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The divertor of a tokamak-type fusion reactor is subject to the potential risk of accidental plasma
disruptions. This fast transient event produces strong and brief electromagnetic (EM) excitation loads
exerting in the divertor in form of volume forces and moments. Moreover, the transient nature of the
impact loads could cause a substantial dynamic amplification of the Lorentz forces and moments due to
the interaction between the (transient) resonance and mass inertia. This dynamic amplification effect
must be considered in the structural design of the divertor in addition to the static loads. One pragmatic
approach to do this is to apply the notion of dynamic amplification factor (DAF) as a kind of a force
multiplier coefficient in order to reflect the dynamic effect in a static stress analysis. To this end, the
dynamic amplification factor needs to be determined for the given geometry of the components and the
typical application modes of relevant impact loads. The key objective of this dynamic analysis is to identify
the natural frequencies (eigen-frequency) and the deformation modes. The dynamic effect on the stress
intensity in the critical regions is also examined. This study presents a unique insight into the structural
dynamics induced by a plasma disruption and delivers a very useful design parameter for the force
component of the load, namely, dynamic amplification factor which allows a straightforward way of
considering the resonance response in a static structural analysis.

Keywords: dynamic amplification factor, fixation, static/dynamic response

Abbreviation Definition

EM Electro-Magnetic

FEM Finite Element Method

MPH Material Properties Handbook
DAF Dynamic amplification

IVT Inner vertical target
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OovT Outer vertical target
RP Reflector plate

\AY, Vacuum vessel

1. Introduction

Under the impact loads generated by strong and brief electromagnetic (EM) volume forces and moments [1, 2],
the divertor of DEMO tokamak fusion reactor experiences dynamic resonance. Due to the interaction between the
(transient) resonance and mass inertia in this dynamic loads, the consequent strain, stress, displacements, damage,
etc. have been amplified comparing to the corresponding values with static loads.

In order to allow the monotonic damage assessment based on static analysis, a conservative dynamic amplification
factor (DAF) is to be determined for Equation 1,Equation 2 and Equation 3.

In the static analysis, all loading are to be amplified by the DAF; while in the dynamic analysis where velocity and
acceleration is included, original loading are applied and the effect of mass inertia is considered within the
calculation. A DAF shall be chosen, so as to make the resultant strain/stress/displacement from the static analysis
be equal to or larger than the corresponding values from the dynamic analysis. This is a pragmatic approach to
consider the dynamic amplification effect in the structural design of the divertor in addition to the static loads.

Equation 1 Estatic (F X DAF) = &4yn(F)
Equation 2 Ostatic (F X DAF) = 0gyn(F)
The micro-strain adds up to macro-displacement:

Equation 3 U(F x DAF) = U(F)

This DAF shall depend on a sequence of influencing factors, including the eigen-frequency of the structure wy,
profiles of external loading, damping factors ( « & ), etc. Since these input values of real divertor are currently
difficult to be determined, it is valuable to initially build some simple structures, such as a bar, with simple loading
profiles for a methodology for a conservative DAF.

Note that this methodology is different from the one in a traditional resonating system, since the external EM
loading is not cyclic, but instead acts as an impact which happens only once.

This work started with the literature study to search for an analytical solution of DAF. Methodology study has been
performed to evaluate whether the mathematical theory for general resonating system is applicable to the analysis
of EM loading on divertor.

The energy of a vibrating structure is dissipated by various mechanisms, and the damping is a macro-scale
manifestation of these dissipation[3]. Hence the damping factor of a structure is not a simple combination of
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damping of single components. The damping factor can only be determined through testing on the actual structure
in laboratory. According to [4], the factor is 4 % for welded steel or bolted steel with friction connection, which
is applicable for global seismic analyses of the tokamak machine.

A model of DEMO divertor [5, 6] has been implemented into commercial finite element code ABAQUS [7]. To avoid
too long time calculation and high cost on computing devices, a very detailed 3D model of DEMO divertor has been
firstly simplified by deleting local details and keeping the dimension and stiffness of the whole structure.

Four groups of simulations have been performed with different setups of boundary conditions in ABAQUS under
the concept of Parametric Digital Model Development [8] to evaluate the relationship between design parameters
and CAD model parameters. After frequency analysis, displacements in static and dynamic analysis have been
compared and the ratios between them have been calculated. The DAF for each group has been proposed, by
comparing the displacements and stress states in the amplified static analysis to those in corresponding dynamic
analysis.

2. Literature and methodology study for the determination of analytical DAF

The mathematical theory and analytical results for vibration system have been broadly reported. A series of book
sections about dynamic analysis and the study of analytical DAF have been collected in [9] with related
mathematical equations.

F(t) = F, cos (wt)
T X
I mass }—I

Figure 1 System forced by a harmonic external force

For instance, as stated in [10], a simplest vibration system (Figure 1) has a mass m, a spring with stiffness k and
a viscous damper with the damping factor c. If such system is subject to a periodic stimulating load F; cos(wt),
the motion of mass m shows a dynamic amplitude x,.

The static amplitude is F,/k since there is no consideration of mass inertia or velocity.

The ratio between dynamic amplitude x, and the static amplitude F,/k is calculated in Equation 4.

Q)= 5y = ————
@) )

Equation 4
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_ k _c
where wg = ;,E—ZW

In case no damping, this ratio is calculated in Equation 5 as the analytical dynamic amplification factor (DAF) .

1
Equation 5 Q=

w

where f = -

To verify the theory, a simplified forced vibration model has been built in ABAQUS (Figure 2 a) to get the numerical
solution of DAF. A bar has cross section 10x10mm? and a length of 1000 mm. Young’s modulus is 210 GPa and
density is zero. No damping is defined. The left end of the bar is fixed on the wall, and a mass point of 1kg is fixed
on the right end.

load
§ @
no bar mass mass point
1000*10*10mm
1kg

E=210GPa
No damping

a)

—rectangular wave
150 - ——sin wave
trianglar wave
100 7

Load /N

-150 ' '
0 0.1 0.2 0.3 04 0.5

Time /s

b)

The mass point stays still at the beginning, and is then driven by an external periodic loading as shown in Figure 2
b). The wave form of the external loading is either rectangular, sin or triangular.
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In this bar-mass point system, the stiffness of the bar is 524.96 kg/s?, and the eigen-frequency is 3.64656 Hz.

The dynamic response with external frequency equal to eigen-frequency is shown in Figure 3 a). Since no damping
has been defined, the displacement is amplified unlimitedly cycle by cycle.

If the external loading have the twice or half of the eigen-frequency, the displacements of the mass point have
been collected and shown in Figure 3 b&c). The ratio between dynamic and static amplitudes have been collected
in Table 1, as well as the analytical DAF calculated through Equation 5.
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Figure 3 Displacement response of mass point, stimulation frequency

fextern =1x feigen

fextern = 2% feigen fextern = /2% feigen
Analytical DAF 0.33 1.33
Rectangular wave 1.25 2.00
Sin wave 0.86 1.73
Triangular wave 0.69 151

Amplified unlimitedly
cycle by cycle due to
zero damping

Table 1 Ratio between dynamic and static amplitudes, together with analytical DAF.

The fact is, the analytical DAF, as calculated by Equation 4 & Equation 5, is only valid for steady state response. And
the external loading should have sin/cos wave form. The displacement responses shown in Figure 3 belong to initial
response. Damping factor have to be introduced to transform the initial response to a steady state response.

In order to reach a steady state response, while minimizing the effect of damping, another group of dynamic
analysis have been performed with very small damping ratio £ = 0.001. The frequency of the external loading is the
twice of eigen-frequency, which is the same as that shown in Figure 3 b).
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Figure 4 Displacement response of mass point, stimulation frequency

2 x eigen-frequency, very low damping.
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As shown in Figure 4, the displacements in dynamic analysis until 50 seconds have been collected. For all three
wave forms, after around 15 seconds, the wave forms of the stimulated motions are kept the same until 50 s. The
motions driven by the external sin and triangular waves show also perfect sin waves as response. The
displacement response to the rectangular wave is not in sin form.

The DAFs of these three responses are as follows:
Rectangular wave : 0.480 (average)
Sin wave : 0.3318
Triangular wave @ 0.2731

The DAF = 0.3318 shown in Figure 4 b) for the response to external sin wave is the closest one to this analytical
value 1/3.

According to the displacement responses of the bar-mass point model, the gaps between mathematical theory for
analytical DAF and the numerical DAF calculated by FEM tool are concluded as follows:

1. Analytical value of DAF is only valid for steady state response.
2. Analytical value of DAF is only valid for external sin/cos wave form.

In this work, the EM loading has rare possibility to show a perfect sin/cos wave form, and the response of divertor
in the initial phase, instead of steady state, is to be focused on. Therefore, the traditional analytical theory of
vibration is hardly applicable for the motion of divertor under EM loading.

3. 3D model of DEMO divertor with FEM tool

Totally 702 CAD-parts [5] have been imported to FEM tool ABAQUS.

The dynamic analysis as well as static analysis have been set to be transient in ABAQUS. Total period of simulation
is 0.5 s, while the EM loading only last for the initial 0.12 s. Data is stored by every 0.001 s. Such fine time step is
to catch the peak values, as well as to get smooth curves of sub-waves of vibration.

The approximate global size of mesh is 80 mm. 10-node quadratic tetrahedron elements (C3D10) have been applied.

3.1 Simplification
However, too many detailed and fine structures exist in the originally imported model [5], especially in the sub-
components such as inner vertical target (IVT), outer vertical target (OVT), liner and reflector plate (RP). It would
take too long calculation time to include all these fine structures in FEM analysis for DAF, and is currently not
necessary.
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Figure 5 Simplification by replacing sub-components to mass points

To simplify the 3D model, 3 mass points have been added to replace respectively 1. IVT 2. Liner + RP 3. OVT.
The positions of the mass points are located on the centers of mass of the corresponding sub-components. The
coordinates and weights of these mass points have been illustrated in Figure 5.

The weights of the mass points are approximately estimated according to EUROfusion internal data base for double
cooling solution with the mass of water. And on the other hand, the weights of mass points are to fill the gap
between 8.52 Ton as the total mass of divertor in operating condition and 5.48 Ton as the mass of left components:
cassette, wishbone and three pins of the hinge joint.

Equation 6 8.52Ton-5.48Ton=0.84Ton+1.2Ton+ 1Ton
with

e 8.52Ton: reported total mass of divertor in operating condition
e 5.48 Ton: calculated mass of cassette body and hinge joint by FEM software

e 0.84 Ton, 1.2 Ton and 1 Ton : estimated masses of IVT, liner + RP, OVT with mass of
water

The mass of water is included into the 3 mass points.
Note that in the future work, the representative moment of inertia of these sub-components shall be added.

Further, in the original CAD model, there have been many holes for inlet / outlet on the cassette body. Too many
fine meshed elements have been found around these holes, which leads to unnecessarily too large number of
elements, since these holes are believed to have marginal effect on the analysis for vibration of the whole structure.

Hence further simplification has been performed by filling out these holes. The number of meshed elements have
been significantly reduced, from over 90 thousand to around 30 thousand.
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3.2 Fixation

a) Nose support b) Hinge joint ¢) Coupling in d) Rotatable pins and
of inner region of outer region inner region wishbone in outer region

Figure 6 Fixation of the cassette body

The cassette body is supported by a nose support in the inner region (Figure 6 a) and by hinge joint in the outer
region (Figure 6 b) to provide elastic compliance for preloading and for compensating the mismatch of differential
thermal strains between cassette body and vacuum vessel [2].

The surfaces of the nose support (pink in Figure 6 c) are coupled to a reference point. Then this reference point is
fixedin X /Y /Z-displacementand X /Y / Z - rotation.

The pin of the hinge joint (Figure 6 b), which is connected to the vacuum vessel (VV), applies an initial displacement
for preload and then is fixed to ground. Rotation and translation between this pin and wishbone is allowed with
friction.

The other two pins connecting to the cassette can rotate and translate within the holes with friction.

In the result section of this report, four groups of results with different fixation-setup for the hinge joint in ABAQUS
are presented, under the concept of Parametric Digital Model Development[8]. More detailed information of
fixation has been collected in Table 2.

3.3 Material

Three material properties are necessary in the dynamic analysis: density, Young’s modulus and Poisson’s ratio. The
current EUROfusion MPH of Eurofer97 [11, 12] has been applied to the model.

The CAD is supposed to be built based on the dimension at room temperature, hence 7.744 g/cm? as the density
of Eurofer97 at 20°C has been applied.

The Young’s modulus between 200 °C and 250 °C, as the operating temperature range [2], has been applied to the
model, which is 205 GPa.

Poisson’s ratio is set to be 0.3 as suggested in MPH of Eurofer97.

Note that, in the future work, the material for wishbone shall be replaced by Ti-6Al-4V. And the material for the
pin shall be replaced by Inconel 718 [13].
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In the analysis group Il and 1V, friction coefficient is set to be 0.31, according to kinetic coefficient between Ti-6Al-
4V and 17-4 stainless in the environment air or vacuum [14].

Damping ratio 5 % is included in the analysis group Il and IV. Although it is 4 % according to [4], this value shows
rare influence to the result of current work, since only the initial period of stimulated vibration of divertor is
considered.

3.4 Preload
A preload of 60 kN pointing from the fixed pin joint (Figure 6 b) to the nose support (Figure 6 a) is to be applied by
an initial displacement of this fixed pin joint (Figure 6 b). Such preloading through socalled outer-locking
mechanism is to remove any clearances and avoid “shaking” due to sudden change of the magnetic field [15].

Preload
_60KN

Figure 7 Preload 60 kN is applied by an initial displacement, starting from the pin connecting to VV, to the nose
support.

As shown in Figure 7, an initial displacement is applied to generate a preload of 60 kN. The relation between this
displacement and the reaction force on the nose supportis linear.

However, such preload is raised to be over 200 kN in group Il and IV, to make sure that the reaction force of the
nose support in X-direction is always over zero, meaning the nose support is always under compression. This is
achieved by raising the displacement (Ax =-0.4823 mm, Az =0.1206 mm) to higher displacement (Ax =-1.60767
mm, Az= 0.402 mm). Note that, due to different setups of boundary conditions in the four groups, the
displacement induced preloads are not always the same.

3.5EM loading
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Resultant Lorentz Forces
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Figure 8 Resultants of the Lorentz forces referred to the whole divertor [1]

Lorentz forces (Figure 8) in three directions X, Y, Z have been applied to the 3D model as an example of external
loading, to compare the displacement responses in static & dynamic FEM analysis. Time step in analysis is 0.001
second as mentioned above.

Note that, in the current analysis, Lorentz forces are evenly distributed on the whole body as volume force.
However, in the real case, this distribution is not even and will generate moments.

For the current work, moments are not accounted. In future work, the analysis of motion of divertor under EM
loading is to be updated with new results of Lorentz forces as well as moments.

3.6 Summary of boundary conditions in four group of analysis

Table 2 has collected the most significant information about the boundary conditions in the four groups of analysis,
in order to make highlight on the differences of settings in FEM software ABAQUS between these four groups.

Group | Group Il Group Il Group IV

Nas? o [ N
Pin to VV all-fixed Surfaces of joints fixin Y | Pin to VV all-fixed Pin to VV all-fixed
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Friction 0.1 Friction 0.1 Friction 0.31 Friction 0.31

Zero damping Zero damping Damping 0.05 Damping 0.05

60 kN by displacement 60 kN by displacement 217 kN by displacement 251 kN by displacement
-300 kN in X-axis EM |-300 kN in X-axis EM

preload preload
3 * Young’'s modulus
wishbone
4. Results
4.1 Frequency analysis
Mode Eigen-Frequency Eigen-Frequency Eigen-Frequency Eigen-Frequency
(Hz) Group | (Hz) Group Il (Hz) Group 1l (Hz) Group IV
1 61.700 93.542 63.080 69.085
2 92.949 107.11 93.076 96.189
3 147.53 150.64 149.31 156.77
4 152.44 190.23 152.73 157.93
5 188.75 190.85 188.91 201.95
6 203.65 241.45 203.03 214.97
7 238.56 246.18 240.61 249.50
8 24414 256.85 244.48 249.87
9 252.44 324.70 252.96 272.53
10 333.37 362.53 333.49 334.39

The eigen-frequencies of the initial 10 modes in the four groups of analysis have been collected in Table 3. The
frequency of external EM loading lies around 15 Hz (Figure 8) which is already lower than the eigen-frequencies in
the 1°* mode. Hence no resonance can be generated, and it is not necessary to consider further modes with even
higher eigen-frequencies.
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The eigen-frequencies of group I, Ill and IV are similar, especially those of group | and Il have only marginal
differences. This indicates that friction, damping and preload have rare effect on eigen-frequency.

The calculated eigen-frequencies of group Il is however very different from the other three groups, because the
surfaces of joints in outer region have been fixed in Y-direction, as shown in Table 2.

The displacements of the first two modes are shown in Table 4, with automatic amplification of the deformation
for better illustration.

Mode 1 Mode 2

Group 1
U, Magn.

-
o

1
HOOOOOOOOO
N| comoploNbO

Group

Group 3

Group 4

Table 4 lllustration of displacements of the first two modes in each group of analysis

As similar to the calculated eigen-frequencies in Table 3, the distribution of the displacements of group I, Ill and IV
are also comparable, while the displacements in group Il are quite different from the others due to the fixation of
the surfaces of joints in the outer region in Y-direction (Table 2).
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4.2 Dynamic and static analysis of 3D model with external loading

As shown in Table 4, the bottom of cassette body generally has higher displacement. Hence the displacement
responses of one node (Node Nr. 8279) on the bottom and on the y-symmetric plane in dynamic & static FEM
analysis have been collected and compared as an example since this node is lowest one in Z - direction. Note that,
this node does not necessarily have the maximum vibration among all nodes of the mesh.

Figure 9 Node Nr.8279 on the bottom of cassette body

4.2.1 Group | result
The displacements of node Nr. 8279 in the first group have been recorded and shown in Figure 10.

co
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X 0.081 — Static
Y 7.57234 — Dynamic
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a) Displacement magnitude b) Displacement in X-axis
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In direction X and Z, sub-waves have been found in the dynamic displacements (red curves). The static
displacements (blue curves) go along the dynamic sub-waves as mid-lines. In Y-axis, it is hard to determine a steady
sub-wave.

The frequency of sub-wave in X-axis is 71 Hz. And the frequency of sub-wave in Z - axis is 123.4 Hz. This is however
different from the eigen-frequencies calculated in frequency analysis, as collected in Table 3.

The magnitude of displacement in Y-axis is apparently higher than those in X- and Z-axis, since the wishbone is able
to slide on the pin connecting to VV with very low friction coefficient 0.1.

The peak magnitude of combined displacement in dynamic analysis is 7.57 mm, while the one in static analysis is
3.8 mm. The ratio in between is 1.987 ~ 2.0.

Referring to the objective of this work, a DAF is to amplify the loading in the static analysis, and to make the static
displacement be over the dynamic one (Equation 3).

Therefore, the Lorentz forces  (Figure 8) in all three directions have been amplified by factor 2.0 in a further static
FEM analysis. The displacement magnitude of node Nr. 8279 in this further static analysis has been recorded and
compared with the one in the previous dynamic analysis, as shown in Figure 11.
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Figure 11 Dynamic displacement compared with static displacement of node Nr.8279 with amplified loading,
group .

With the amplified external loading, the calculated displacements (blue curve in Figure 11) in static FEM analysis
is now mostly over the dynamic ones with original external loading (red curve in Figure 11). This meets the
objective of this work.

Stress distribution in dynamic analysis with
Lorentz forces in X,Y and Z, at t=0.081s where
peak displacement is reached.

Stress distribution in static analysis with
doubled Lorentz forces in X,Y and Z, at t=0.078s
where peak displacement is reached.

Figure 12 Comparison between the stress distribution in static analysis with amplified loading and in dynamic
analysis

The stress profiles of the static analysis with doubled Lorentz forces, and the one of dynamic analysis have been
compared, as shown in Figure 12. These two stress profiles are generally similar. Hence, not only the
strains/displacement in amplified static analysis, but also the stresses have been amplified to be over those in

dynamic analysis.

However, such doubled Lorentz force cannot guarantee that Equation 2 for stress is valid for every location on the
divertor.
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Figure 13 Node Nr. 50330 (red point)

Itis found in Figure 12 that, there is stress concentration at the edge, which is close to node Nr. 50330 (Figure 13).
The stresses of this node in the static analysis with amplified loading and in dynamic analysis have been compared,
as shown in Figure 14.
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Figure 14 von Mises stress of node Nr. 50330 in amplified static analysis and in dynamic analysis.

With the amplified loading, the von Mises stresses in static analysis are mostly over the stresses in the dynamic
analysis. However, such doubled loading cannot guarantee that Equation 2 is valid for every time point.

The boundary conditions (Table 2) in the current group make the wishbone slide quite freely along the pin
connecting to VV due to minimized friction, and consequently make the motion of cassette body in Y-direction
contributes the larger part to the total magnitude of displacement.

In the following three groups of simulations, the motion in Y-direction will be restricted to evaluate the resulted
change of DAF. It will be done either by fixing the Y-motion of the joint of cassette to wishbone directly (Group II),
or by increasing the friction coefficient (Group IIl, 1V)

4.2.2 Group Il result

In this group of tests, several section of surfaces of joints in outer region have been fixed in Y-direction (Table 2).
Although these restrictions are not part of the current design, it is worthwhile to find a limit for DAF with mostly
restricted motion.
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Figure 15 Magnitude of displacements of node Nr.8279 under combined Lorentz forces, in dynamic and static
analysis, group |I.

The peak magnitude of displacement in dynamic analysis is 0.8285 mm, while the one in static analysis is 0.7266
mm. After the initial displacement 0.2944 mm is subtracted, the ratio in between is:

Equation 7 (0.8285 - 0.2944) / (0.7266 - 0.2944) = 1.23

A further static analysis has been performed with amplified EM loading by this ratio = 1.23.

However, as shown in Figure 16, the peak magnitude of static displacement with amplified loading by 1.23 (black
curve) is still lower than that in dynamic analysis, although very close. Unlike the doubled loading in group |, if the
external loading is amplified only by this ratio (1.23) between dynamic and static displacement in the current group
1, itis not enough to meet the objective stated in Equation 3. Therefore, the loading is further amplified by 1.3 and
1.4.
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Figure 16 Dynamic displacement compared with static displacement of node Nr. 8279 with amplified loading,
group Il.

It shows that, with amplification factor 1.3 and 1.4, the peak static displacement can be clearly over the dynamic
one.

Nevertheless, in spite of the peak displacement, all these amplified static displacements are mostly over the
dynamic ones.

The stress profiles have been further checked.

Stress distribution in dynamic

Stress distribution in static analysis Stress distribution in static analysis

with amplified Lorentz forces in X,Y with amplified Lorentz forces in X,Y analysis with Lorentz forces in
and Z by 1.4, at t=0.046s where and Z by 1.5, at t=0.046s where XY and Z, at t=0.045s where
peak displacement is reached. peak displacement is reached. peak displacement is reached.

Figure 17 Stress profile of amplified static analysis and dynamic analysis, group Il.

The distributions of von Mises stress in amplified static analysis with factor 1.4 and 1.5, as well as the one in
dynamic analysis are shown in Figure 17. Although these three stress profiles have in between only marginal
differences, the one with DAF = 1.5 is closer to the dynamic stress profile.
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For the time being, DAF = 1.5 is suggested for this group II. However, if the stress in the static analysis must be over
the dynamic one for every location at every time point (Equation 2), factor 1.5 is still not enough.

4.2.3 Group lll result
In this group of analysis, two preloads have been added, which are 217 kN by initial displacement and 300 kN
ferromagnetic preload. Such preloads ensure that the cassette is always pushing the nose support (Figure 6 a).

The setups of fixation are similar to those in group I, but the friction coefficient has been increased from 0.1 to
0.31, as mentioned in section 3.3.
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Figure 18 Magnitude of displacements of node Nr.8279 under combined Lorentz forces, in dynamic and static
analysis, group Il

The ratio between the peak magnitudes of displacements in dynamic and static analysis is

(2.0345-1.03921) / (1.76692 - 1.03921) = 1.3677

After amplifying the external loading (Figure 8) by factor = 1.3677 in static analysis, the displacement of Node Nr.
8279 is recorded and compared with those of the dynamic analysis with original loading.
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Figure 19 Dynamic displacement compared with static displacement of node Nr. 8279 with amplified loading by
1.3677, group llI.

As shown in Figure 19, the amplified static displacement by factor 1.3677 is already over the dynamic displacement.

Stress distribution in dynamic

Stress distribution in static analysis Stress distribution in static analysis

with amplified Lorentz forces in X,Y with amplified Lorentz forces in X,Y analysis with Lorentz forces in
and Z by 1.37, at t=0.040s where and Z by 1.5, at t=0.040s where XY and Z, at t=0.042s where
peak displacement is reached. peak displacement is reached. peak displacement is reached.

Figure 20 Stress profiles of amplified static analysis and dynamic analysis, group lIl.

However, comparing the stress profiles in Figure 20, the amplified static stress profile with DAF = 1.37 is lower than
the dynamic one for many locations. The static stress profile with DAF 1.5 is closer to the dynamic one, but still
cannot not ensure that amplified static stress is over the dynamic stress for every location.

DAF = 1.5 is suggested for this group Il for the time being. As the same as group Il, if the stress in the static analysis
must be over the dynamic one for every location on the divertor, DAF = 1.5 shall be further raised.

4.2.3 Group IV result
The setups of boundary conditions in this group IV are currently supposed to be the closest to the actual designed
divertor, as listed in Table 2.

Two preloads (251 kN by initial displacement+ 300 kN ferromagnetic preload) have been applied to ensure the
cassette is always pushing the nose support (Figure 6 a).
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The ratios of separate directions are as follows:
X: (0.93386 - 0.70233) / (0.84048 - 0.70233) = 1.6759
Y: 1.1192/0.9712 =1.1523
Z (1.10663 - 0.79559) / (1.05074 - 0.79559) = 1.21905

The ratio between the peak magnitudes of displacements in dynamic and static analysis is
(1.78813-1.06124) / (1.64354 -1.06124) = 1.248

The external loading are firstly amplified by factor 1.248 for all three directions in static analysis, as the same as
the previous three groups. The magnitudes of displacements of node Nr. 8279 (Figure 9) in this amplified static
analysis and in the dynamic analysis are collected and shown in Figure 21.
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Figure 21 Dynamic displacement compared with static displacement of node Nr. 8279 with amplified loading by
factor 1.248, group IV.

For this current group 1V, the external loading are also amplified anisotropically, meaning the Lorentz forces in X, Y
and Z (Figure 8) are respectively amplified by the following factors

DAFx=1.6759, DAFy=1.1523, DAFz =1.21905

The results are shown in Figure 22.
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Figure 22 Dynamic displacement compared with static displacement of node Nr. 8279 with anisotropically
amplified loading, group IV.

In the above two ways of amplification, both have made the static displacements be very close to the dynamic
ones, for at least this node Nr. 8279 (Figure 9).

However, if the peak displacements are to be emphasized, the anisotropic amplification is not enough to make the
peak static displacement to be over the dynamic one.

Stress distribution
in static analysis
with  anisotropic
amplified Lorentz
forces in X,Y and Z,
at t=0.040s where

Stress distribution
in static analysis
with amplified
Lorentz forces in
XY and Z by 1.4,
at t=0.040s where

peak
peak displacement  is
displacement s reached.

reached.

Stress distribution in static analysis Stress distribution in dynamic
with amplified Lorentz forces in XY analysis with Lorentz forces in
and Z by 1.5, at t=0.040s where XY and Z, at t=0.045s where
peak displacement is reached. peak displacement is reached.

Figure 23 Stress profile of amplified static analysis and dynamic analysis, group IV.

Comparing the stress profiles shown in Figure 23, the isotropic amplification by factor 1.4 and anisotropic
amplification with various factors for each direction still cannot make the static stress be over the dynamic stress
for every position on cassette body. Isotropic amplification by factor 1.5 makes the stress profile closer to the
dynamic stress profile.

As the same as the situation in group Il and group Il1, for the time being, DAF = 1.5 is suggested for this group IV.

5. Summary and discussion

Four groups of FEM simulations have been performed with different setups of fixation to search for a conservative
value of DAF under the concept of Parametric Digital Model Development [8].

One node on the bottom of cassette body has been focused on, which is numbered 8279 in the meshed 3D ABAQUS
model (Figure 9). The displacement responses of this node in static as well as in dynamic FEM analysis have been
recorded and compared.

Group | Group Il Group Il Group IV

Peak magnitude of dynamic

. 7.56 mm 0.82 mm 2.03mm 1.79 mm
displacement
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Ratio of dynamlc'/statlc peak 1.99 123 137 125
magnitude of displacement
Suggested DAF 2.0 15 15 15

As summarized in Table 5, the peak displacement of this node Nr. 8279 in group | shows the highest value (7.56
mm) since the fixation of group | is the freest one. On the opposite, the peak displacement of group Il is the lowest
(0.82 mm), due to the firm-fixation of several surfaces (Table 2) of the joint in Y-direction. The fixations of group IlI
and IV approach the actual designed fixation, no firm-fixation like in group Il, with friction coefficient 0.31 which is
higher than coefficient 0.1 in group I. The friction coefficient 0.31 is the value between Ti-6Al-4V and 17-4 stainless
in air or vacuum. Therefore, the peak displacement of group Il & IV, respectively 2.03 mm & 1.79 mm, lie between
the values of group I and 1.

The ratios between the peak magnitudes of displacements of dynamic and static analysis have been calculated.
However, this ratio is not enough to amplify the loading in static analysis, to make the static stress/strain/
displacement be over the corresponding dynamic values for each position on the model.

Since it would be a huge job to check the static and dynamic displacement of every location at every time point,
conservative DAF is necessary to meet the objectives of this work ( Equation 1,Equation 2, Equation 3).

For the time being, DAF = 1.5 is suggested for group 11, I1l and IV. DAF = 2 is suggested for group | where there are
the most “loosen” joints. However, while checking the stress profiles shown in Figure 17, Figure 20 and Figure 23,
the suggested DAF = 1.5 have still space to be raised up, since not all locations on the model have higher stress in
amplified static analysis than those in dynamic analysis.

If a general DAF is to be proposed, it shall lie between 1.5 and 2.

As a bridge between static and dynamic analysis, a clearer goal of DAF shall be defined: Decisions shall be made
that, to which specific goal shall the DAF be applied: Shall the strain / stress/ displacement in the amplified static
analysis, of all locations on the components, at all time steps, be over the corresponding values of dynamic analysis?
Or only certain values (strain / stress/ displacement) of certain locations of interest, and only at certain time step
are to be concerned.

In the future work, moments due to the unevenly distributed EM loadings shall be included in the evaluation of
the motion of divertor.

More new results of EM loading shall be applied to the 3D model, and decisions shall be made to determine the
designed fixation for closer results to reality.

6. Conclusion

Following the presented results and the discussion above, several conclusions have been drawn:
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1. The analytical solution of DAF is not applicable for the EM loading acting on divertor, which are usually

impact or one-cycle loading. Only initial displacement response of divertor is concerned instead of steady
state response.

2. Friction, damping and preload have marginal effect on the calculated eigen-frequencies of divertor.
3. Loosen fixation leads to higher DAF, and vice versa.
4. In order to make corresponding stress / strain / displacement in static analysis be over the values in

dynamic analysis, the loading in static analysis shall be amplified by a DAF, which is larger than the ratio
between values from dynamic and static FEM analysis.

5. Ageneral DAF is suggested to be between 1.5 and 2 for EM loading on DEMO divertor.

This work has been carried out within the framework of the EUROfusion Consortium, funded by the
European Union via the Euratom Research and Training Programme (Grant Agreement No 101052200
EUROfusion). Views and opinions expressed are however those of the author(s) only and do not
necessarily reflect those of the European Union or the European Commission. Neither the European
Union nor the European Commission can be held responsible for them.
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