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Introduction

The Discrete Approach

Arcs are defined at discrete points and switched on and off using simple voltage 

and temperature thresholds. The arc resistance is obtained using an iterative 

scheme. The electric conduction and thermal conduction solutions can either be 

solved separately (as in ETNA) or together in a coupled field solution.

The Volumetric Approach

The thermal conduction, electric conduction and electrostatic solutions are 

obtained. The electric breakdown condition is used to model arc development 

within the electrostatic solution (as in ERMES). 



The Discrete Approach

• ETNA was developed primarily to analyse the arc damage in faulted ITER coils

• ETNA is written in Python (to define the geometry) and APDL

• The geometry is hard-coded, requiring extensive rewriting for new geometries.

• A coupled field method is being developed to replicate the methodology in 

ETNA, but to be used with generic geometry.

• The coupled field approach means there is only one analysis environment 

(thermal-electric). In ETNA the thermal and electric solutions are obtained 

separately.
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Method Comparison

ETNA Coupled Field

Thermal-electric

analysis

Quench propagation

Arcing 

iterations

External 

circuit*

*External circuit can be built in ANSYS (as in ETNA), 

or with external software with read/write link



External Coupling

• In ETNA, the external circuit is included in the 

model using circuit elements (Circu124)

• For future analysis, a method will be 

investigated using global parameters to 

represent the external circuit

• Alternatively, it may be possible to directly 

couple circuit analysis software (e.g. SPICE) 

with ANSYS using read/write commands.



Element Types

• Element types adopted for coupled-field approach

− Link68 (2 nodes), Shell157 (4 nodes), and Solid226 (20 nodes)

• These elements conduct heat and electric current. The joule heating effect is 

included in the thermal solution, which requires an iterative procedure.
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Arc Iteration Procedure

Golden section search used. When the voltage delta and temperature 

thresholds are exceeded, the resistivity of the arc is adjusted iteratively 

until the calculated arc current sits on the Kronhardt arc VI curve. The 

resistivity can be changed during solution time so restart is not required.



Arc Iteration Procedure

Typical iteration output



Arc Modelling Approaches

ETNA uses circuit elements 

for arcs
Arc joule heat is deposited 

volumetrically in conductor 

elements either side of arc

With the coupled field method, three 

approaches have been tested for arc modelling:

1. Link68 arc, Link68 conductors 

2. Shell157 arc, Link68 conductors 

3. Shell157 arc, Solid226 conductors coupled 

to Link 68 conductors 



Arc Modelling Approaches

1482°C 791°C

7678°C

(ETNA 

result 

~100°C)



Arc Modelling Approaches
Pros & Cons

Computationally cheap 

Relatively focussed heating

Doesn’t model moving arc well

Computationally cheap

Possibly good model of 

moving arc

Low temperatures -> less 

damaging static arcs

Highest temperatures, 

probably most realistic

Expensive
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ETNA Benchmark Case 1

1 turn PF3 model, 1 arc, instant quench of full conductor length

100kA

Coupled 

voltage
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ETNA Benchmark Case 1

The faster response of the ETNA model 

is explained mainly by the higher 

timestep in the ETNA run.

Both arcs burn at similar points on the VI 

curve.
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ETNA Benchmark Case 1

Temperatures 

compared here
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ETNA Benchmark Case 2

0V

200kA

Only allow small part of 

lower conductor to quench 

(quench velocity = 0)
Arc can form when average 

temperature of conductors 

goes above -200degC
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ETNA Benchmark Case 2
Expected behaviour:

Arc starts at hottest point

Then progresses in opposite 

direction of current
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ETNA Benchmark Case 2

Arc element is shell 157

Arcs = LINK68 Arcs = SHELL157

Concentrated 

heating

Uniform 

heating



19

ETNA Benchmark Case 2

ETNA SHELL/LINK 

Temperature after 5s
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ETNA Benchmark Case 2

ETNA 

Temperature after 10s

SHELL/LINK 
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ETNA Benchmark Case 2

Voltage here



22

Benchmark Route

ETNA 

full coil

ETNA 

simplified PF3

“Coupled Field” 

simplified PF3

“Coupled Field” 

CERN

Physical results 

CERN
Current effort – benchmark with 

previous assessment for ITER coils

ETNA 

full coil

“Coupled Field” 

full coil

“Coupled Field” 

CERN

Physical results 

CERN

1.

2.



Discrete Approach Summary

• Arcs modelled at discrete locations, switched on and off using 

voltage and temperature thresholds (adopted for internal arcs).

• Different methods for modelling arcs. Lack of arc data makes it 

difficult to choose the “best” method although this may not 

affect the assessment of ‘macro’ damage from arc

• Effort to date has focussed on benchmarking the coupled field 

method against ETNA for simple cases. With a view to using 

the coupled field method to assess the CERN case.



Volumetric Approach

• The volumetric approach is a general model that solves the fields on a complete

geometry of the coil and models the arcing behaviour by considering the electrical

conductivity of the material as a function of the temperature and the maximum

electric field (Ebreakdown) tolerated by the insulator or gas.

• The electric part of the volumetric model has been implemented in an open-

source code called ERMES, which solves the full electromagnetic field equations.

• The volumetric approach is a general model which can also be implemented in

ANSYS. In ANSYS, solid 227 (thermal-electric) and solid 123 (electrostatic) are to

be used to coupled the electric field simulation to improve the arc ignition

conditions (from simply controlled by V and T threshold)



First step consists in solving conductivity and electrostatic equations on the 

problem domain:

Volumetric Approach - Fields

EJ Q

Ebreakdown



- Linear model :

- Kronhardt model :

Volumetric Approach – Arc on insulators

|E|

|J|

|E| |E|

|J| |J|

Current distribution after 

breakdown front contact

Electric field iterations 

when E > Ebreakdown



H(s)

Update Rcoil to obtain Ii+1 using the equivalent circuit model 

I0

External circuit and 

passive structures

Volumetric Approach – Electric circuit



Ii

J

E

Q Thermal T

R I

Ebreakdown

Volumetric Approach – Summary



Summary

• ETNA has been developed for arcing damage analysis of the ITER 

coils, using the discrete approach.

• A coupled field method is being developed using ETNA as a 

benchmark. This is being developed for generic geometry and could 

be used to assess the CERN case for benchmark.

• In parallel, a volumetric approach is being developed which is 

physically more representative.


