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C2a ITER COILS

ITER COILS

Propagation, development an behaviour during a quench.

The primary quench detection system is based on resistive voltage. In addition, a
is required & could :

Objective : see the feasibility and necessity of secondary quench detection
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An important point : study of a CTB / \ Lo for secondary detection
secondary quench detection in case

of undetected quench by primary —O=—0] J1, Gandalf [O=—"0~
(voltage) detection in the TF system Vin Or THEA Vout
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Cea What is a Quench ?

What is a quench ?
B Irreversible transition from superconducting state to normal resistive state
== Large energy dissipation due to Joule heating
== |f NOt quickly detected, possible permanent damage of the magnet

Starting from a localized perturbation, the normal (quenched) zone
propagates and generates a Iq[ge’?ésistive power

-
-

He outlet
R

He inlet

114 m

B 2 methods for quench detection:

» Electrical signature (resistive voltage)
— fastest method, so primary detection

» Thermo-hydraulic signature (He mass flow,
pressure) — secondary detection

B Voltage compensation (from coil to coil)
to discriminate resistive voltage
from magnetic disturbances

Courtesy of IRFU/SACM CEA Saclay
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Principle of primary quench detection

Features of primary detection

3,0 3,0E+04 .
. Cast Safm o 4 phases for a protection sequence:
' | 1\« ofthe current o 1. Propagation — 1, (U)
< 2,0 2,0E+04 ~—~ . . . .
2 % /\ : < 2. Filtering phase — holding time T,
D215 b 156404 5 .
g S | :/ \ £ 3. Current breakers opening — 1.,
210 o 1,0E+04 ©
U, =05 V- / ' 4. Fast Safety Discharge of the current (tegp)
T s T — - 5,0E+03 - :
0.5 P \éo”agi : for dumping magnetic energy (1.06 GJ for
- — urren . . .
0,0 S a— : 0,0E+00 18 TF coils) into an external resistor
o |1 5 10 15
"—p’:‘;’: time (s)
ThTTep
Tda=Tp+Th+ch

Primary detection parameterization = setting the values (U,, ;)

v Hot spot criterion (maximal acceptable Tcond) W A high propagation velocity is

— detection and action time 1, favourable for quench detection
v Choice of the voltage threshold U, — 1,(U)) W t,(U) — requires areliable
v 1, = Tg = Tp(Up) — Tep simulation of quench propagation
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~ THERMOHYDRAULIC CALCULATION CODES:

SUPERMAGNET : THEA & FLOWER

The CryoSoft suite SUPERMAGNET is the manager application that launches two or more of the codes,
schedules communication & terminates execution as appropriate = analysis of specific issues in
superconducting magnet systems.

THEA (Thermal, Hydraulic and Electric Analysis of Superconducting Cables) [1], FLOWER (Hydraulic
Network Simulation) [2], POWER (Electric Network Simulation of Magnetic Systems) and HEATER

STAINLESS STEEL JACKET

bundle helium

. Ts Pe. VB
conduit (jacket P

and insulation) bundle flow

Tik /
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\ . by
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Wrap Gandalf & "-_Pchc ,’, P
y hole flow
Stainless Steel
m Conduit T H EA strands (superconductor,
_— " | stabilizer) hole helium
ooling Spira Parameters T, Ty pix v

GANDALF or THEA Code [1] is the numerical implementation of ~ The codes communicate through a data exchange

a 1-D model for the thermohydraulic simulation of Cable In mechanism (described later) that achieves the desired
Conduit Conductor: physical coupling and makes it possible to describe a

- Model of 4 independent components: the strands, the series of processes such as:

conduit, the bundle helium and central helium. eeffect of helium expulsion during thermal transients on
- 1, B (x,t) = In the case of a quench, the Joule heat the proximity cryogenics;

generation is computed consistently with the non-linear critical eevolution of the coil current during quench, including the
current density correlation. effect of quench resistance;

- The solver decides quench or recovery has taken place. ecooling of a coil with thermally coupled parallel channels;

[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.
[2] L. Bottura, C. Rosso, Flower, a model for the Analysis of Hydraulic Networks and Processes, Workshop on Computation of Thermo-hydraulic Transients in
Superconductors, Karlsruhe, 15-18 September, 2002.
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DE LA RECHERCHE A LINDUSTRIE

Cea

182 mm +-02

Local void
Fraction 36%
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Superconducting /

Cable /

CICC Characteristics

CC Conductor

Geometrical characteristics

Jacket type/ outer dimensions (mm)

Square steel 316L 19.2 x 19.2

Cable type/ outer dimensions (mm)

14.8 x 14.8

Stainless Steel Jacket cross section (mm32)

138.5

Cable wrap

0.08 mm thick, 40% overlap

Electrical characteristics

Total Insulation section (mm?) Not modelled
Type of strand NbTi
Nominal Peak Field (T) Maximum Operating Current (kA) 5/10

RRR / cos teta 100/0.97
Cabling pattern 3x4x5x5
Number of SC strands 300

SC Strands diameter (mm) 0.73

SC Strands Cu :non-Cu ratio 2.3

Non copper untwisted [twisted] section (mm?) 37.6 [38.8]
Total non copper area in strands (mm?) 51.7

Extra Cu cross section (mm2) 34.9

Total copper untwisted [twisted] section (mm?) 86.6 [89.2]
Voltage threshold for discharge (V) 0.2
Detection and action time Tda (s) 15
Temperature margin at peak temperature (K) 15
Equivalent discharge time constant(s) hot spot 18*
Hydraulic characteristics

Coolant Inlet temperature / maximum Operating Temperature (K) | 4.5/5.4
Cooling channel length (m) 133.9 for Side CC
Total conductor wetted perimeter (twisted strands) (m) 754.82
Wetted perimeter Helium Jacket (mm) 58.4

Helium section in Bundle region (mm?) 76.67
Bundle region hydraulic diameter (mm) 0.4063

Void fraction (%) 35.4

(*) note the use of warm aluminum busbars as discharge resistors

ITER SCC COIL AND CONDUCTOR

Side €€ winding pack - Quadra pancake

4 aren smm
- N
8mm ground
insulation
143.8 weosem
0,5 ithe) .
212 55
/
124
116
L 108 4
2
AP P,.-m

2 g el
L = 8'pHeAE|e

1 19.5

f

Convective heat exchange coefficient is equal to
Colburn , with the following formula and without any
limitation at zero mass flow rate:

N = A (0.023*Re®®) *Pr/?/ Dh

conv,b
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Ce ITER SCC CONDUCTOR : FIELD, CURRENT & QUENC éRfm

— DETECTION

Jc parameterization has been established from NbTi strand Ic
experimental data, following the method recommended at the SWG

meeting. PF and CC conductors, Jc law Fitting Formula by L. Bottura : 10000 -ramas-+ )
—4—CCT(A
T B

C n a - _ n 5000 ——CCB(A)
l=220-tybra-p)’  rs o PTg B, (T) = BepoL—t")

500 ﬁoo 150 2000
-5000

The electrical field E(1,B,T) is computed locally from the power law considering the ! \
peak value of magnetic field. -10000

PF2-5 and CC conductors cabled from CN NbTi strand cu:noncu ratio 2.3:
Bepo =13.72 T, T, =8.79 K, C, = 113200 10° AT/m?, a = 1.00, § = 0.98, y = 1.96,
n=170

15000

Current (A)
o

-15000

Time (s)

3.0

Bav data along the SCC conductors are provided; in SCC pancake #1 is the

closest to the plasma. The pancake showing the highest field values should be 25 %
retained, i.e. pancake #1 in SCC with the minimum temperature margin. )

The quench is initialized from 400.5 s to 401.5 s with a MQE = 89 W/m
on Pancakes 1, 2 and 4 and MQE = 95 W/m on Pancake 3

N g --400
g e o w| I ] -+-405
Nl &) 17| &% —410
| ——420
@ P 430
am Iile : 2,8 - ~440

Range of resistive voltage threshold Vr = 0.2V T % B OB 3 450

Current decay will be initiated only after an action time % 0 -
Ta=Th+Tk + Tch=1.5s

Th = 0.5 s holding time (confirmation of quench detection) Yo n w w 00 120 0 160

Tk = 0.5 s “killing time” of plasma B

Tcb= 0.5 s maximum current breaker opening time

Magnetic Field B (T)

N2\ 20 2 2\ Z

CHATS : 13-16 September 2015, S. Nicollet | PAGE 7



DE LA RECHERCHE A LINDUSTRIE

ITER SCC QUENCH: FLOWER MODEL

el o | FLOWER Model initial conditions :

, V86= 720 m*
ay RPN T=5K, P=0.55 MPa, m,,,,,=1.8kg/s,
i A4 A3t Harjabe | os2] dhar e | aad |
MR AL : g0 | o8 fee | — —
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i
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DE LA RECHERCHE A LINDUSTRIE

CcCed ITER SCC2 QUENCH FLOWER MODEL

CC CICC: nominal mass flow rate =1.4 g/s at T=4.4 K and Pin= 0.46 MPa for each pancake.

SCC2 Coil Quench in Flower scheme:

- 4 Pancakes modelized by THEA

- All the other coils (CC and PF) modelized by Flower Junctions, in parallel with
equivalent friction factor ft (to conserve DP) & Additional tubes shortest CICC, same DP

- Relief valves extremities (2.0 MPa).

AP - § pv; L m’ L
- tl . -_ tl 2 .
2 'Dh, 2,82 Dh
2 2
PF1&6 PF5] PF2,384 PF3 PF2 PF1] _ PF4 PF6] _ PF5 1 m, L m, L
Number of Pancakes Nz 16 12 16 16 18 16 AP = (Apb + Aph ) / 2=—| fb . 2" + fh . 2"
Number of turn Nr 12 10 16 11 26 14 2 2.p.Sb Dhb 2.p.Sh th
Hydraulic length (m) 4470|2585 200.0] 4085 359.0 3685
Helium section in bundle region AHEB (mm?) 3472 297.2| 297.4] 9515.7| 7136.8] 8332.3| 9515.7| 12498.4] 95114
Bundle void fraction 34.61] 3434 3435 1 m§ L mﬁ L 2. p.Stz Dht
Hydraulic diameter of bundle region DHB (mm) 0.3787 0.3930 0.4008 ft = —. b* 2" + fh' 2" . 2 .
PHTC (mm) 3667.0 _3025.0] 2967.9] 94971.2| 71228.4] 88008.7| 94971.2|132013.1] 96798.4 2 2. p_Sb Dhb 2. p_Sh th m L
PHTJ= PHTCJ (mm) 59.2 554 55.4] 1774.4] 1330.8] 1421.3| 1774.4| 21319 1774.4 t
PHTHB _(mm) wetted perimeter between hib 37.7 37.7 37.7] 1206.4] 904.8] 904.8] 1206.4| 1357.2] 1206.4
Central hole section AHEH (mm?) 113.1]  113.1] 113.1] 3619.1] 2714.3| 2714.3| 3619.1] 40715 3619.1 CC Side]CC Top/Bottom]  ex:[CCTI-CCB6 [SCCL-6 or SCC2
alpha = mb / (mb + mh) 0.261 0.241 0.245 Number of Pancakes 4 8 8.00 4
Total helium Area AHE (mm?) 460.3 410.3 4105 13135 9851| 11047| 13135 16570 13131| [Hydraulic length (m) 140 65 65.40 140
Total wetted perimeter (mm) 3764] 3118 3061] 97952.0] 73464.0[ 90336.0] 97952.0[135504.0] 99776.0| [Helium section in bundle region AHEB (mm?) 76.67 76.67 613.36 306.68
Global Hydraulic diameter Dht (mm) 0.4891] 0.5264] 0.5364] 0.5364| 0.5364] 0.4891] 0.5364] 0.4891] 0.5264] [Wetted perimeter U= PHTC (mm) 754.82 754.82 6038.56 3019
Linear pressure drop (Pa/m) 133 140 138 gy:g’l‘“"c _‘;'?rm‘i‘_e;DH (mm) g-gggz g-gggg 0.4063 0.4063
Pressure drop along the pancake (MPa) 0.06169] 0.03567| 0.0266] 0.05637| 0.04775] 0.05159 Li:earep‘:‘:ssufg :j?op o) e e 5000 500
Total length considered (m) 450 450 450 450 450 450 15 essure drop along the pancake (MPa) 0.05880 0.02747 0.02747 0.05880
ST additional Igngth (m) 3.0 191.5 250.0 41.5 91.0 81.50 Total length considered (m) 250 250 250.00 250.0
ST cross section A (m?) 4.96E 04 5.80E-04 7.13E-04[7.21E-04] 7.45E-04] 7.35E-04 [ itonal fength (m) 30 e .60 10
ST Hydraulic diameter DhST (m) 0.02513| 0.02717] 0.03012] 0.03029| 0.03079] 0.03059| [iyy jraulic diameter for additional length DRST (m) | 0.01200 0.01014 0.01014 0.01200
DP ST (MPa) 0.001027] 0.027300[0.036149]0.005843] 0.014568[ 0.010954|  [5p 5T (WPa) 0.0036L 003542 0.03542 0.00381
DP total (MPa) 0.062713]0.062973[0.062749]0.062216[0.062315[ 0.062544]  [pp total (MPa) 0.06261 0.06288 0.06288 0.062613
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C2A ITER SCC2 QUENCH : 5 CASES STUDIED

Quench behavior of the SCC2 is quite similar compared to CS Pancake one [3], TF Pancake
one [4] and [5], PF Pancake one [6] or BCC Pancake one [7].

The quench is initialized from 400.5 s to 401.5 s with a MQE = 89 W/m on Pancakes 1, 2 and
4 and MQE = 95 W/m on Pancake 3.

5 cases have been studied:

- Case 1: Quench on the first turn of Pancake # 1, without Fast Discharge (FD)

- Case 2: Quench on the first turn of Pancake # 1, with Fast Discharge (FD)

- Case 3: Quench on the first turn of all Pancakes, without Fast Discharge (FD)
- Case 4: Quench on the first turn of all Pancakes, with Fast Discharge (FD)

- Case 5: Quench on the middle turn of Pancake # 1, without Fast Discharge (FD)

- Range of resistive voltage threshold Vr =0.2 V
- Current decay will be initiated only after an action time Ta=Th + Tk + Tch=1.5s

[3] S. Nicollet et al., Quench of Central Solenoid: Thermo-Hydraulic detection and main impact on cryogenic system, ICEC 23, July 2010.

[4] S. Nicollet et al., Thermal-Hydraulic Behaviour of the ITER TF System during a Quench Development, SOFT, Porto, 2010.

[5] S. Nicollet et al., Thermal Behaviour and Quench of the ITER TF System during a Fast Discharge and Possibility of a Secondary
Quench Detection, MT22, 2011.

[6] S. Nicollet et al. Quench of ITER Poloidal Field Coils: Influence of some initiation parameters on thermo-hydraulic detection signals and
main impact on cryogenic system, CHATS 2011.

[7] S. Nicollet et al., Secondary Thermohydraulic Quench Detection for the ITER Correction Coils, ASC 2012.
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CLQA ITER SCC2 QUENCH : VOLTAGE AND JOULE ENERGY Irfm

10 0.030 10 0.003

9 Case 1: Evolution in time 9
s o0z of Voltage and 8 7 oom
, Resistance, quench first .
0020 turn Pancake 1 without FD =
s ® £ = 6 0002 E
2 [} 2 -1
gn 5 0015 § Voltage_1 gn 5 g Voltage 1
E _,—': —=Voltage_2 g E —\oltage_2
4 E -+ Resistance 4 ﬂ-ﬂﬂlﬁ —+Resistance
0.010
3 3
; s oos Case 5: Evolution in time of > 0.001
) ‘ Voltage and Resistance, .
quench middle turn
’ 000 Pancake 1, without FD ‘ o,
400 405 410 415 420 425 430 435 440 445 1 400 402 404 406 408 410 412 414 416 418
Time (s) Time (s)

8.0E+03

7.0E+03

Case 1 or 3: quench on first turn
—>Voltage reaches 0.2 V at time 403.3 s.
Case 5: quench at middle turn pancake #1

6.0E+03

5.0E+03

External and Joule Power (W)

o :EJ:;Z - voltage reaches 0.2 V at time 402.1 s
o —ae.2 Case 1 or 3; quench without FD
j::: —>Joule energy reaches 2.5 MJ (t=440 s one pancake)
. - and 1.4 MJ for each pancake (t=435 s 4 Pancakes).
“, T T e v ® Case 2 or 4: With FD
/ - maximum value =7.5 kJ (t=405 s for both cases)

Case 2: Evolution in time of External and Joule heating
in W, quench first turn Pancake 1, With FD
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SCC2 QUENCH : CONDUCTOR TEMPERATURE (TCO)
& NORMAL LENGTH (NL)

éRfm

- With FD, TCO at middle of heated zone reaches a plateau = 50 K

- compared with the hot spot criteria of 150 K (with helium and Jacket).

- Without FD, maximal TCO= 750 K (t=440 s and near 450 K at time 435 s, 1 CICC or 4 CICC quenched).
- Without FD, Quench initialized at the middle TCO max=130 K at time 417 s.

- Without FD quench one pancake (all pancakes, first turn), NL reaches whole CICC (140 m), at t=420 s:

velocity =7 m/s one front.

- With FD, NL obtained at t=460 s is only 60 m. this is the case also for the 4 quenched Pancakes.
- Without FD, quench middle of CICC - propagation velocity higher »>whole length quenched at time 408 s:
velocity =9 m/s over each of the two front.

Conductor Temperature Pancake 1 (K)

60

0

400 410 420 430 440 450

Time (s)

460

0.0

-*13.5
270

—1340

Conductor Temperature Pancake 1 (K)

140

-
~
=]

=
o
I=]

0
o

@
o

B
o

N
o

o

400

405 410
Time (s)

415

420

0.0
-#-53.0
67.0
——80.0
—-134.0

Normal Length (m)

—NL_1
N2

NL_3
—NL_4

400 405 410 415 420 425 430 435 440
Time (s)

Case 4: TCO, Pancake 1, quench on

the inner turn of all Pancakes, with FD

Case 5: TCO Pancake 1, quench on the

middle turn of Pancake 1, without FD
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Case 3: NL, quench of inner turn
of all Pancake, without FD
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ITER SCC2 QUENCH: MAXIMAL PRESSURE (PMAX)

7.0E+06

6.0E+06

5.0E+06

4.0E+06

3.0E+06

2.0E+06

Helium Pressure Pancake 1 (Pa)

106+06 B

0.0E+00 t
0 20 40 60 80 100 120 140
Abscissa (m)

-=-400
—+—405
——410
——420
-+-430

2.0E+06

1.8E406

1.6E+06

1.4E+06

1.2E+06

1.0E+06

Pressure Pancake 1 (Pa)

8.0E+05

6.0E405 [

4.0E+05
0 20 40 60 80 100 120 140

/Y Abscissa (m)

=400
405
=410
—420
~+-430
440
450
460

\Case 4: Pressure, Pancake 1, quench on
the inner turn of all Pancakes, with FD

Case 3: Pressure,
Pancake 1, quench on the
inner turn of all Pancakes,

without FD

Case 5: Pressure,
Pancake 1, quench on
the middle turn of
Pancake 1, without FD

e

éRﬁ’l’l

7.0E+06

6.0E+06

5.0E+06

4.0E+06

3.0E+06

\ Helium Pressure Pancake 1 (Pa)

0.0E+00

206406 4

§
1.0E406 1 3

20

-%-400
402
——404
——406
~+-408

410
——413

417

40

60 80 100 120 140
Abscissa (m)

Joule heat input during quench important

—> pressure increases significantly:

- Case 1 or 3: first turn & Without FD, pressure reaches
maximum near middle of CICC: 6.0 MPa (t=440s, 1
pancake) & 6.5 MPa (=435 s, 4 pancakes).

- Case 5: Without FD, Quench at CICC middle, Pmax= 6.0
MPa but reached earlier (t=417 s for one quenched
conductor - two times faster than previously due to

propagation on two front).

- Case 2 or 4: With FD ->Pmax localized nearest from the
conductor inlet and reaches 1.9 MPa (t=460 s: for both,

one or 4 pancakes quenched).

CHATS : 13-16 September 2015, S. Nicollet
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A RECHERCHE A LINDUSTRIE

C2QA ITER SCC2 QUENCH : HELIUM MASS FLOW

Mass flow rate presents a reverse flow at the CICC inlet & an acceleration at CICC outlet:

—>Case 1 or 3: Without FD, quench at CICC inlet >maximal reverse flow reaches -0.03 kg/s & acceleration
+0.06 kg/s. Each quenched pancake has the same behavior concerning mass flow rate.

—>Case 5: Without FD, quench at CICC middle—> mass flow rate evolution symmetrical along abscissa :
reverse mass flow of -0.06 kg/s & an acceleration of +0.06 kg/s.

—>Case 2 or 4: With FD helium mass expulsion is less important and happens with slowly manner
:reverse mass flow -0.03 kg/s at t=405 s and acceleration of +0.01 kg/s at t=410 s.

Helium Mass flow rate Pancake 1 (kg/s)

0.07

o
=}
@

e
o
@

o
o
&

©
o
@

o
o
=]

=
o
[=1

o
=}
=}

o
o
=1

o
o
]

o
o
@

o
o
&

0 20 40 60 80 100 120 140

Abscissa (m)

400
-=-401
402
——403
—405
410
420
430
440

Case 1: Distribution of mass flow rate, Pancake 1,
guench on the inner turn of Pancake 1 without FD

0.03

0.02

=]
o
=

Mass Flow Rate Pancake 1 (kg/s)

-0.03

-0.04

=400
=405
410
—420
~-430
-o-440

450

460

0 20 40 €0 80 100 120 140
Abscissa (m)

C
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ase 2: Distribution of mass flow rate, Pancake 1,
guench on the inner turn of Pancake 1 with FD

| PAGE 14



A RECHERCHE A LINDUSTRIE

C22) ITER SCC2 QUENCH: PROPAGATION AT THE FEEDERS  JRf"2

Relief Tank ]
V86=720 m* |

Helium channels in feeder f t
inlet & outlet at CTB \ T iy i
— H
3 SN Y p {
_/ Q_ SCC2, Pancakes 1 to 4 _G N\, _/ Q _‘ "
150 156 i jannmmiy
Vg V51 V87 V66 v57 v31 2 ;S—{__ Ji:ns‘ ccs|
. . R R o v ”
hefium Helium Helium N aaim=
inlet inlet outlet vij FRETTES,
channel channel channel i&__ “:::Z:vss“
atCTB at coil at coil P8 :H)—?H%
e V T S Y o W :
Sensors location for the secondary detection is V9 & V63 e ° o

V9= inlet helium channel in feeder, in CTB or Inlet of Junction 50 at x=0
V63 =outlet helium channel in feeder at CTB or outlet of the Junction 56 at x=24 m
Relief valves connected to the extremities of the feeders

- With our simplified model, In any case of the SCC2 Quench, there is NO opening of the Quench relief
Valves, Pmax < 2.0 Mpa but an in-depth model is required to conclude

- good agreement with studies performed on BCC, 2011 [9]
Opening of relief valves observed only in case of the quench of the eight Pancakes.
In case of a quench of only one pancake of BCC, the pressure increase remains under 2.0 MPa.
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DE LA RECHERCHE A LINDUSTRIE

Cea

— AT FEEDERS

ITER SCC2 QUENCH: PRESSURE & TEMPERATURE

éRﬁ’i’l

A secondary quench detection seems possible: for all quenched cases studied without fast

discharge the most sensitive signals is the mass flow rate at the feeders followed by the pressure
signals and then the temperature (volume 9 and 63):
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Case 1: Evolution in time of the Pressure
& Temperature at feeders of SCC2

Case 3: Evolution in time of the Pressure &
Temperature at feeders of SCC2
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A RECHERCHE A LINDUSTRIE

C2A ITER SCC2 QUENCH: HELIUM MASS FLOW AT FEEDERS

éRfm

Case 1: Pressure increase is 0.05 MPa (from 4.7 to 5.2 MPa), the temperature increase is 50 K at t=440 s
reverse mass flow is obtained at 410 s with a value of -0.2 kg/s.

Case 3: Pressure increase is higher (4 Pancakes quenched) and equal to 0.8 MPa (from 4.7 to 5.5 MPa)

temperature increase is still 50 K (at time 435 s); the reverse mass flow can be easily observed and detected
(-0.018 kg/s at time 402 s and -0.5 kg/s at time 407 s).

Case 5: Pressure & temperature increases are negligible; the difference outlet —inlet mass flow rate
reaches + 0.10 kg/s at t=407 s (a secondary quench detection 6 s after quench is then possible).

0.50
~+-]50_x0_Supply_Feeder

—#-J50_x24_Supply_Feeder

J56_x0_Outlet_Feeder

——J56_x24_Outlet_Feeder
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-0.40

-0.60
400 410 420 430
Tuime (s)

440

Case 1: Evolution in time of the Mass
flow rate at feeders of SCC2, quench of
inner turn of Pancake 1, without FD

Case 3: Evolution in time of the Mass
flow rate at feeders of SCC2, quench of
inner turn of all pancakes, without FD
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Case 5: Evolution in time of the Mass flow
rate at feeders of SCC2, quench on the
middle turn of Pancake 1, without FD
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DE LA RECHERCHE A LINDUSTRIE

C2QA ITER SCC2 QUENCH: SUMMARY OF THE RESULTS drfim

Case 1 2 3 4 5
Quench Initiation One pancake | One pancake | All 4 All 4 One Pancake
(P1) (P1) pancakes Pancakes (P1)
Quench Initiation first turn first turn first turn first turn middle turn
Fast Discharge without with without with without
External heating MQE 89 (P1) 89 (P1) 89 (P1,2,4) 89 (P1,2,4) 89 (P1)
(W/m) over 27 m and 1s 95 (P3) 95 (P3)
Beginning of quench 400.5 400.5 400.5 400.5 400.5
initiation (s)
Time to reach 0.2 V (s) 2.8 2.8 2.7 2.7 1.6
T delay (s) 15 15 15 15 15
Maximal Joule heating (W) | 2.5 MW 7.5 kw 1.35 MWx4 7.5 kwx4 0.2 MW
at time (s) (40s) (5s) (35s) (5)s (17s)
Integrated Joule heating 17.8 MJ 0.106 MJ 9.06x4 MJ 0.106x4 MJ 0.842 MJ (17s)
(MJ) until time (s) (40s) (60s) (35s) (60s)
Maximal Conductor 300 (30s) 50 (30s) 300 (30s) 50 (30s) 140 (17s)
Temperature (K) at time (s) | 700 (40s)
Maximal Pressure (MPa) at | 6.5 (30s) 1.9 (10s) 6.5 (30s) 1.9 (10s) 6.0 (10s)
specified time (s)
Mass flow rate at inlet and | -0.03 (1s) -0.03 (5s) -0.03 (1s) -0.03 (5s) -0.065 (8s)
outlet (kg/s) +0.06 (20s) +0.01 (10s) +0.05 (20s) +0.01 (10s) +0.055 (8s)
Maximal Normal Length (m) | NL1 NL1 NL1,2,3,4 NL1,2,3,4 NL1
reached at specified time 134m (20s) 58 m (60s) 134 m (20s) | 58 m (60s) 134 m (8s)
(s) NL2,3,4 24m | NL2,3,4 NL2,3,4
(40s) 8m (60s) 4.2m (17s)
Propagation Velocity (m/s) | V1 6.87 m/s V1 1m/s V1,2,3,4 V1,2,3,4 V1 8.9 m/s
V2,3,4 V2,3,4 6.87 m/s 1m/s / front
0.6 m/s 0.13 m/s V2,3,4
0.25 m/s
Opening of check Valves No No No No No
Secondary detection : 0.512 (40s)/ | Not used 0.55 (35s)/ Not used 0.48 (17s)/
maximal pressure (MPa) at | 0.436 (40s) 0.435 (35s) 0.423 (17s)
inlet/outlet CTB
Secondary detection: 10 (34s)/ Not used 10 (22s)/ Not used 5@@7s)/
Maximal temperature (K) 10 (32s) 10 (22s) 6.3 (17s)
At inlet/outlet CTB
Secondary detection : -0.2 (10s)/ Not used -0.454 (6s)/ Not used -0.346 (14s)/
Maximal mass flow (kg/s) 0.017 (10s) 0.047 (10s) +0.2 (8s)
At inlet/outlet CTB 0.374 (26s) 0.426 (22s) +0.375 (14s)
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CONCLUSION

A SuperMagnet model has been used for quench study, associated with the hypotheses
concerning the conductor and 4 pancakes (THEA), and the thermal hydraulics (Flower).

Concerning the Side Correction Coils (SCCs) quench study, the priority has been set on the
model of the SCC2.

5 cases of studies have been presented: one quenched conductor on the first turn (without
and with fast discharge), the all 4 pancakes conductor quenches (on the first turn, without
and with fast discharge), and a last case of one conductor quenched on the

(without fast discharge).

In case of fast discharge the hot spot criteriais respected (Tcond < 150 K with helium and
Jacket).

The feasibility of a secondary thermal-hydraulic quench detection, in case of a failure of
primary AV detection, has been explored with some signal criteria. Even in the most critical
case (case 5) with a quench initialized on the middle turn of pancake 1, a secondary detection
by the difference of mass flow rate (outlet —inlet) is possible near 8 s after quench
initialization.

With our simplified Model, in any of the quench studied for the SCC, the quench relief valves
do not open but an in-depth analysis is required to conclude. This is in good agreement with
previous calculation performed on BCC: relief valves do open only if the 8 pancakes quench
at the same time, for only one pancake of BCC quenched, the relief valve do not open neither.
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C22 ITER COILS QUENCH

Str TF CS PF CC Plasma

Disruption /% X
===

Slow Discharge

b

A/ ! 1
| 7
Fast Energy Discharge X —+—> X 3 X <= 3X
T T< A > A
Quench /5( X X X
P
¥ v
Helium Discharge xk X X? X?

A Quench of CC will require a fast discharge of the CC system only

A Quench of PF coil will require a fast discharge of the CS and PF&CC system

A Quench of CS coil will require a fast discharge of the CS and PF&CC system

A Quench or a fast discharge of the TF system will require a fast discharge of all coils (TF, CS, PF&CC)
and an He discharge of the both Structures and TF coils

It is a design requirement that the coils do not quench or undergo fast discharge after a plasma
disruption (Plasma soft stop using the Fusion Power Shutdown System)

CHATS : 13-16 September 2015, S. Nicollet | PAGE 21



DE LA RECHERCHE A LINDUSTRIE

LHex, J26
Heat exchanger

L=30m
A=20E-3m?

Dh =40E-3m
F=1,pw=20112m
T=43K

ITER PF5 QUENCH: 4™ TURN, 1 M (CHATS 2011)

Valve, J25
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éRfm

PF5 QUENCH Top Pancake : 4t turn, 1m, With MQE = 1.4 kJ with
1400 W/m (185<x<186 m) during 1 s
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->Quench propagation very rapid 70 m/s >whole CICC (367 m) quenched

in 16 s, as the current remains at very high values
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DE LA RECHERCHE A LINDUSTRIE

C2A ITER PF5 QUENCH : 4™ TURN, 1 M (CHATS 2011) éRfm

Q”E‘_|:1_E.Q vis viT PF5 QUENCH Top Pancake: 4t turn, 1m, With MQE = 1.4 kJ
| e vawe 25 ! with 1400 W/m (185<x<186 m) during 1 s
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%% ITER BCC3 QUENCH : Top Pancake Quench Without Fast éRfm

—— Discharge, Possibility of a Secondary Detection, ASC 2012
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Cea

ITER BCC3 QUENCH : All Pancakes Quench Without Fast

éRﬁ’i’l
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Influence on BCC3 Top Pancake (1/3) <

PF5 Quench of ALL first turns, Without FD : (Rfin
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At early time : conductor pressure and temperature increase near the inlet of the conductor (quench is initiated).
Propagation: pressure wave propagates, pressurisation of cold helium=> QUENCH BACK
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ce PF5 Quench of ALL first turns, Without FD:

— Influence on BCC3 Top Pancake (2/3)

@® The corresponding Joule Energy deposited into Flower module equiv. whole PF5 Coil (32 pancakes),
@® The Pancake 8 of BCC3 is modeled by Gandalf.
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$ flow (-0.02 kg/s).
g L Temperature increase (up to 6 K) not high enough to
E cause the quench of BCC3
% 0010 | BUT important P increase at BCC3 feeders after
= | PF5 quench —2opening of relief valves and then
0,015 T — . . .
— | | an expulsion of helium followed by an induced
0,020 | | | | | quench of BCC3

Abscissa x (m)
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ced PF5 Quench of ALL first turns, Without FD :

— Influence on BCC3 Top Pancake (3/3)
2,9E+06 20,0 ‘
18,0 aazm|
2,4E+06 16,0 —=—J43in |
J62in ——J71out —
= g) 14,0 3
%1,9E+06 < 120 %
2 3 10,0
8 1,4E+06 = i i
& | 5 80 i \
£ 60
9,0E+05 B> ‘ \
- 4.0 \ \\
4,0E+05 ——_#/ 2,0 \ BRm—
0 5 10 15 20 25 30 35 40 0,0
Time (s) 0 10 20 30 40 50
Time (s)
0,300 : ‘ 1
0.200 A ——J62inlet —=—J71outlet
2 5100 j 2 Phenomenon observed at CTB
o .é_. " for pressure (2.4 MPa) & temperature (36 K).
g 0000 important mass flows observed : first back flow
z ) 14 19 24 29 34 39 P ) ) ' : .
S 0,100 from PF5 inlet, which causes the PF5 inlet relief
2 0200 \ﬂ f'( valves to open at ttime=14 s (5 s after beginning of
= } / the quench) and then important acceleration at the
-0,300 N/ outlet which causes the opening of outlet relief valve
-0,400 at time=22s.
Time (s)
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C22  ITER SSA16 & 27

SITE SUPPORT AGREEMENT
TECHNICAL AGREEMENT UNDER THE SITE SUPPORT AGREEMENT

SUPPORT TO STUDIES ON QUENCH BEHAVIOR AND QUENCH
DETECTION FOR THE ITER MAGNET SYSTEMS
SSA16 & SSA27

ARTICLE 1 - PRESENTATION OF THE PROGRAMME

This work is in relation with the safe
operation of the ITER magnets, and owing to the high magnetic energy stored in these magnets,
such studies may be linked to ITER safety analysis. These thermohydraulical studies will be
performed with 2 codes, the Gandalf-Flower code and Supermagnet.

2.1. Objectives

, Studies have been conducted by CEA with the aim of defining:
The of the ITER magnet circuits; The to be used during ITER
operation, both for .The aim of this contract is for ITER to obtain the valuable
advice and expertise from CEA experts in the domain of thermo-hydraulic quench calculations.
2.2. Scope of the Work
The task will cover the following main area: Expertise and advice to help ITER decisions in the domain of
thermo-hydraulic calculations, with some analysis to be performed for specific cases.
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ITER SSA16 & 27: DELIVERABLES

Support Site Agreement
SUPPORT TO STUDIES ON QUENCH BEHAVIOR AND QUENCH DETECTION
FOR THE ITER MAGNET SYSTEMS, CODES BENCHMARK ON
EXPERIMENTS, 2013-2015

2013: Deliverables
SSA-16 : Deliverable 1.1, Janv. 2013 : TF Coil Quench
SSA27: Deliverable 1.2 : DP TF CICC

2014: Deliverables

SSA-16 : Deliverable 2.1, Janv. 2014 : DP CS CICC & 3 spirales
SSA-27 : Deliverable 2.1, Jan. 2015 : Préparation expérience
HELIOS

TFC casing
66.8 x 40 mm

2015: Deliverables R??'g{zgg;ﬁ?n“
SSA-16 & SSA27 : TESTS HELIOS & analyses (dec. 2015) ap fll
SSA-16 : Quench Model of ITER Side Correction Coil (Juin 2015) Ground insuiation
SSA27 : CS Insert Model (Electromagnetic + thermohydraulique) "™
SSA27 : Additional pressure drop on CS Conductor

Cooling pipe
10.3 x 1.245 mm

Insulation
thickness = 1.85 mm

Jacket
thickness = 2 mm

HELIOS, INAC, SBT
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