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Introduction

« Safety concerns to ITER superconducting magnets

— Large amount of magnetic energy stored in ITER superconducting
coils: ~40GJ in TFC and up to ~10GJ in CS/PFC

— The consequences (damaging magnets or adjacent components?)
if the massive energy localised

— Safety questions from French Regulator

* Prevention/protection applied to ITER magnets
— Quench detection system: voltage; helium mass flow and pressure
— Fast discharge unit to discharge stored energy

* Previous analyses were done >10 years ago

— The expertise developed the analysis tools has not been
maintained (retirement etc.)

— More/further detailed and qualified analyses are required —
computing technology has been developing rapidly to allow better
analysis tool development
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Damage to magnets (internal
arcs)

Damage to adjacent
components (external arcs)

— Arcs in Busbar

Introduction

in TF coil: unmitigated quench
(benchmark vs. MAGARC-TF/INL)

in PF coil: unmitigated quench or
electrical short in PF-3

In Busbar

| Upper

Thermal shield

» Thermal shield
From coils to VV

* Molten materials from PF-3 =
vacuum vessel port extension

» External electric arcs from PF-3 to
thermal shield and vacuum vessel

> PR4.

Lower
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Fault events
definition

Methodology —work flowchart

Heat
deposition
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deposition

Quench propagation [

Temperature

PR R S

Thermal analysis
Thermal damage assessment
Volume (t, x, y, z)

!« Resistivity (1);

.+ Temperature (T);
""" . Insulator or other

Condition to form

Material
vaporise Resistivity R(T)

Electrical circuit
analysis

Voltage] Current | (t)
o Vitxy,z)

L
Arc formation &

development

« components melt or
i vaporise

Shorts = new current path
/ circuit element
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Methodology

Coil type
{ Fault events 1
Quench
l propagation
Integrated { Fault events }
ANSYS > Electrical circuits
modelling
'I\ y
Arc elements < External arc
Internal arc damage
damage
Thermal damage [Arc formation ]
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Methodology — work scope

* Integrated ANSYS model (presentation by S. Mcintosh)

— Python programme and APDL
 to build geometry
» To couple multiple physics
» Post-processing results

— Quench in superconductor
— Electrical circuit

— Arc models

— Thermal assessment

 Arc models
* Electrical simulations
 Thermal damage assessment
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Integrated ANSYS modelling

Simon Mclntosh
Simon.Mclntosh@)iter.org

Details to be presented by Simon Mcintosh
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Integrated ANSYS model

« ANSYS as platform to integrate
— ITER coils geometry

Quench + electrical network + arc +
thermal damage

« Benchmark vs. MAGARC (INL/US)

TFC cross-section

PFC cross-section

Circular shape
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Quench propagation Electrical arcs
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Results for TFC

— thermal damage
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Results for TFC -V, |, power, melting volume

Voltage Current
is at different TF fault scenarios i at different TF fault scenarios
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Arc model

Andrew Ash, Andrew Holmes
Andrew.Ash@ukaea.uk
andrew@marchsci.demon.co.uk
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Arc models

 Kronhardt model (constrained arcs)
« Holmes model (positive column)
« Simplified Holmes model (positive column

approximation)
« Ayrton model (arc in air)
Contraction Contraction
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‘Kronhardt’ model

» Einflu von Kurzschliissen und Lichetégen auf die Sicherheit
von Magnetsystemen, H. Kronhardt, Karlsruhe Nuclear
Research Centre, 1993, (The Impact of Short-Circuits and
Electric Arcs on the Safety of Magnet Systems). www.kit.edu.

» Also check: Arcing experiments for magnet safety investigations by Juengst,
K.P.; Kronhardt, H.; Oehmann, M.; Herring, J.S. (Association Euratom-
Kernforschungszentrum Karlsruhe GmbH (KFK) (Germany, F.R.)) from
Fusion technology 1988. V. 2

| e Vae = arc voltage drop (V)
I
| V. =V +A, (] 75+0.012 ]‘1-75) : Vo = minimum gap voltage (40 V from Ref. 6)
e A, = gap width (mm)
f = current density (A="1nnf) = Itp/A e

6) H. Kronhardt, Einflup von Kurzschlilssen und Lichtbogen auf die Sicherheit von

Magnetsystemen, Insitut fiir Technische Physik, Kfk 5096, S. 49, Mai 1993,

Used by MAGARC (INL/US), MAGS (KIT/Germany)
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‘Holmes’ model

« Column potential an implicit function of temperature
 Numerical solution

« Solution Implemented using relaxed Newton-Rapson
method

Arc Column E fn (current density)

- S * Pressure
Current Heat Generation . Tgmperature
(ion-neutral collisions) * Diameter
T _ * Length
* Current
* Voltage

(electrical field)
Plasma density

Heat Heat
Convection Radiation (line emmesion)
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‘Ayrton’ and ‘Kronhardt’ Arc Models

* For cooled copper electrodes, the arc discharge has a negative
resistance over a wide current range that depends on the column

length, L
_______________________ . Constants Cooled copper
: I
| v+ 0L o 26.6
— I
V =a+ pL+ |
| B 2.2
I ] :
I o e e e e e e e e e e e e
120 Y 32.4
100 \\Cop per vapour arc on cooled electrodes o 18.65
o L=0.01m
()]
£ 60 \ L =0.05m ]
> | =0.1m . . .
o Vo = minimum gap voltage (40 V from Ref. 6)
< 40 S L=02m _ g
— A, = gap width (mm)
20 f = current density (A:mm:) = Itr/Aare
B. Merrill, Annex 4B(DDD11-8);
0 B. Merrill, Fusion Tech, 37, 2000
1 10 100 1000 10000 6) H. Kronhardt, Einfluf$ von Kurzschliissen und Lichtbogen auf die Sicherheit von

Arc current (A) Magnetsystemen, Insitut fiir Technische Physik, Kfk 5096, S. 49, Mai 1993.
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‘Kronhardt’ and ‘Holmes’ Arc Models

Arc Column Electric Field = Helium latm
100000 Nitrogen latm
Copper 1latm
= Kronhardt 1 cm
==Helium 10 atm
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Arc model in ANSYS

Non-linear voltage-current characteristic
Resistive circuit elements linking turns

Conditions to initiate arcs

— T>600° C

— AV>40V

Power dissipated in arc = volumetric heating to
electrically conductive elements
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‘Kronhardt’ and ‘Holmes’ arcs in ANSYS model

« ‘Kronhardt’ arcs have greater power than ‘Holmes’ arcs —
greater localization

« Similar total energy dissipation

arc P MW

total P MW

20 100 150
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Electrical simulation

Kim Cave-Ayland, Simon Mcintosh
Kim.Cave-Ayland@ukaea.uk
Simon.Mclntosh@)iter.org
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Electrical simulations

 To guide the simplification of electrical circuits for
TF and PF/CS coils to be implemented in ANSYS

* To verify the simplification implemented in ANSYS
model

 To simulate the electrical responses with arcs
presence in a ‘global’ circuit network - arcing V-I
and power for further thermal damage assessment
— TF coils (FDU, busbar, surrounding structures)

— PF/CS (FDU, busbar, surrounding structures)
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Simplified TFC
circuit with
FDUs

SR4 sc4

(SR} {5C} R} {5C} R} {SC} $RY {SC)
RS R6 R4 R2 R1
LFDU4 RFDU4 (R} LFDUS RFDU3 (Ren LFDU2 RFDU2 (Ren} LFDU1 RFDUI1 (R} (R}
{LFDU} {RFDU} {LFDU} {RFDU} {LFDU} {RFDU} {LFDU} {RFDU}
R9 [ L4 % @ L3 % @ L2 L1 Reail
Hn} Ij {Leoily fj {Leoily rj {Leoily fLeoi  (RLaily
o T T
Ls
&
{Lcnil}é 2 2 2
R10 L L L

L7

L8

L9

{Leoil} {Leoil} {Leoil}
R11 R12 R14 R16 R18
{Rtn} {Rtn} {Rtn} {Rtn}. {Rtn}
R19
{Rng}
R8 R7 R6 RS R4 R3 R2 R1
{Rtn} {Rtn} {Rtn} {Rtn} -~ {Rtn} {Rtn} < {Rtn} {Rtn}
L5 B9 L4 B4 L3 B3 L2 B2 L1 B1 Reoil
g O g OO
R9 {Lcoil} {Lcoil} {Lcoil} {Lcoil} {Lcoil} {Reail}
{Rtn}

Further simplified s

{Lcoil} E
TFC circuit with FDU :
CIrCUIt WIt Fend v e Lo w10, ‘ —

{Lcoil} {Lcoil} {Lcoil} {Lcoil}

fo r AN SYS R12 R13 R14 R15 R16 R17 R18 R19

2
RFDU
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cils UK
_cn Council
o2

UK Atomic

Energy
Authority

F
©7a Low Carpon Fut'®




PF/CS electrical circuit + VV/TS/Cryostat

CS Circuits Cryostat & Thermal Shield

FARANR_Heei=Eu
PARAN R_thirt=h Bu
- rezs PARAN R_Ha biiri=l 260
1 1

Coil Self Inductances and Coupling Coefficients

FF fo ¥ mubud Inductances

KP1F3 LPF1 LFF2 0.06788 KPZP4 LFF2 LPF4 01182 KPIFE LPFI LPFE 01078 KP4FE LPFS LFFS 08770 E El '
et e fre e - "
“V=RabsV BEN SEI80.6%,1.0)
s o 7 es a3 ¢

©8 C8 mutust induotznoss.
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KCSHUCIULCSSULCHUO0S7S:  KCZUCILLCRPULOHL QG478 KOIUCZL LOHULCEPL 003786 KOLGH LOBILLCES 8.08784

KCIUCILLCESULCHIL Q2311 WCJUCZLLCEIULCERLQOZT1 KCIUCSLLCHIULCERL 0.02831

KCSUGZL LCSSU LCA2L 0.01058  KC2UCH LGH2ULESSL 0001058
KCIUCH LC30 LC 831 0.006451

Parameters

FARAMFIFAIL= 0

G2 fo PF mutusd induodanoes.
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o HUPF1}=48K YLUFFZI=-56K NUPFLIE6K NUFFAI=568 NUFFEI=E2k NLUFFBISTK
35 L SEUT=-465K WL 1UI=-46K NLC F1LI=_45K WLC F1LI= 46K NLCERLI= 46K NLC SILI4EK.

Crpasiat Farsmeter
PARAMR_Cro = T8 260

17MA Easeans mamimum inkal sonabons (1= 201,851

35 ELPFIIS10.98K NLPFEI-4.17X NLPFSF-43.58% NLPF4R-26.11% ILPFGR46.450 NLPFE/=30.85%
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-

Spice model of CS and PF circuits with the cryostat and vacuum vessel port extension
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New electrical paths from PF to VV/Cryostat

Vacuum vessel

ort extension
Cryostat —_ P

Vacuum vessel

Flow of current

Concrete bioshield

Earthing points
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New electrical paths due to double ground fault to PF-3
busbar

| Cable line
PF&CS CFT :
= 0D 42.4mm
i Thickness 1.6mm
< — e
Cable line - | C/ C__._a
: ! : Cable line
0D 76.1mm - - : Ry
= . . 0D 60.3mm
Thickness 2mm = . "
| ] 4 | Thickness 1.6mm
| Cable line |
0D 33.4mm = = | . Y Coolant pipes
| Thickness 1mm ‘ : - OD 60.3mm ~— _— —
= Thickness
- | 3.6mm
- Coolant pipes
oD 21.3mm
Containment duct : Thickness 462 4.62
. .62cm

OD 476mm | 2Amm . Postacll - Fidoasll

Thickness 10mm :/

Vacuum duct Thermal shield

0D 863.6mm 0D 620mm

| Thickness 3mm

Thickness 12.7mm |
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Electrical arc model

« Arc is simulated electrically (Pspice & LTspice)
 Arc is packed into one element (LTspice)

— Easier integration
— Multiple arcs

POS_SLEW = {SLEW_LIM}
NEG_SLEW = {SLEW_LIM}
u1s E_Kronhardt

E_ARC_ON
ﬂ ﬂ Arc_on off I:E @_—})Kronhardl_v
(E_ARC_ON)
IF (V (RRC_STATE) > 2.2, SLEW_LIMIT
— To
-0
SPARC_R_VC
CF_P
N s1 s2
= =
E_ARC R
S S
E
R) I (VSENSEQ) * R8 R9
) =0 {S_RON} =0 {S_RON}
VSENSEO
— E_ARC OFF R E_ARC_R TARGET
T L >OFF_R STarget_R
E E
NA — —
Y = =
RCF_N 0 0
(E_ARC OFF R) = ARC C R
MIN. RCLEN e 1 + )1 *
I

V1

o)

PULSE(08000.211101)

S

>

X1
Kronhardt Arc
ARC_TERM_1 ARC_TERM_2
FORCE_ON FORCE_OFF
Sig_ground
ol
s S
R1
1e-3
tran 4

)
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Thermal damage assessment

Fred Domptail
Fred.Domptail@ukaea.uk
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Thermal damage

 External damage mechanism (PF=>VV)
— Damage caused by the molten materials from coils (internal arcs)

— Damage caused by direct electric arcs between coils and VV
components (external arcs)
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Thermal damage by molten materials

« Approximation for WORST safety case

 Maximum heat transferred into VV steel plate

— the total energy is equivalent to the maximum stored energy
(3.24GJ) in the PF-3 coil @45kA

— Varying contact surfaces

FE model
ﬁi’
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Energy ) :
Authority FUSION ENERGYS



|| Temperature (°C) | Volume (m3) | Footprint (m?) | Total energy (GJ) _
Case 1 1744 0.3 1.60 3.24
Case 2 1744 0.2 1.60 2.16
Case 3 1744 0.1 1.60 1.08
Case 4 1744 0.2 1.06 2.16
Case 5 1744 0.1 0.53 1.08
Case 6 2000 0.1 1.60 1.19
Case 7 1744 0.3 0.4 3.24
2877 0.2 1.06 3.24

Case 1-Top e Case 1 - Bottom

Case 4 -Top e Case 4 - Bottom

== == Case2-Top = == Case 2 - Bottom 1500 = = Case5-Top = == Case 5-Bottom
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Temperature at the bottom of the 1st layer of VV/port wall

case 7 (Temperature = 1744 °C, Total
Energy = 3.24 GJ, Volume = 0.3 m3,
Footprint area = 0.4 m?)

B: Transient Thermal - Step 2

Temperature 12
Type: Temperature
Unit: *C

Time: 1765
2740872015 09:59

1401.1 Max
13974
13937

1390

11724
956,84
740.26
52368
307.09
90.513 Min

case 8 (Temperature = 2887 °C, Total
Energy = 3.24 GJ, Volume = 0.2 m3,
Footprint area = 1.06 m?)

Temperature 9
Type: Temperature
Unit: °C

Time: 600
27/08/2015 09:48

16874 Max
1400

1237.2
1074.5
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Peak deformation of the layer of EQ-port wall
ml Max l]_09.44| l.?S.l? ! |46.902m

125.07 93.804 652,536 31.268 0 Min
C: Static Structural
Total Deformation
Type: Total Deformation
Unit mm
Time: 720
2241042015 11.02

Geometry A Print Preview A Report Preview
Graph & Tabular Data
Animation = | B |10 I | Q10 Frames ~ 2 Sec(Auto) - | Ig| ® | = 3 Cydles Time [s] ||7 Minimum [mm] ||7 Maximum [mm]
55, 29 |480. 0. 13927
14071 — 30 | 540. 0 140.06
. G 31]600. O 14048
E 32|660. O 140.66
= 33 |720. 0. 140.71
4] 34 | 780. 0. 140.64
0. 400, 800, 1200 1600. 2040. 35 | 840, 0 140.47
5] 36(900. O 140.14
[374[56[7 8 |9 10/11]12/13[14[15[16]17[18]19]20/21 [22]23 24 25/26| 27|28 203031 52333435 36 | 3/ | 960. 0. 139.77
- 38 | 1020. 0. 139.47
. Messages. Graph 20 | 1080 R 13097
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Thermal damage by arc between PF3 & VV

« Electrical simulations used approximate Holmes arc
model
— 4 pressures: 0.1, 0.5, 1, 2 [bar]

* 4 failure modes:
— Protection system operates as expected

— PF3 FDU does not operate
— PF3 PS and PMS fail but PF3 FDU operates

— PF3 protection system fails completely PE3
& c':'.'-‘é- g -\
ﬂ.] \ .-:. .
§ ‘ \l‘-‘"\‘:. |_’\ I}_
o 5 5 B2
Terminal_1 Termina L2 A P AN m X
X FDU R1 + 1 V=V(Arc) - B v
1Kk
VSif((PSFAIL==1)&(V(ITEST)==1),-3k,0) R3 %LPH Vi §R4 FQUATORTAL
VSENSE1 R2 1K ° J{PF3} PARAM TARC=0 R_Cryostat PORT
K PULSE(0 1 {TARC} 1e-9 1e-9) —_ - _ _ _ _
vt v P
.model SW SW(Ron=1e-12 Roff=10Meg Vt=0.5 Vh=-0.5) é X
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* Arc current and column power at different pressure
 Failure mode: FDU on, PS off, PMS on

Arc Current at Varying Cryostat Pressure Arc Column Power at Varying Cryostat Pressure
10
° 0.1 bar ——0.1 bar
=—0.5 bar —0.5 bar
= 8
° 1 bar = 1 bar

< =2 bar

= =7 bar =

<

= 6 - $ 6

g \ g \

= c

S, N\ E ,

0 3 \

< o
bt

2 \ < 2 _k\
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
Arc current Arc power
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External arcs — heat transfer

 Unconstrained and static arc between two parallel plates
— The arc is considered static because its displacement can not been
predicted accurately.
— The arc is assumed to occur between the equatorial port and the PF3
coil (arc length of 0.2m)
— ltis assumed that the arc occurs between two parallel plates, the upper
one being the vessel shell and the cathode (worst case).

Cathode

\Heat generated by
current transfer

« Cathode spot heat

« Radiation ﬁ

« Convection

Convection
Arc column
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Energy
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« External arcs between PF-3 coil and VV/port wall/TS

« Arc current and power: not high enough; relatively short

lasting
neremeawe T€@mperature profile of the TS layer at the peak value

Unit: *C

e L Las with evolving arc

196.04 Max

18537
17469
164.02
15335
14268
13201
VV port plate 12134
110.67

100 Min

Temperature 4
Type: Temperature
Unit °C

Tirne; 3600
27/05/2015 1343

1500
1318.6 Max

1075
91235
750
587.5
425
282,53
100 Min

Temperature profile of the vessel port top layer at the peak
value with constant arc power

=
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Summary

 Models development

— Integrated ANSYS model
» Geometry and materials property
* Quench
 Electrical circuit
» Arc models integration
 Thermal damage

— Electrical simulation for simplification and verification
— Thermal damage assessment
— Arc models

 ITER application: arcing damage towards VV

— PF/CS: PF-3 caoll
— TF coil — benchmark with MAGARC (INL/US)

« Fault/accident scenarios
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Further R&D

(Unmitigated quen:h> ( Electrical short )

¥ |
Inte grated ANSYS I
modelling
: |
l : |
Electrical Electric arcs |
QLIEHI:I:I R » circuit === P initiation and =
propagation .I i
evolvement development '
A 5 |
b ooeeeeaneeooommeeeceomeeeecosoeseeooeeeeescseesesscsseeeeas i | i
Internal
¥ v arc
Maolten material Temperature (t, x,v,2) i
volume Current {t, x,y,2) ;
2 Voltage {t, x,v,2) ;
temperature Power (t,x,\_.r,z) i
v ¢ i
Thermal damage P N— Electrical filed  }----- b
REsesament External arc

v

(Cnns egquential dam age>

Y

Helium lealage

» 8 4
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Further R&D

 Further development
— Arc models initiation and integration
— Impact of magnetic field and induced current
— Arc possibility in busbar
— Integration for external arcs assessment
« Validation and benchmark

— Sensitivity study for integrated ANSYS model
— Benchmark/Validation, e.g. with LHC incident 2008

« Consequence study extension

— Structural/mechanical impact on coils due to internal faults
propagation

— Helium pressure evolvement and potential impact
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Back-up slides

Electrical field
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Example of electrical field (1/2)

* \oltage (40V) applied to the
conductor and jackets in PFC-3

by open-source finite element
software ERMES

Voltage
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Electrical field

| Result Surface of ELECTRIC_FIELD, |ELECTRIC_FIELD] factor 2.8868e-6
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Example of electrical field (2/2) Electrical field

* Voltage (1kV) applied to cross-
section of six PFCs by ERMES

Voltage
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To identify weak points for arcs

Electrical field

step Se-8
Contour Fill of E, [E|.
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Arc pulse (1kA, 0.1ms) induced B-field

Secondary magnetic field
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step 2.8125e-8
Contour Fill of Hz.
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