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Synopsis

Fusion Systems Codes (SCs) currently neglect
the interdependence between systems operating
in different timescales and this must be addressed.
One major example is how the dwell-time should
be consistent with reactor design — e.g. plasma,
First Wall (FW), Balance-of-Plant (BOP) — and the
impact this can have on the dynamics of both the
power and fuel balances of a Fusion Power Plant
(FPP). The goal of this work is to illustrate this
need with unexpected parametric dependencies
never reported in literature, such as between the
ejection velocity of plasma filaments to the Scrape-
Off Layer (SOL) and the net power production of
the plant, or between the design temperature of the
FW and aspects of tritium self-sufficiency.

Systems Codes are fundamental tools in Fusion
Energy research that allow for parameter space
exploration and evaluation of technology integra-
tion through parametric studies [1]. Many SCs fo-
cus on reactor design to identify relevant systemic
dependencies, and a few target design of FPPs
(e.g. [2-5]). However, current state-of-the-art SCs
(of the latter type) model each plant system op-
erating within its own inherent timescale and ne-
glect the dynamic interdependence between them
at the power plant level. That is, these imple-
mentations can be arguably classified as Reactor
Design Codes (RDCs), some with post-processing
modules for auxiliary plant systems, instead of true
Plant Design Codes (PDCs).

In other words, Multi-Timescale (MT) Fusion
SCs are needed. To fill out this gap, the follow-
ing approach is proposed: to develop a strategy to
convert current RDCs into PDCs. This would po-
tentially increase the utility of codes already avail-
able. To that end, a candidate strategy has been
tested on MIRA [6], a multi-fidelity RDC previously
developed at the Karlsruhe Institute of Technol-
ogy (KIT). Representative parametric analyses of
the Helium-Cooled Pebble Bed (HCPB) variant of
the European DEMOnstration Power Plant, 2017
Baseline (EU-DEMO), with an indirect BOP, were
then produced to illustrate the importance of pivot-
ing current Fusion SCs into PDCs.

The tested candidate strategy introduces a
methodology to categorize FPP systems in one
of three timescales relevant for MT analyses, as
shown in Figure 1. The (a) Operational timescale
comprises in collections of pulses and majorly im-
pacts fuel self-sufficiency and availability of a FPP
[7]. The (b) Pulse timescale is inherent to tokamak
design and mainly impacts the net power produc-
tion of the plant [8]. The (¢) Plasma timescale rep-
resents the characteristic time in which its dynam-
ics evolve [9], which is crucial to characterize the

reactor. Novel models were produced and then or-
ganized into three SC modules depending on their
impact to each timescale: a Fuel Cycle module
(FC) for (a), a Power Cycle module (PC) for (b)
and a Reactor module (RC) for (¢). A final Time
Control module (TC) was also devised to couple all
three timescales and enable plant-wide systems-
level analyses.

The RC was implemented by coupling the MIRA
RDC with a new model for SOL plasma dynamics.
This had the goal of estimating heat and particle
distributions along the reactor chamber wall. To en-
sure consistency between Near- and Far-SOL dis-
tributions, both empirical scaling laws and a sur-
rogate of the code TOKES [10] were employed.
The latter was developed using a physics-informed
machine-learning modeling technique, given the
computational cost of TOKES as well as the cur-
rent uncertainties in state-of-the-art models for Far-
SOL dynamics. The surrogate was optimized
through a novel methodology that revealed the
exponent dependencies between plasma filament
ejection parameters and FW load profiles [11].

The PC was implemented in a two-step modeling
approach using a physics-specific first-principles
technique. This meant individual thermodynami-
cal modeling, due to the high level of maturity of
design, to compute consistent 0D mass and power
balances for each major BOP system. In the first
step, a steady-state model was developed as a
means of characterizing them and estimating the
main stages of their dynamics; namely the flat-
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Figure 1: Schematic view of fusion power production in a
tokamak-based FPP in different timescales (top to bottom:
plasma, pulse, operation) and the potential impact of different
plant systems.



second step, a transient model was developed to
quickly compute the impact of thermal transients of
the systems with most meaningful heat capacities.
This was done by mixing steady-state thermal pro-
files for different time-steps, using a gauge based
on the Green function of the heat diffusion equa-
tion and its Fourier number. Cumulative deviations
during the transient phases of the pulse amount to
less than 2% in comparison to commercial code,
but are obtained much faster [12].

The FC was implemented with a similar two-
step approach, but relied on a physics-generic first-
principles technique instead. This meant a com-
mon residence-times (7) modeling for all fuel pro-
cessing systems, given the preliminary state of de-
sign for many of them, to compute 0D mass bal-
ances for the main eight fuel species of a FPP.
In the first step, a steady-state model is used to
characterize each major processing system with
T-parameters, based on literature review of rep-
resentative technologies. In the second step, a
Simulink model applies these parameters to esti-
mate fuel accumulation rates in storage, to com-
pute start-up inventories and doubling times [13].

Finally, the TC was implemented to import heat
and particle loads from the RC and compute out-
gassing fluxes from the reactor chamber walls dur-
ing phases other than the flat-top. This is done with
a double-population hydrogen transport in metals
code (TESSIM-X) [14], which allows the calcula-
tion of reactor pump-down times that directly im-
pact the minimum time length of the dwell phase of
the plant. Exporting these lengths to the PC and
FC enables consistent coupling of the dynamics of
all timescales. Figure 2 shows preliminary results
of this type of coupling, where the trapping param-
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Figure 2: Tritium accumulation in storage as a function of op-
erational time of a FPP. Comparison between asymptotic ac-
cumulation rates of: steady-state model (black dashed line),
transient model decoupled from systems modeled in other
timescales (blue dotted line), and transient model run using the
MT candidate strategy (blue continuous line).
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eters of FW metals lead to significant outgassing
fluxes, which ultimately increase the dwell-time to
~15 minutes. This implies in slower tritium ac-
cumulation rates than running the model with the
standard dwell-time assumed for the EU-DEMO,
and highlights the importance of MT SCs.
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