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ARTICLE INFO ABSTRACT

Keywords: Digital twin techniques enhance traditional engineering analysis workflows of existing systems when a realistic
JET evaluation of a component under complex operating conditions is required. During preparation, commissioning
Divertor

Thermal analysis
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Real-time protection

and operating phases, components can be virtually tested by using validated numerical models, operational
expertise, and experimental databases.

Three complementary applications have been developed under this approach. The numerical models used for
the divertor tiles are based on continuum mechanics formulations. Their loading conditions are defined using the

current physics and engineering understanding of a combination of experimental measurements. The aim of
these tools is to increase operational range, reliability, and predictability of the JET divertor.

1. Introduction and requirements

JET is being enhanced for a second D-T operations campaign, which
will push the limits of ITER-like Wall (ILW) components [1], and will
also pose a challenge for diagnostic systems. A set of tools are in de-
velopment with the objective of mitigating risks related to the un-
availability or unreliability of protection IR cameras. In addition, in-
creased accuracy will be provided to the understanding and the
interpretation of these experiments.

The basic requirements for the new codes are grouped, as shown in
Fig. 1, depending on the operating phase:

® Pulse preparation: The use of virtual modelling in this stage is to
have a better estimate of the effect of the pulse in order to comply to
the JET Operating Instructions (JOIs).

e Pulse monitoring: Real-time temperature estimation need reliable
2D nonlinear diffusion models.

® Post-pulse processing: Virtual Thermal Map (VTM) uses protection
IR cameras. A backup for recreating the surface and bulk tempera-
tures shall be provided through quick analysis.

e Condition and design assessment: any change on divertor compo-
nents needs to be checked to actual experimental conditions, in
order to evaluate the impact of any deviation from nominal geo-
metry and properties, or even to assess new designs.
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All of the previous simulation scenarios are the responsibility of
different experts who do not necessarily have numerical analysis ex-
perience.

2. Objectives, formulation and models

In order to provide the functionality needed, each of the tools
tackles one specific phase. As opposed to a typical analysis workflow,
the main objective is maximizing the final user's productivity. Their
design therefore hides any numerical complexity, and allows their op-
eration using machine and experimental parameters. Several models
are provided as a black-box, which is previously validated by analyst
experts, but its source code can be inspected, audited, and extended at
any time.

The formulation used for this first implementation is based on the
thermal equilibrium using the Principle of Virtual Power. The con-
tributions to the power virtual variation, S11, are calculated from the
numerical integration of the following residual equation:

51_[ = 5ﬁcapacitance - anexternal - Sﬁconduction =0 (1)

Each of the previous contribution terms can be expressed in the re-
ference configuration [2] as:
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5Hcapacitance = ‘/; PcpaéT dv @

Received 17 February 2017; Received in revised form 24 September 2017; Accepted 17 October 2017
0920-3796/ © 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
http://dx.doi.org/10.1016/j.fusengdes.2017.10.012
http://dx.doi.org/10.1016/j.fusengdes.2017.10.012
mailto:diglesias78@gmail.com
mailto:daniel.iglesias@ukaea.uk
http://dx.doi.org/10.1016/j.fusengdes.2017.10.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2017.10.012&domain=pdf

D. Iglesias et al.

Inverse analysis Real geometry

ALICIA

EM reconstruction

IR experiment cameras |«—

Validation

Redundancy

JET Operating
Instructions (JOIs)

Post-pulse checks

Pre-pulse simulation

e

Change in geometry

J Condition & design
and/or properties

assessment

Forward analysis

VITA

Fusion Engineering and Design 125 (2017) 71-76

Forward RT analysis

WHAM

Nonlinear
diffusion
model

T Qperp

bulk

surf‘

WALLS

Plasma heat flux

f

!

EM equilibrium

SOL physics

Heating power

Fig. 1. Overall workflow scheme.

6Hexternal = -/57,44 an'n ds 3)

6ﬁconduction = IL; (KVT)'VBT av (4)
where the conductivity tensor k and the specific heat capacity c,, are
temperature dependent, f(T), properties of the material. The density p is
considered constant.

Fully nonlinear finite element (FE) approximations are used for all
analyses, with some Galerkin meshfree enhancements [3] when ap-
plicable. Several de-featuring levels are applied when speed is a con-
cern. Initial implementation uses 2D models shown in Fig. 2, but design
is extensible to 3D in the future. Orthotropic effects, as well as Planck
radiation or convection cooling are also foreseen.

Coatings and deposits can be modelled with exact properties, by
means of a proper layer formulation which is available for all the ap-
plications. Usual parameters for the JET divertor tiles range from 10 to
20 um thickness for the W coating on CFC tiles, to 50 um node se-
paration in direction normal to the surface for modelling ELMs accu-
rately in bulk W tiles.

3. ALICIA
The Augmented Lagrangian Implicit Constrained Inverse Analysis tool

uses the measured IR temperatures of the divertor tiles to compute the
incoming heat flux density over time. Execution parameters correspond

Fig. 2. 3D CAD (left) and 2D numerical discretization (right) of divertor components: tile
5 (top) and tile 6 (bottom).
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to the component's physical properties, and IR system characteristics
(typically 9 kHz and 1.7 mm pixel width).

The IR temperature measurements in Tungsten surfaces [4] are
applied to the numerical model as a constrained Dirichlet boundary
condition. In general, this is accomplished by adding a new term to Eq.
(1). Existing inverse codes used for Fusion devices such as THEODOR
[5], TACO [6], and QFLUX_2D [7] add a constraint equation in the form
of g, = aAT, which is interpreted as a deposited layer without any
thermal capacity [8]. This term is not needed for the ILW and if con-
sidered would be in fact equivalent to a penalty method, which stores
energy proportional to a numerical temperature difference, AT, in a
similar way to a spring. The augmented Lagrangian scheme detailed in
[2] adds a loop to the numerical procedure reducing the temperature
difference until it is very small, AT < e. This imposes the constraint
without modifying the power balance, therefore increasing the accu-
racy.

The use of explicit integration schemes is also common in these
types of analysis codes, as they usually need to be run between machine
pulses. This scheme speeds up the solution at least by an order of
magnitude. The faster explicit procedure has though two compromising
features: the nonlinear properties can only be estimated as a parabolic
function [5], and the size of the grid or mesh used for the geometrical
model is limited by the CFL condition [9]. The use of an implicit scheme
is not as fast but eliminates these limits, allowing the use of complex
functions for the temperature dependent material properties, usually
defined by experimental tables. More importantly, extremely fine me-
shes can be used at the surface improving the measurement of the in-
tense gradients produced by fast transients. The extra computation ef-
fort is achieved in ALICIA through parallel multi-threaded execution.

The resulting output shows a much better capture of extremely fast
events, such as filaments and ELMs. Fig. 3 compares the present version
of THEODOR [10] used at JET-ILW (using a very high value for
a = 1.44 x 10> W/m? K) with the new code ALICIA specifically de-
signed for the ILW. The test is carried out using a synthetic IR signal;
generated by forward analysis using ANSYS modelling a bulk Tungsten
tile with an extremely fine mesh. This difference has been consistently
found using experimental IR measurements. In the case of W-coated
CFC targets, the exact modelling of the coating layers—with thickness
of 10-20 pm—improves the ELM peak heat flux measurement even
more. Fig. 4 compares the two codes developed for JET divertor for tile
6, showing peak value differences of up to 100% for which only ALICIA
gives ELM heat fluxes similar to those calculated for bulk-W tiles. The
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