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Abstract.

This paper reports on a FEM-based computational methodology to assess dy-
namic amplification factors (DAF) of a divertor cassette, under electromagnetic
(EM) impact loads caused by a plasma disruption event. The investigation con-
cerns a typical divertor cassette body (CB) of the European DEMO reactor (base-
line model of year 2023). The modal behaviour of the CB structure is analysed
first , followed by a full transient dynamic analysis as determined by a transient
dynamic loading , finally the resulting deformation and stress response is com-
puted. Furthermore, a post-processing visualisation tool is developed, in order to
graphically display the spatial and temporal evolution of EM force distribution
induced in the structure, which allows analysts to get an in-depth understanding
of the relationship between the (local and global) dynamic response of the system
and the induced EM forces over the entire transient time scale. Finally, a spatial
and temporal map of EM force, stress and deformation amplification due to the
dynamic/inertia effect are produced. The proposed methodology enables struc-
tural analysts to employ a cost-effective (from a computational point of view)
static simulation for stress calculation even for a dynamic EM impact loading
case, taking fully into account inertia effects once the equivalent static loads are
properly calibrated with DAF values.

The aims of the present paper are two-fold: 1) to present the entire procedure of
the methodology using a divertor CB as an example and 2) to demonstrate the
benefits of the approach, particularly for an iterative design optimisation stage,
and the usefulness of the graphical visualization tool.

Overall (spatial and temporal) maximum stress/deformation responses are esti-
mated by means of the DAF-based static analysis method for selected EM impact
loads relevant for plasma disruption events in a DEMO reactor. This study clearly
shows 1) how sensitive is the dynamic response (in terms of resulting stress and
deformation) of the divertor system when affected by local design changes (e.g.
geometry of supports) and 2) how efficiently a dynamic loading problem can be
replaced by an equivalent static analysis gaining reliable information on model
responses.



Keywords: DEMO, Fusion reactor, Divertor, DAF, Dynamic Amplification
Factor.

1 Introduction, objectives, and methodology

The divertor is a key component of the DEMO fusion reactor, performing the functions
of power exhaust and impurity removal. The DEMO is characterised by a diverted mag-
netic configuration, wherein the targets of the divertor intercept the particles from the
scrape-off layer (SOL). Consequently, the divertor is subjected to severe load condi-
tions, such as electromagnetic Lorenz forces, which pose significant engineering chal-
lenges requiring careful consideration during the design phase [1, 2, 3].

This work illustrates a comprehensive methodological approach to the assessment of
the dynamic response of the system, which considers a specialised EM loads visualisa-
tion tool, aimed at an in-depth assessment of the temporal and spatial evolution of such
forces, alongside the assessment of the Dynamic Amplification Factor (DAF) for the
entire cassette body and external constraints.

The Dynamic Amplification Factor is defined as the ratio between the maximum dy-
namic response and the response when the load is applied statically. Several cinematic
or mechanical parameters (displacements, deformations, stresses, constraint reactions,
etc.) can be considered as response output, according to the structural assessments to
be carried out.

The research conducted by Zhang et al. [4] highlighted several critical aspects in the
investigation of the dynamic response of the DEMO divertor and the evaluation of a
dynamic amplification factor. Firstly, an analytical approach for the DAF is not feasi-
ble, given the complexity of the electromagnetic load. Consequently, a detailed finite
elements analysis is required to accurately estimate both the DAF and the dynamic re-
sponse of the system. Moreover, this work showed that the computed DAF is notably
sensitive to the constraint conditions imposed on the divertor. Factors influencing the
DAF values include the geometric modelling of the system and the mesh adopted [5].
The aim here is to determine conservative DAF to support static analyses instead of
more time-consuming dynamic analyses, thus avoiding the need to consider inertia,
masses and all transient phenomena, at the conceptual design stage [6]. By considering
the simplified design approach, the external loads in static analyses can be amplified
by DAF to conservatively estimate the dynamic structural response [7], allowing for
faster structural assessments, design improvements and optimisation processes. The dy-
namic amplification factor can also be used as a design-driving parameter to evaluate
different system configurations [8] and to assess dynamic effects under different load-
ing conditions [9, 10].

This work first gives a brief overview of the FE model considered in the current re-
search, highlighting the constraints and loads assumptions. Given the significance of
the EM forces, particular attention is given to the assessment of their evolution over
space and time. To achieve this, a specialised tool has been developed to visualise the
EM forces’ evolution, focusing on their distributions and resultants in the coordinate
planes. This allows the immediate visualisation of the distribution of EM forces in space



and time, highlighting specific characteristics to support the understanding of both the
dynamic and static behaviour of the cassette.

The dynamic behaviour is preliminarily investigated through modal analysis to verify
the potential couplings between the natural frequencies of the system and the EM
forces, as described in detail in [11]. The calibration of the damping coefficients is
carried out to evaluate the transient response using the Full Transient Analysis tool in
Ansys [12]. This has been performed for three different damping factors (2%, 4% and
6%), in accordance with [13]. The results of the analyses are presented in terms of ex-
ternal constraint reactions and cassette body behaviour, specifically focusing on dis-
placements and stresses.

The results obtained provide a clear description of the local response within the cassette
as well as the effects of the constraints, allowing a better and clearer correlation of the
maximum response and the DAF value with the evolution characteristics of the EM
forces.

2 Modelling of the system

2.1 CAD and FEM models

The cassette model used for the analyses is shown in Fig. 1.a, with a section highlight-
ing the presence of internal stiffeners (Fig. 1.b). A complete model was implemented
only for the cassette and the wishbone according to the 2022 CAD model configuration
[1]. Four masses were used to model the shielding liner, whereas the other divertor sub-
components (such as reflector plates, cooling pipes, and vertical targets) were not con-
sidered at this stage of the analysis. The mass of the internal cooling water was distrib-
uted on the internal surfaces of the cassette.
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Fig. 1. Models of cassette and wishbone (a); section of cassette (b).

EUROFER is the designation of the steel used for the cassette [14].

2.2  Constraints

The divertor is constrained to the vacuum vessel (VV) on the inboard side using two
structures, named nose, and on the outboard side using a flexible component, named



wishbone. The nose supports were modelled as spherical joints, in which all the dis-
placements were fixed while all the rotations were left as free (Fig. 2.a). The holes
located in the lower part of the cassette were constrained to the bottom hole of the
wishbone (Fig. 2.b), allowing only rotations around the Y-axis. The same constraint
condition was imposed at the upper side of the cassette and the wishbone (Fig. 2.c). To
force the component remaining in the design configuration, it is necessary to apply a
preload in the radial direction, 100 kN for this analysis stage. As a matter of fact, such
preload allows to avoid disconnections in correspondence of the noses as a consequence
of the applied loads (even if the nose is modelled as a spherical joint, in reality the
constraint it provides is unidirectional, but such approach turns out to be correct if the
preload can guarantee a continuous compression during the loading period). To satisfy
the above condition, in the remaining hole of the wishbone (Fig. 2.d), the displacements
along the Y direction and rotations around the X and Z directions were fixed, while the
rotations around the Y direction were left free. The displacements along the X and Z
directions were set to -0.924 mm and 0.240 mm, respectively, in accordance with the
procedure outlined in [4].

B  Displacement: -9.2408%-004 m
B : Displacement : 239872004 m
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Fig. 2. Constraints: two noses spherical joints (a); wishbone-cassette bottom holes (b); wish-
bone-cassette upper holes (c); preload application (d).

3 Loads

3.1  Static loads

The cassette is subjected to various static loads during the operation, including gravita-
tional loads, internal coolant pressure, thermal loads, preload, and ferromagnetic loads
[15]. For the current stage of analysis, ferromagnetic and thermal loads are not consid-
ered with the aim to isolate the EM contribution to the dynamic response of the cassette.
The weight and the mass of the cassette are considered for both the structural compo-
nents and the water filling the cassette. Allowance for the pressure of cooling fluid,
applied on the same surfaces of the distributed water mass, is provided.

3.2 EM loads and visualisation tool

In Tokamaks, plasma instability phenomena, such as disruptions or vertical displace-
ment events (VDEs), induce impulsive electromagnetic loads and high heat fluxes [16,
17]. The interaction between the strong magnetic field and the currents generated as a



result of these instabilities (such as eddy currents and halo currents) produces impulsive
Lorenz volumetric forces. This load is one of the most critical for the divertor cassette
and can, therefore, be considered one of the design-drive system forces. The EM loads
exhibit significant and complex spatial and temporal variability and have been calcu-
lated through dedicated EM simulations as per methodology in [18], where the effects
of a downward Vertical Displacement Event was investigated. The initial time instant
at which the EM forces appear is at 1.619 s. For the sake of simplicity, this instant time
was set as the initial one (t=0 s) for the analyses.

Fig. 3 shows the resultant forces and moments calculated with respect to the centroid
of the cassette, with four time instants identified as critical. In terms of resultant force,
t=0.014 s and t=0.065 s (indicated by the red dashed lines in Fig. 3.a) correspond to the
minimum and the maximum value of Fz, respectively. Considering the moment, at
t=0.045 s and t=0.085 s (blue dashed lines in Fig. 3.b), the maximum values of the
moments (Mx, My, and Mz) and the minimum values of Mx and Mz are observed,
respectively.
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Fig. 3. Electromagnetic resultant forces (a) and moments (b) on the cassette.

Fig. 4 shows the spatial distribution of the Z and X components of the EM forces at
three distinct instants (t=0.014 s, t=0.045 s and t=0.085 s). The resulting vectors are
shown if they are within the box boundaries. The Y component is negligible due to its
lower magnitude compared to the X and Z force components. At the instant t=0.014 s,
it is evident that negative values predominate, resulting in high resultant forces along
X and Z directions, but relatively low moments. At t=0.045 s and t=0.085 s, the X and
Z components exhibit high local values, but with opposite signs and a symmetrical dis-
tribution. This leads to low resultant values due to the compensation of positive and
negative values, but higher moments.
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Fig. 4. Distribution of Z and X components of EM forces (t=0.014 s, t=0.045 s and t=0.085 s).

4 Structural analyses

4.1  Quasi-static and dynamic cassette response assessment

Three dynamic analyses (with damping ratios of 2%, 4%, and 6%) and a quasi-static
analysis were carried out using the Transient Structural tool in Ansys. To model the
damping of the system [19], a Rayleigh model [20] was considered as follows:

[Cl=a [M]+} [K] o)

The coefficients a and  were selected to minimise the error between the target damping
values (2%, 4%, and 6%) and the damping values obtained on the modes of greatest
interest (those with higher participation masses) [21].



The modal analysis was conducted following the procedure outlined in [11], with ad-
ditional consideration given to potential coupled dynamic effects between modes con-
tribution and loads dynamic characteristics. Table 1 shows the first three modal forms,
highlighting the most valuable participation coefficients in red. As can be seen, the first
and third modal forms engage both X- and Z-directions. The second modal form, on
the other hand, engages only the Y direction. Therefore, the dynamic response is cou-
pled in the X-Z plane.

Table 1. Modal analysis results.

Mode Frequency [Hz] Natural Period[s] Dir.X Dir.Y Dir.Z

1 55.54 0.0180 35.20% 0.01%  23.07%
2 62.31 0.0160 0.01%  73.57%  0.00%
3 102.53 0.0098 33.71%  0.00%  61.07%

In order to conduct the dynamic analyses, a time-step equal to 0.3125 ms was selected,
based on a convergence analysis of the solution.

The results described hereafter refer to the analyses performed considering only the
electromagnetic loads, in order to assess their contribution to constraint reactions, dis-
placements and stresses in the cassette behaviour.

4.2  Reactions

The first results presented are the constraint reaction forces at the two noses and the
external reaction on the wishbone. Fig. 5 shows the normal reaction (X-axis) for the
two noses. The nose located along the positive orientation of the Y-axis is denoted as
(Y+), while the other nose is denoted as (Y-). It is observable that, despite the cassette
being nearly symmetrical, the reactions exhibit different trends. This is due to the com-
plex EM forces that evolve in space and over time. The plotted results highlight the
temporal ranges where the normal constraint reactions are negative, as well as the times
at which the maximum and minimum values are reached.

Table 2 presents the maximum and minimum values for normal reactions and the max-
imum values for tangential reactions. Furthermore, the table indicates the time instants
at which extrema values occur.
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Fig. 5. Nose (Y+) normal reaction (a) and nose (Y-) normal reaction (b).

Table 2. Maximum and minimum values and corresponding time of constraint reaction forces.

Quasi-static

Dynamic 2%

Dynamic 4%

Dynamic 6%

Max nose (Y+) norm. 185kN (0.065s)
128KkN (0.045s)
-176kN (0.013s)
-103kN (0.085s)
626KN (0.045s)
490kN (0.065s)

536kN (0.014s)

Max nose (Y-) norm.
Min nose (Y+) norm.
Min nose (Y-) norm.
Max nose (Y+) tang.
Max nose (Y-) tang.
Max wishbone tang.

306kN (0.070s)
227kN (0.042s)
-270KN (0.017s)
-264KN (0.015s)
705kN (0.048s)
585kN (0.070s)
656kN (0.0175)

254kN (0.070s)
196kN (0.042s)
-262KN (0.0165)
-256KN (0.0155)
673kN (0.048s)
547kN (0.043s)
647kN (0.0175)

227kN (0.070s)
177N (0.042s)
-255KN (0.0165)
-248KN (0.015s)
652kN (0.048s)
539kN (0.043s)
638kN (0.0175)

4.3  Global displacements

The carried-out analyses enabled the assessment of the absolute displacement for each
FE node. Fig. 6 and Fig. 7 show the results obtained for the quasi-static analysis and
the dynamic analysis considering a 2% damping factor, respectively. For each analysis,
a plot is provided with reference to both the map of maximum displacement (“Max
over Time”) and the map of the corresponding time (“Time of Max”) at which these

maximum values are reached.
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Fig. 6. Absolute displacements quasi-static analysis, Max over Time (a) and Time of Max (b).
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Fig. 7. Absolute displacements dynamic analysis damping 2%, Max over Time (a) and Time of
Max (b).

Fig. 8 describes the maximum displacement values (ordinate) vs. Time of maximum
(abscissa) for each FE node, considering a quasi-static analysis (Fig. 8.a) and a dynamic
analysis, with 2% (Fig. 8.b) and 6% damping factor (Fig. 8.c). Such figures also show
the times of peak EM loads, in terms of forces (indicated by red dashed lines) and mo-
ments (indicated by blue dashed lines).

The results displayed in Fig. 6, Fig. 7 and Fig. 8 highlight that the maximum absolute
displacements are reached almost simultaneously with the peak EM load, in different
regions of the cassette body. When comparing the dynamic and quasi-static responses,
at t=0.02 s and t=0.04 s, a shift of the maximum response due to the inertia effects
comes out. The observed shift for both the latter time instants is independent of damp-
ing, as it is mostly related to the impulsive characteristic. Conversely, the response for
subsequent instants is evidently influenced by the damping, as it no longer exhibits
impulsive characteristics.
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Fig. 8. Max over Time vs Time of Max absolute displacements: quasi-static (a), dynamic damp-
ing 2% (b), dynamic damping 6% (c).
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4.4  Stress evaluation

The discussion about the displacements can be extended to the distribution of Von
Mises stress, as shown in Fig. 9 for the quasi-static analysis and in Fig. 10 for the dy-
namic analysis with a 2% damping factor. The stress distribution shows non-uniform
maps of ”Max over Time” and ”Time of Max”, compared to the results obtained for the
absolute displacements (Fig. 6 and Fig. 7). It has to be noted that the current mesh may
not be fine enough for accurate stress assessment in correspondence of critical areas
(e.g. notches...), so the results shown are for methodological purposes only.
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Fig. 9. Von Mises stress quasi-static analysis, Max over Time (a) and Time of Max (b).
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Fig. 10. Von Mises stress dynamic analysis damping 2%, Max over Time (a) and Time of Max

(b).

Fig. 11 shows the results of the analyses, with “Time of Max” on the abscissa and “Max
over Time” on the ordinate, juxtaposed with the four most relevant instants of the EM
forces. From the quasi-static analysis (Fig. 11.a), it can be observed that the highest
stress peaks occur around the instant of the highest value of EM moments (t=0.045 s).
The conclusions obtained for the absolute values of displacements can be repeated here,
with the exception that the distribution of stress maxima is more scattered. The impul-
sive behaviour of the response is clearer in this case for t=0.02 s and t=0.04 s, where
the damping does not play a significant role (Fig. 11.b and Fig. 11.c). However, for the
subsequent time step, both the magnitude and the distribution are clearly affected.
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Fig. 11. Max over Time vs Time of Max Von Mises stress: quasi-static (a), damping 2% (b),
damping 6% (c).
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5 Dynamic Amplification Factors computation

The response assessment of the cassette allows to evaluate the Dynamic Amplification
Factors (DAF), defined as the ratio between the maximum value of a given parameter,
evaluated from the dynamic analysis, and the corresponding maximum value obtained
by the quasi-static analysis.

Under validity of linear behaviour assumption, such a DAF can be used to amplify the
EM loads in the equivalent static analysis keeping unaltered the other superimposed
static load conditions. It is noteworthy, in this regard, that linear behaviour require-
ments have to be considered for both the system and the response under investigation.
In the case studied, the constraining reactions are certainly linear in terms of the normal
component. The Von Mises stress, on the other hand, is a quadratic combination of the
normal and tangential stresses. Therefore, it is not possible to directly use the DAFs
evaluated for the EM load condition in linear combinations with all the other loading
conditions (gravitational, ferromagnetic...). Instead, it is necessary to evaluate the
DAFs derived from the system's response undergoing simultaneously the full combina-
tion of loads.

However, it is still possible to observe that the impact of dynamic effect of EM forces
on the overall response is significantly reduced in a load combination in which weight,
water pressure, preload, thermal, ferromagnetic, and Lorentz forces are simultaneously
present. This allows the safe use of DAFs evaluated for the only EM load condition
during the conceptual design phase.

Finally, it is necessary to point out that the complex temporal and spatial evolution of
the EM load produces different maximum values, in time and space, for each response
considered (reaction force, displacement or stress). Therefore, it is necessary to refer to
the DAF associated with the specific response of interest and the corresponding EM
forces distribution that need to be DAF-amplified.

5.1  Dynamic Amplification Factor - reactions

Table 3 describes the DAF values for the constraint reaction forces that can be used in
the load combinations considered for categories I-1V, according to [13]. DAFs can be
calculated as the maximum dynamic value divided by the maximum static value, by
considering also the negative sign for the normal constraint values. Table 3 also indi-
cates the distribution of EM forces to be amplified based on the specific reaction being
examined in the equivalent static analysis.

Table 3. DAF values for the constraint reaction forces.

Quasi-static DAF 2% DAF 4% DAF 6%
Max-max nose (Y+) norm. 185kN (0.065s) 1.65 1.37 1.23
Max-max nose (Y-) norm. 128kN (0.045s) 1.77 1.53 1.38
Min-min nose (Y+) norm. -176KkN (0.013s) 154 1.49 1.45

Min-min nose (Y-) norm. -103KN (0.085s) 2.56 2.48 241
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Max-max nose (Y+) tang. 626kN (0.045s) 1.13 1.08 1.04
Max-max nose (Y-) tang. 490kN (0.065s) 1.19 1.12 1.10
Max-max wishbone tang. 536kN (0.014s) 1.22 1.21 1.19

5.2  Dynamic Amplification Factor — displacements

The analyses conducted resulted in a three-dimensional map of DAF for the displace-
ment magnitudes (Fig. 12.a), considering a 2% damping factor. As discussed, the com-
plex evolution of the EM loads leads to an uneven distribution of maximums and dif-
ferent values of the DAF within the cassette body. To better understand the response,
it is useful to diagram the regions of the system that exhibit high DAF values or signif-
icant displacement values. Fig. 12.b plots the distribution of the DAF and the displace-
ment magnitude in all the nodes of the FE model, highlighting the nodes with DAF
greater than 2 (in violet) and displacement magnitude greater than 1.25 mm (in green).
These areas of greatest interest are then reported in the three-dimensional map in Fig.
12.c.
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Fig. 12. Three-dimensional DAF map for absolute displacement (a); Max displacement vs DAF
displacement damping 2% (b) and location of points of interest (c).
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5.3  Dynamic Amplification Factor — Von Mises stresses

The DAF values for the Von Mises stress response can be computed following the same
procedure used for displacements. Fig. 13.a shows the stress DAF distribution for a 2%
damping value. In this case, it is interesting to observe the presence of areas where there
is a relevant amplification factor. To better investigate the role of these higher values
in the conceptual design process, Fig. 13.b shows the stress in each FE node versus the
DAF, and Fig. 13.c displays the areas with different combinations of DAF/stress ranges
(violet for DAF between 1.7 and 2.25 and stress greater than 100 MPa, and green for
DAF greater than 2.25). The violet areas are of primary interest due to the highest val-
ues of stress and DAF. These nodes are located mainly in the wishbone, in particular in
the areas with a smaller cross-section. The nodes with a DAF value greater than 2.25
are localised in various parts of the cassette. However, these nodes do not exceed stress
values of 100 MPa.
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Fig. 13. Von Mises stress DAF map damping 2% (a); Max Von Mises stress vs DAF Von Mises
stress damping 2% (b) and location of points of interest (c).

6 Summary and conclusions

This paper presented a systematic computational approach to analyse the dynamic re-
sponse of a divertor cassette body subjected to severe EM impact loads upon plasma
disruption. The focus was placed on a FEM-based computational methodology for
stress calculation, useful to replace a highly costly full dynamic simulation case with a
cost-effective equivalent static analysis case, applying a conservative (while still repre-
sentative) DAF value. Furthermore, a post-processing visualisation tool was developed
which displays graphically the spatial and temporal evolution of induced EM forces
and the resulting stress & deformation responses in the structure. Exploiting the visu-
alisation tool, 3D temporal and spatial maps of EM forces and stress responses could
be produced, useful to facilitate an in-depth understanding of the overall and local dy-
namic behaviour of the system and the force-stress relationship over the transient time
scale. In this way, it was possible to identify the most stressed region under dynamic
loads.

The results obtained shows that it is not possible to identify a unique amplification
factor for each response of interest, and that the maximum response values are reached
at different time steps. This finding implies that, when using the DAF method, it is
necessary to use different equivalent static load (stress) distributions to estimate the
maximum dynamic response. In a design optimisation stage, the non-negligible depend-
ence of the dynamic response from the local design features (e.g. those affecting damp-
ing effects) indicates that all design variants should be subjected to this kind of analysis.
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