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) INTRODUCTION, CONTEXT

C@J ITER: 6 Poloidal Field Coils wound in double pancakes using two-in-hand large NbTi CICC
with central channel. All pancakes are cooled inparallel.

eeoecemas e ot The primary quench detection system s based on resistive voltage. In addition, a secondary
guench detectionis required & could rely on thermo-hydraulic nature signals.
Objective : see the feasibility and necessity of secondary quench detection
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I1) PF MODEL : STUDIED CASES
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—>Model based on Gandalf [1] and Flower [2] codes Gandalf Parameters

—>Previous studies performed onCS [3, 4] and TF [5, 6] of ITER

—>Study focuses on PF5 coil with different quench initiation without fast discharge :
1) 1 m at the middle of the top pancake 2) first turn of PF5 top pancake 3)all the first turns of PF5 coil

[1] L. Bottura et al., A numerical model for the simulation ofquench inthe ITER magnets, Journal of Computational Physics 125, 26-41, Article N° 0077,1996.

[2] L. Bottura, C. Rosso, Flower,a model for the Analysis of Hydraulic Networks and Processes, CHATS Workshop 15-18 September, 2002.

[3] S. Nicolletetal., Cross checking of Gandalfand Vincenta on the CS behaviourduring ITER reference scenario, CEC, 2009, in Proceedings Advances in Cryogenic
Engineering (2010), pp.1402-1409.

[4] S. Nicolletetal., Quench of Central Solenoid : Thermo-Hydraulic detection and main impacton cryogenic system, presented atICEC 23rd Conference, July 2010.

[5] S. Nicollet,B. LacroixD. Bessette, R. Copetti, J.L. Duchateau, M. Coatanea-Gouachet, F. Rodriguez-Mateos, Thermal-Hydraulic Behaviour ofthe ITER TF System
during a Quench Development, Symposium On Fusion Technology, Porto, 2010

[6] S. Nicollet,D. Bessette, D. Ciazynski, M. Coatanéa-Gouachet, J.L. Duchateau, B. Lacroix, F. Rodriguez-Mateos, Thermal Behaviourand Quench of the ITER TF
System during a Fast Discharge and Possibilityof a Secondary Quench Detection, Magnet Technology Conference,MT22, 2011, Marseille.
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1) PF MODEL : GANDALF MODEL
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GANDALF Code [1] is the numerical implementation of a 1-D model for the thermohydraulic simulation
of Cable In Conduit Conductor.

—>Model of 4 independent components: the strands, the conduit, the bundle helium and central helium.
The boundary conditions (inlet pressure, inlet temperature and massflow) are assumed to be given.

- |, B (x,t) = In the case of a quench, the Joule heat generation is computed consistently with the non-
linear critical current density correlation.

- The solver decideswhether a quench or a recovery has taken place.

[1] L. Bottura et al., A numerical model for the simulation of quench in the ITER magnets, Journal of Computational Physics 125, 26-
41, Article N° 0077, 1996.
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Il) PF MODEL : PF Cryogenic loop with FLOWER
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[10]S. Nicollet, J.L.
Duchateau, B. Lacroix,

M. Coatanéa-Gouachet ,
[TER CONTRACT
ITER/CT/09/430000001
4, Deliverable 2.4 :
Study of PF system
quench behaviour on
selected cases, 26th
July 2011.

V17

J21

For the model of all PF Coils in
Flower scheme:

- one pancake of one PF coil modelled
with Gandalf

- other pancakes and other PF coils
modelled with Flower using
compressible heated channels (as well
as,the inlet and outlet channel in the
feeders)

—->m pump = 1.6356 kg/s.

—>regulation valve for each PF Coil (smooth
tube same DP=0.62 MPa).

—->Cryolines
- 10relief valves extremities (2.0 MP‘?l).
—>envisaged sensor locations for secondary

detectionin V8/V3 (inlet/outlet of the
inlet/outlet feeder,inside CTB).
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I1) PF MODEL : CONDUCTOR
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—>Helium inlets @innermost turns, helium outlet (electrical joints) @ outer radius

—>PF current follows operating scenario & not discharged - study “undetected quench”
—>PF5top pancake magneticfield : 4.616 T (at inlet) < B < 3.371 T (at outlet, with 7 paliers)
—>Jc parameterisation NbTi strand experimental data, following method recommendedby 10 [7].
—>Electrical field E(1,B,T) computed locally from power law considering B peak value

—->PF2-5and CC conductors cabled from CN NbTi strand cu:noncu ratio 2.3, parameters:
Bc20=13.72 T, Tc0=8.79 K, m = 1.89, CO = 113200 106 AT/m2, a=1.00, B =0.98, y = 1.96, n=1.70

[7] D. Bessette, Data Package for simulating the in-coil operation of the PF and CC conductors during the reference scenario#2 15MA
baseline, 7 may 2011.
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I1) PF MODEL : SYSTEM PRESENTATION

A non copper (mm2) 14451
Acopper in sc strands (mm?2) 332.38
(m A copper tot (mm?) 370.55
Bundle region wetted perimeter (mm) with twisted strands | 3024.95
Central channel wetted perimeter (mm) 37.7
\ergie atomique « energies altematives Bundle region helium section Aheb (mm?) 295.48
Central channel helium section Aheh (mm2) 113.10
Stainless Steel Jacket cross section AJK (mm?2) 1714.93
Surface perforation from central channel to bundle 0.15

—>Each channel defined hydraulic characteristics (flow area AHe, wetted perimeter Pw).

—>friction factors derived from experimental measurements [8] for bundle region fb and central spiral fh. The
-> parallel channels where supercritical helium flows with possibility of heat transfer and mass exchange.
—> equivalent heat transfer correlation determine from friction factor [9] : Reynolds Colburn analogy

—>central cooling channel aims reduce DP; DPL = 140 Pa/m for PF5 with m=8.7 g/s, P=0.55 MPa, T=5 K
—>regulation valve for each PF Coil > dedicated smoothtube (ST) same DP=0.62 MPa.

important remark :total mass flow rate for the global system of PF and CC Coils is 1.8 kg/s

—>following modelis limited to PF coils system - m=1.6356 kg/s.

[8] Nicollet, S., etal., “Dual channel cable in conduitthermohydraulics: Influence of some design parameters”, IEEE Trans. Applied Superconductivity, 10,
N° 1,2000,pp. 1102-1105.

[9] Nicollet, S., Ciazynski, D., Duchateau, J .L., Lacroix, B. Renard, B., Evaluation of the ITER Cable In Conduit Conductor heattransfer, proceedings of
20th ICEC Conference, Beijing, China, 2004, pp.589-592

[10] S. Nicollet,J.L. Duchateau, B. Lacroix, M. Coatanéa-Gouachet,ITER CONTRACT ITER/CT/09/4300000014, Deliverable 2.4 : Study of PF system
guench behaviour on selected cases, 26th July 2011.
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1) PF MODEL : Choice of PF5 top pancake

—>quenchinitiation with Minimum Quench Energy (MQE).
—->PF5 Coil with higher B, quench (x,t) temperaturemargin is minimum:
highest current Imax = -45 kA at t= 608.5 s of 4th pulse (P, T given from previous studies)

—->PF5pancakewith maximum heatload : top pancake

- steady state heat load due to eddy currents in supportof PF5 with 52W/368m = 0.1413W/m
-heat loads due to nuclear heating with 131W/(2*368) = 0.178 W/m), for time = 130sto 530s
during plasma; the total heat load during this periodis 0.32 W/m.

- Infollowing figures t=0 s correspondsto t= 600 s of the 4th scenario

—>quenchinitialised t=8.5 s with a heat duration of 1s (until time =9.5s), corresponding to the
beginning of the quench.

—In case of fast discharge, for PF5 conductor, a detectionvoltage of 0.1 V associated with a
holding time of 1 s is taken to trigger the fast discharge.

[10] S. Nicollet, J.L. Duchateau, B. Lacroix, M. Coatanéa-Gouachet , ITER CONTRACT ITER/CT/09/4300000014, Deliverable 2.4 : Study of
PF system quench behaviour on selected cases,26th July 2011.
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1) PF Results : 1 m quench initiation at the 4th turn of CICC
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lIl) PF Results : 1 m quench initiation at the 4th turn of CICC
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lIl) PF Results : 1 m quench initiation at the 4th turn of CICC
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V) PF Results: First turn quench initiation on top pancake

“important quench” performed: with all the pancakes (Junction J7)quenching at the

Cej sametime, at the firstturns,in order to assess the necessity of secondary quench
detection.

Forthis purpose,thestudy of onequench ofthetop pancake (J1)is performed;
Joule heating applied (dx=10m &dt=0.1s) along corresponding Flower Module (J7).
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2> MQE=17.5kJ (350 W/m along50 m fromt=8.5s to 9.55s).
- Tinitially at 4.83K >Tcs=6.71 K = DTmargin =1.88K
- quenchpropagation rapid =35 m/s-> whole conductor 367 m quenched in11s
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V) PF Results: First turn quench initiation on top pancake
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V) PF Results: firstturns quench initiation
on all PF5 pancakes
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V) PF Results: firstturns quench initiation

on all PF5 pancakes
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—->mass flowin Flower Module (31 pancakes), m,,,,=20 kg/s

- P increase phenomenon accentuated by mass flow

expulsion limitation of relief valves (Ahe=2 10-3 m? each)
and/or feeder (Ahe = 52.510-3 m?), limit =5 kg/s (t= 29 s)
—->Mass flow extremities of feeder @CTB

—~>No problem of secondary quench detection (SQD).

—>Results: veryimportantrole played by the secondary
guench detection system which can mitigate the pressure

increase bytriggeringthefast discharge.
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VI) Conclusion

- Gandalf-Flower modelused for quench study with conductor (Gandalf),and the
thermal-hydraulics (Flower).

—itis veryimportantto monitor P, Tand m @ CTB, in the inlet helium channel and at
the outlet helium channelas well. The corresponding values show significant
differencescomparedto the normal operation.

—>feasibility of secondary thermal-hydraulic quench detection,in case primary DV is
explored with some signal criteria, specially in the most difficult case to be detected:
initiation with 1 m quench near the middle of the conductor.

> quench propagation velocity is very dependenton the studied system and on the
initiation context: heatinput,location (temperaturemargin at this point, and
extremities or at the middle turn of the conductor), fast discharge or not.

—In the caseof onequenchofonepancakeon the first turn of PF5,the pressure
increase is notsufficientto opentherelief valves (P<=1.0 MPa).

—>quenchofall PF5pancakes-> reliefvalves and/or the feedersdo not seemto have
a sufficientsectionto expelthe helium mass and to preventan importantincrease of
pressure atthe end of the conductor,wherethe “cold” heliumis expulsed.
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energie atomique - energies alternatives

Thank you for your attention
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Annex : PF hydraulic Scheme characteristics

V18 V17

V21 VL9 Volume Flower Name | Flower type Name Volume (m3)
‘—O*%@ V1-V 194 2.e-3 each
Cm LHex, 126 Valve. 125 V202 Vi 1 Inl PF3 32e3
i Vaos Vs A i Frz Yooz
=30m A=5024E-6 m? e n e-
AraoEs T F=10E-6 A §024E-6 V203 V4 1 Out PF2 20e-3
energle clomique - energies alemativey F=1,pw=2.0112 m M=2kgls V206 V5 1 Inl PF1 32e-3
V205 V6 1 Out PF1 32e-3
V200 V7 1 Inl PF4 32e-3
Relief Tank V199 V8 1 Out PF4 32 e-3
V32=720 m* V196 V9 1 Inl PF6 32e-3
V195 V10 1 Out PF6 32 e-3
V198 V11 1 Inl PF5 32e-3
V197 V12 1 Out PF5 32e-3
V209 V13 1 PF3 outl Feed 32e-3
V210 . [Vvi4 1 PF1&2 outl Feed 52 e-3
v v208 V15 1 PF4&6 outl Feed 64 e-3
19 V207 V16 1 PF5 outl Feed 32e-3
V221 V17 1 Inlet Pump 240 e-3
"""" vs FRLJ4 V222 V18 1 Outlet Pump 240 e-3
§ 8 o] V223 V19 1 Outlet control valve | 240 e-3
i D R V225 V20 1 Heat exchanger 1e9
g vi PF2.33 V224 V21 1 Outlet HEX 240 e-3
p17, ‘ V219 V22 1 Inl PF3 valve 32e-3
V220 V23 1 Inl PF1&2 valve 52 e-3
V218 V24 1 Inl PF4&6 valve 64 e-3
a21| V217 V25 1 Inl PF5 valve 32e-3
V214 V26 1 PF3 Inl Feed 32e-3
V215 V27 1 PF2 Inl Feed 32e-3
V216 V28 1 PF1 Inl Feed 32e-3
V213 V29 1 PF4 Inl Feed 32e-3
V211 V30 1 PF5 Inl Feed 32e-3
V212 V31 1 PF6 Inl Feed 32e-3
V32 1 Relief Tank 720

PF5, J1
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Annex : PF hydraulic Scheme characteristics

Vin Flow | Flower | Name L (m) A (m?) PER (m) | Dh (m) P (W) | P (W/m)
Chan. | er type
@ J1 -1 PF3, CICC 447 Table
J2 -22 12724 0.5887 Table
PF3 447 E-6 E-3
—— J3 -22 9851 0.5887 Table
‘ - PF2 2585 | E-6 E-3
erere elomiane - ensiss arematves J4 22 11046 0.5309 Table
PF1 200 E-6 E-3
J5 -22 13135 0.5887 Table
PF4 408.5 E-6 E-3
J6 -22 16570 0.5309 Table
PF6 359 E-6 E-3
J7 -22 13131 0.5769 Table
PF5 368.5 E-6 E-3
C571 | J8 12 PF6 out. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 142.5 | 3.9583
C572 |J9 12 /-22 | PF5 out. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 158 4.3889
C573 J10 12 PF4 out. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 143 3.9722
C574 J11 12 /-22 | PF3 out. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 150 4.1667
C575 J12 12 PF2 out. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 141 3.9167
C576 | J13 12 PF1 out. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 150 4.1667
C577 J14 12 PF6 inl. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 27 0.75
C578 | J15 12 /-22 | PF5inl. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 30.8 0.8556
C579 J16 12 PF4 inl. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 27 0.75
C580 J1i7 12 /-22 | PF3inl. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 29 0.8056
C581 | J18 12 PF2 inl. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 26.5 0.7361
C582 | J19 12 PF1 inl. Feeders 36 2165E-6 | 0.16493 | 52.5E-3 | 29 0.8055
C583 J20 12 outlet branches to PF4,5 | 25 9517E-6 | 0.34583 | 0.1101 0.5
C584 J21 12 outlet cryoline to PF4, 5,6 | 81 9517E-6 | 0.34583 | 0.1101 0.5
C585 | J22 12 outlet cryoline to PF3 26 2470E-6 | 0.17618 | 0.0661 0.5
C586 | J23 12 outlet cryoline to PF1, 2 13 3429E-6 | 0.20759 | 0.0661 0.5
J24 40 Pump, M=1.6356kg/s 5 5024E-6 | 0.72960 | 0.0845
J25 31 Control Valve 1.0 1200e-6 Csi=e-6
J26 13 Heat Exchanger 30.0 20e-3 2.0112 40e-3 To=4.3K
J27 12 0.20759 | 0.0661 0.5
C588 inlet cryoline to PF1, 2 13 3429E-6 | 6
C589 J28 12 inlet cryoline to PF3 26 2470E-6 | 0.17618 | 0.0661 0.5
C590 | J29 12 inlet cryoline to PF4, 5, 6 81 9517E-6 | 0.34583 | 0.1101 0.5
C591 | J30 12 inlet branches to PF4, 5 25 9517E-6 | 0.34583 | 0.1101 0.5
A3 J31 11 Equivalent tube PF3 3 192E-6 15.6E-3
A2 J32 11 Equivalent tube PF2 1915 | 522E-6 25.8E-3
Al J33 11 Equivalent tube PF1 250.0 655E-6 28.9E-3
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Annex : PF Model Correlation used

Model : 21 Volumes and 30 junctions

Bundleregion  4.fus = fzy = (@/void)*™*.(0.0231 +19.5/ RE® ")

Central hole [2] fo, =0.3024.RE
Spiral Dout=Dhh =12 mm
f.,.A.Re.Pro®

8.Dh

Convective heat transfer hconv,CR =

mass flow rate in bundle region = 25% ; in central hole region =75 %
This hypothesis - evaluate the equivalent friction factor corresponding to each module, which is
representedin the Flower model by a single tube.

PF Coil Module fi _l(f s 2" : + 1. m ' : J 20% ' oh
2 2082 Dh,  "2pS2'Dh | m? L
— Electrical field Ec computedlocally from equation by integration over the cable cross section
to include the effect of the magnetic field gradient (AB=Bmax-Bmin) assumed linear. A shunt
modelwith copperin parallel is considered. ;
- Mlera)
J (B T ,E)

[2] Nicollet, S., et al., “Dual channel cable in conduit thermohydraulics : Influence of some design parameters”, in IEEE Trans. Applied
Superconductivity, 10, N°1, 2000, pp. 1102-1105.
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