012 1013 1014 1015 1016 1000 1010 1020 1030 1040 1050 1060 1070
Time [s] Time (s)
JT-60SA TFC in Tokamak configuration, calculated normal zone propagation (SM, STREAM) JT-60SA TFC in Tokamak configuration, calculated coil resistance (SM, STREAM)

Magnetic field distributions induce significant thermal margin and quench propagation velocity differences between central, inner and side double-pancakes:

O0m<NL<29m 29m<NL<48m 48m < NL <113 m

Vq,pe,sM = Vq,p10,sM = Vgp12,sM= 15.7 m/s Vg,pe,sm = Vq,p1o,sm = 12.3m/s < Vg p1asm Vg,pe,sm = 94 m/s < Vg p1osu= 10.9m/s < vy p1;sm

The analytical quench propagation velocity (v stream = 14.7 m/s) allows to predict a coil resistance dynamic matching the SuperMagnet calculation.
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......... E,Coil STREAM 10
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Time (s)
JT-60SA TFC in Tokamak configuration, calculated coil Joule energy dissipation JT-60SA TFC in Tokamak configuation, calculated maximal conductor temperature
(SM,STREAM) (SM, STREAM)

Heat loads on JT-60SA cryogenic plant:

+ 7 MJ Conservative Joule energy dissipated during the quench of one TFC (12 % of the TF stored magnetic energy)
+ 11 MJ Joule energy dissipated in the 18 TFC thick casings by Eddy currents induced during the Fast Current Discharge

[5] M. Wanner, “JT -60SA Plant Integration Document (PID),” V4.2
Quench maximal conductor temperature criteria:

T cond maximal numeric = 00.29 K< 150 K (criteria for non-adiabatic conductor exchanging heat with helium and jacket)

Quench criticality: v, py sy = 19.5m/s > Epg sy = 0.585 M]> T¢ona pi(inter)su = 60.29 K
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Quench model development:
STREAM were upgraded from superfluid helium bath to Cable-In-Conduit-Conductor cooling process.

WEST TFC cooled by superfluid helium bath Cable-In-Conduit-Conductor cooled by supercritical helium forced-flow

Models validation:
Large scale models of the JT-60SA TFC and its cryodistribution simulated the TFC02 quench acceptance test in Cold Test Facility using the numerical

code SuperMagnet as well as the analytical STREAM model.
They proved their robuthness and capacity to simulate the quench phenomenon against experimental data.

Quench phenomena analysis:
Further investigations and numerical simulations will be carry out in order to simulate the reverse

mass flow effect and re-acceleration phenomenon.
Partial quench of the TFC02 occurred during CTF tests at reduced current and analysis are in progress.

Preparation of JT-60SA operation:
Help for commissioning and operation by estimating heat loads on JT-60SA cryogenic plant (18 MJ) in
case of eventual toroidal field coil quench incident.
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ANNEX 1

Energy conservation relations applied to helium, conductor and jacket
in STREAM and Heuristic quench models

chond(t) M I(t)z com; Pw,cond L (Tcond (t) = The (t))

dt L (Acu Pcu Ccu() + Anpri Pnbri Crpri(t))

e e e oy

—_ dTHe (t) — hconv w,cond (Tcond (t) THe (t)) hconv w jacket(THe (t) ]acket(t))
dt Ape Pre(t) Cvge(t)

deacket(t) hconv Pw ,jacket (THe (t) ]acket(t))

dt Ajacket pjacket jacket(t)

)
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E ANNEX 2

STREAM: second law of thermodynamics, energy and mass conservative
relations describe the 1-D expulsed helium flow from the coil

2

dc
dH+T — SQe

Tds = 6Q, + 6Qr
dp dc dA
+—+ =0

D=pcA=Cst >
P c A
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JT-60SA TF COILS FULLY ASSEMBLED
SINCE 18/06/2018

ANNEX 3
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E ANNEX 4 JT-60SA CRYOGENIC SYSTEM (CEA/FA4E)

=] o =
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