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Abstract

High-intensity magnetic fields in tokamak structures for nuclear fusion generate significant
ferromagnetic forces that must be properly estimated for a reliable design of the mechanical
structures. Accurate numerical modeling of these electromagnetic problems is likely to
entail high computational costs due to the complexity of the geometries and the need
to account for nonlinear material behavior. However, electromagnetic forces are not the
only loads acting on tokamaks, as other phenomena, such as seismic forces, must also be
considered in their design. Therefore, it is highly beneficial to develop coarse estimates of
the electromagnetic loads in order to compare their magnitude with that of other loads.
Such estimates are useful not only in the early stages of design, but also in the final design
phase, particularly if these forces prove to be negligible. To this end, this paper proposes a
semi-analytical method to quickly estimate the forces acting on ferromagnetic components
located outside the vessel. The method is based on the calculation of the magnetization
by means of a well-established integral method after a coarse discretization of the vol-
ume occupied by the ferromagnetic materials. The proposed method is implemented in
computational routines made available within this paper, enabling the estimation of these
forces even for users who lack the expertise required to operate commercial simulation
tools. The method is applied to case studies related to some export components of the
ITER tokamak, and the validation is carried out with reference to the accurate numerical
solutions provided by both commercial and in-house simulation tools.

Keywords: electromagnetic modeling; ferromagnetic forces; ITER; magnetization; nuclear fusion

1. Introduction

Nuclear fusion is recognized as one of the most promising options for sustainable
energy generation. One of the central devices in this field is the Tokamak [1], which confines
high-temperature plasma through magnetic coil systems regulated by advanced control
mechanisms. Fusion reactions within the plasma—such as the fusion of two hydrogen
nuclei—convert the resulting mass defect into extractable energy [2].
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Existing tokamaks, including EAST, JET, KSTAR, JT-60SA, and WEST, or tokamaks
under construction or design (e.g., ITER or EU-DEMO), have provided essential platforms
for investigating magnetic confinement and advanced plasma scenarios [3-7]. In such
extreme environments, the accurate identification of the mechanical loads (forces and
torques) acting on components is critical. For systems governed by magnetohydrodynamics
(MHD [8]), a precise definition of these loads underpins safe and consistent design.

Complementary research efforts address these challenges from multiple perspec-
tives. Three-dimensional neutronic analyses of tokamak designs have delivered high-
resolution data on nuclear heating, neutron damage, and helium production, essential for
material selection [9]. Other works focus on the thermal-hydraulic performance of the
DEMO divertor cassette body (CB) [10] or on mock-ups supported by CAD modeling with
thermal-hydraulic and structural validation [11]. Further studies highlight critical issues
such as neutron damage thresholds and localized hot spots, with corresponding design
solutions [12].

Moreover, Mazzone et al. [13] investigated the structural performance of ITER compo-
nents under seismic events, accounting for dynamic interaction between tokamak struc-
tures, surrounding buildings, and soil. Linear dynamic approaches, such as power spectral
density (PSD) and spectral analysis, provided support loads, accelerations, and relative
displacements crucial for seismic design.

Beyond thermal, structural, neutronic, and seismic aspects, electromagnetic loads are
equally significant due to the extremely strong magnetic fields of tokamaks. These loads
arise mainly from field interactions with induced eddy currents during transient events
(e.g., disruptions) and from magnetization of ferromagnetic structural materials [14]. For
instance, a vertical displacement event (VDE) can induce large Lorentz forces through
plasma—field coupling [15]. In tokamaks like ITER and EU-DEMO, the interaction of strong
magnetic fields—about 8T in EU-DEMO [16] and up to 11T in ITER [17]—with ferromag-
netic construction materials generates substantial electromagnetic forces. As shown in [18],
the contribution of preload in the form of ferromagnetic stress is of particular importance.
Similar issues arise in electrical machines [19], where magnetization significantly affects
forces and torques. Moreover, the quantitative distribution of electromagnetic force density
is a key factor in noise and vibration control in electromechanical systems [20].

Accurate electromagnetic models and suitable numerical formulations are, therefore,
required to estimate forces in ferromagnetic materials, ensuring structural integrity and
safety. State-of-the-art analyses typically rely on the finite element method (FEM), as
implemented in commercial tools such as Ansys products [21], or in proprietary codes such
as Cariddi [22]. In any case, the complexity of the electromagnetic problems to be solved
results in demanding requirements in terms of computational costs and/or specialized
expertise. Meanwhile, as already highlighted, electromagnetic forces are only one of the
load contributions acting in these machines, and it is, therefore, important to compare
their magnitude with that of the others. Therefore, developing simplified estimates of
electromagnetic loads is highly advantageous, as it enables comparison with other load
contributions. Such simplified models are valuable both during the early design stages
and in the final verification phase, especially when these forces turn out to be negligible.
An example of the latter circumstance is given by the analysis of the loads acting on the
so-called ex-vessel components, for which the dominant contribution usually comes from
seismic loads [23]. In such a case, the estimation of the magnetostatic forces does not require
extremely high computational precision.

To this end, this work introduces a simplified magnetic model based on an integral
method to estimate the ferromagnetic loads acting on components subject to a given
external magnetostatic field. The reference problem is suggested by the study of the loads
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acting on the supports of the Radial Neutron Camera, an ex-vessel diagnostic device
designed for the ITER machine. Specifically, to properly allow for position adjustment and
alignment of the diagnostic line of sight, this device is equipped with adjustable supporting
components named “fixators” made of grey cast iron. The proposed method considers such
fixators as uniformly magnetized parallelepipeds, with magnetization iteratively updated
through a nonlinear constitutive law. This approach leads to a quick numerical estimation
of the forces, whose values are in good agreement with the results obtained by using both
commercial (Ansys Maxwell) and proprietary tools (Cariddi).

The considered model and the proposed method for its evaluation are presented in
Section 2, along with the assumptions underlying the method. The case study is then
presented and analyzed in Section 3, where the results are validated and discussed.

In summary, the proposed method offers three main advantages:

(i) Reliable estimation of the order of magnitude of the forces;
(ii) Low computational burden;
(iii) Ease of use.

These features make it a practical tool even for non-experts, enabling rapid preliminary
assessment of electromagnetic forces in nuclear fusion applications. Therefore, the core
novelty of this work lies in the development of a highly accessible, simplified tool designed
to analyze these specific magnetic problems.

Although the proposed semi-analytical method is validated in this study within the
framework of nuclear fusion systems, its underlying formulation is inherently generalizable
and can be readily extended to a wide range of engineering applications involving magnetic
force evaluations.

2. Models and Methods

This section introduces the formulation adopted to solve the reference magnetostatic
problem. Particular emphasis is placed on reviewing the state of the art regarding elec-
tromagnetic force computation methods used in both commercial and academic software,
with a specific focus on Ansys Maxwell (Electronics Desktop 24R1) and the Cariddi code.

The second part of the section outlines the main objective of this work: the develop-
ment of the proposed model for the estimation of magnetostatic forces. The mathemati-
cal algorithm underlying the proposed approach is then presented in more detail. This
approach enables a fast and efficient evaluation of magnetostatic forces, as detailed in
Section 3.

2.1. Reference Problem and Formulation

The reference problem is shown in Figure 1.
The reference formulation adopted to address the problem is the magnetostatic formu-
lation of Maxwell’s equations:

Js in Q)
H= ‘B = h 1
V x {Oinﬂw—ﬂs'v 0 everywhere 1)

where J; is the current density, assigned in the region () (the region occupied by the
conductors), and H and B are, respectively, the magnetic field and the flux magnetic density.
The computational domain is denoted by O, whereas the regions O = UN_; O, are
those occupied by the magnetic materials. Such materials are described by the generic
constitutive equation:

B = y (H + M)/ (2)
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where 1y = 47:1077 H/m is the magnetic permeability in the vacuum, and M is the
magnetization. In the general case, M nonlinearly depends on the magnetic field H, and in
the case of a linear material, it is

M= (- 1H, 3)

where y, is the relative magnetic permeability.
The continuity conditions on any surface X of discontinuity (on which it is assumed
that there is no density of superficial current) impose that

Hxfn continuous on X
B-ii continuous on X.

Finally, the X standard Sommerfeld condition to infinity is assumed.

Figure 1. Reference geometry of magneto-static problem.

Considering a nonlinear constitutive relationship between M and H (hence, between
B and H), the solution of the boundary value problem (1)-(4) usually requires a numerical
solver that can be computationally demanding when associated with real-world structures.
Indeed, the complex geometry of tokamak components requires fine spatial discretization
in order to accurately capture the field gradients. Consequently, a careful geometrical
simplification study is necessary to identify which features of the analyzed objects can
be simplified and how to do so. This process aims at achieving a balance between con-
structing a mesh that includes all the relevant elements for an accurate field estimation and
maintaining a number of elements low enough to avoid prohibitive computational costs.

This stage typically requires advanced expertise in both electromagnetic modeling and
numerical discretization techniques. Moreover, the combination of high-resolution meshes
and repeated nonlinear iterations leads to very demanding computational requirements.
As a result, full numerical solutions are often impractical during the preliminary design
phase, thereby motivating the development of the rapid estimation technique proposed in
this work, which can be effectively applied even by engineers without specialized expertise
in electromagnetic numerical modeling.

The state of the art of this approach is closely tied to the resolution capabilities of
the finite element (FE) methods employed by the two software tools under consideration:
ANSYS Maxwell and CARIDDI. While both tools utilize finite element methods (FEMs)
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for numerical analysis, they are founded on fundamentally different mathematical for-
mulations. Specifically, ANSYS Maxwell is based on a differential formulation, whereas
CARIDDI adopts an integral formulation. In this context, ANSYS Maxwell employs sparse
matrices that are specifically tailored to reduce computational costs, with the number of
elements also depending on the discretization of the air region. In contrast, CARIDDI
uses dense matrices with a computational complexity of O(1?), while the overall problem
solution scales as O(n%), making it considerably more demanding. However, unlike ANSYS
Maxwell, the number of unknowns in CARIDDI is determined by the discretization of the
magnetic materials and the sources; with this integral approach, the air region does not
need to be discretized. However, these differences in formulation and discretization also
affect how electromagnetic forces and torques are computed, since the accuracy of the field
and current distributions determines the precision of the resulting load evaluations.

In particular, based on these formulations, force evaluation on the analyzed objects
is carried out using the virtual work principle (used by ANSYS Maxwell) and Kelvin's
formulation (used by the CARIDDI code).

After the static problem is solved, the computation of the loads from the principle of
virtual work is obtained by expressing the forces Fy,oqy as follows:

dW(s, 1)
Foody = 45

, (5)

i=const

where W is the magnetic co-energy of the system, i is the current, and s is the displacement.
Instead, when using Kelvin’s method, the forces are expressed by the following integral:

Fo= [ M-VigHowdV, ©
Vik

where He,  represents the magnetic field generated by all external sources (such as the
main coils and the other surrounding ferromagnetic components), explicitly excluding the
self-field generated by the magnetization of the k-th volume V) \ itself. This exclusion is
physically justified by the rigid body assumption: while the self-field does induce internal
electromagnetic forces that tend to deform the material, these internal stresses inherently
cancel out over the entire volume. Consequently, a rigid body cannot exert a net global
force or torque on itself, meaning that only the interaction with the external field Hey i
contributes to the net magnetostatic loads transmitted to the mechanical supports.

The two force formulations present conceptual and numerical differences. The virtual
work principle relies on the total magnetic co-energy of the system, offering a global
and energetically consistent estimation of the mechanical loads. This makes it particularly
robust in complex configurations, especially where the magnetic field exhibits strong spatial
variations or localized nonlinearities.

Meanwhile, Kelvin’s method evaluates the force through a local interaction between
the magnetization and the gradient of the external magnetic field. While more intuitive and
straightforward in its physical interpretation, this formulation is sensitive to the accuracy
of the field gradient estimation, which, in turn, depends heavily on the mesh quality and
the regularity of the magnetic field.

From a modeling perspective, an important distinction between the two computational
frameworks lies in the treatment of sources and domain discretization. When using an inte-
gral formulation (like in the Cariddi code), it is possible to efficiently handle both analytical
and non-analytical excitations, such as an infinitely long wire. Instead, a differential formu-
lation (like in ANSYS Maxwell) faces significant limitations in similar cases. In addition,
integral methods require discretization only of the region containing the unknown source,
implicitly satisfying boundary conditions and enabling independent refinement of different
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regions. They usually involve fewer unknowns but lead to full matrices, as their assembly
relies on complex (often singular) integrals. Differential methods, in contrast, discretize the
entire domain with a unified mesh, producing sparse local systems but requiring explicit
boundary conditions and higher computational costs whenever the mesh is modified.

For fusion devices, integral formulations are especially advantageous: the large
vacuum-to-specimen ratio significantly reduces the number of unknowns, and distant exter-
nal sources (e.g., plasma modeled as a current-carrying wire) can be incorporated directly
through their field contributions, without extending discretization to the whole domain.

The purpose of this work is to reduce the computational time required for magneti-
zation evaluation, which is fundamental for force estimation. This is effectively achieved
through an integral formulation that

(i) Restricts discretization to the source region.

(if) Exploits the assumption that magnetization within this region is approximately uni-
form. Such efficiency is difficult to obtain with a differential approach, which requires
computations across the entire (often very large) domain and cannot benefit from the
uniform magnetization assumption, since the unknown is typically a potential.

While this approach is inherently less detailed than fully numerical methods, its
strength lies in its ability to provide reliable order-of-magnitude estimates of the magneto-
static forces acting on the components under study, with a markedly lower computational
cost. This enables even non-expert users to perform rapid evaluations—typically within a
few minutes—to determine whether the forces involved are significant enough to justify
further investigation, such as a detailed structural analysis.

2.2. Estimation of Ferromagnetic Forces via a Semi-Analytical Method

This section presents the core of the proposed approach: a semi-analytical method
(hereafter, SA Method) for estimating magnetostatic forces acting on ferromagnetic com-
ponents subjected to external magnetic fields. As already pointed out, the method is
designed to offer a computationally efficient alternative to full nonlinear solvers, en-
abling rapid and reliable evaluations even for users with limited experience in advanced
numerical modeling.

The method starts with a preliminary phase of geometry simplification. The compo-
nents with magnetic properties are geometrically simplified in terms of uniformly mag-
netized hexahedrons. Each hexahedron is modeled with six faces, defined by their vertex
coordinates and oriented counterclockwise, and is associated with its centroid position
Pi = (xi, yi, zi) and dimensions dLi = (Lx, Ly, Lz).

The second phase is the evaluation of the magnetic field and vector potential generated
by each hexahedron. This is based on the closed-form analytical expressions developed
in [24], which describe the magnetostatic field of a uniform polyhedral source. These
expressions have been implemented in a custom routine capable of computing the contri-
butions of both uniform current density and uniform magnetization M within an arbitrary
hexahedral volume. Specifically, for each face f of the hexahedron, the method computes
the function VW; as in [24]:

VW (r) = ) iy X tewe(r) — A pQg(r) (7)
edgecf

where £, is the unit vector tangent to edge with endpoints r1 and rp, and figis the unit vector
normal to face, oriented according to the right-hand rule, with

ol = n)
[ro — 7|+ |r1 — 7] — |r2 — 1]

(8)

we(r)
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and Q¢(r) is the solid angle subtended to face f as seen from the point r. An analytical
formula for Q¢ (r) is reported in [24].
Having calculated (7), the magnetic flux density can be expressed as

By = — (ﬁ)imes [(M x fig) x VW] )

This formulation enables a precise and fully vector evaluation of magnetic interactions
between hexahedrons.

It is important to highlight that the magnetic field is evaluated at the centroid of each
hexahedral element. The total field is computed as the superposition of three components:
the externally applied magnetic field, the self-induced field generated by the element’s own
magnetization, and the contributions from the magnetization of neighboring hexahedrons.
Moreover, the adopted formulation avoids singularities within the element itself, thereby
enabling the direct and consistent evaluation of the self-field contribution.

The above-mentioned custom routine along with the auxiliary functions required
for evaluating geometric integrals are available at the link provided in the final section,
“Data Availability”.

In order to take into account a nonlinear magnetization law;, it is useful to note that
based on Equations (2) and (3), the magnetization M can be related to the local magnetic
field B through the nonlinear constitutive relation:

M= (1/y9) (1 =1/11(B))B. (10)

The relative permeability p.(B) can be calculated from the material characterization,
i.e., from the experimental B-H curve, by using the following expression:

we = [B]/(po|HJ). (11)

Based on the above considerations, the distribution of the magnetization M is a
solution of a nonlinear problem, that is, by means of a self-consistent iterative procedure,
implementing the following steps:

1. Initialize the magnetization M; for each hexahedron to an initial guess (e.g.,
zero values).
2. Compute the total magnetic field Biot(P;P) at the baricenter P;B of each hexahedron,
defined as
Btot(P) =Bwm (P) + Bext (P)/ (12)

where By is given by (8), and Bey; is the known external field.

3. Update the magnetization of each hexahedron using the nonlinear constitutive
relation (10).

4. Check for convergence by comparing the norm of the iterative increment between M;
values at the steps n and n — 1:

AM], = Y M = M /(M7 (13)

5. Repeat steps 2—4 until convergence is reached.

Note that the procedure converges in the case of monotonic and Lipschitz continuous
B-H curves, as it happens in the cases of interest for our analysis [25,26].

Once the magnetization distribution is evaluated, the force is computed according to
Kelvin’s method, as defined by Equation (6).

https:/ /doi.org/10.3390/app16126099
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3. Case Study: Analysis and Discussion

This section presents a representative application case in the field of nuclear fusion,
focusing on the ITER tokamak. The scenario involves strong magnetic fields interacting
with ferromagnetic components, generating significant magnetostatic forces that can affect
the structural integrity of the system.

3.1. Problem Description

Within the ITER system, the Radial Neutron Camera (RNC) is a diagnostic designed to
provide a time-resolved measurement of neutron and alpha source profile and the neutron
power density [27]. It is composed of two fan-shaped collimating structures: the In-Port
RNC, located inside the port plug of the ITER Equatorial Port #1 (EP01), and the Ex-Port
RNC, located in the interspace zone of EP01 (see Figure 2) [28]. The Ex-Port RNC (identified
as EU11) is a massive diagnostic subsystem (Figure 3) installed on the interspace supporting
structure and is secured to the ground using a set of 22 mechanical supports known as
fixators, positioned beneath the EU11 base plate (Figures 3 and 4).

Preamplifier Cabinet (EU21)

Ex-Port RNC (EU11)

Collimators tubes (EU04)

| VUSSR

-7 e
/\\1‘0‘\

In-Port RNC (EU03) ’ < ‘
1
1
| -
1~ ce

DSM3 Optical path (EU02)

DSM2 Optical path (EU01)

Figure 2. Overall view of the ITER RNC diagnostic, with the EU11 location (interspace zone)
highlighted in red [27].

0.75m

2.4m

A’

=2
»
[

17

e | B

]

Fixators for the Alignment System

Figure 3. Details of the EU11 subsystem with a view of the base plate including the fixators.
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Figure 4. Yellow arrows indicate the location of the 22 fixators; those analyzed in the present work
are highlighted in red.

These components are critical in ensuring the mechanical alignment between the
diagnostic subsystems. During the operation, the fixators must withstand the dead weight
of the EU11 structure (17 t), the seismic loads and the influence of static magnetic fields
generated during reactor operation. Thus, their main function is to anchor the EU11 to the
ground, maintaining precise positioning throughout the device operational lifecycle.

In the following, the estimation of the ferromagnetic forces is carried out on a subset
of six fixators corresponding to the positions closest to the plasma-facing side of the device
(see Figure 4). For this reason, the selected supports are expected to experience the highest
magnetic field gradients, and thus, the resulting forces provide a worst-case estimation of
the loads acting on any of the fixators. Additional details on these supports are given in
Appendix A.

The selected fixators are among the most critical components for analyzing ferromag-
netic interactions due to their close proximity to the plasma and their expected exposure to
the highest magnetic field intensities. Their geometric and mass properties (see Appendix A)
serve as input parameters for subsequent numerical simulations aimed at estimating the
magnetic forces acting on them.

The fixators are made of a ferromagnetic gray cast iron, whose magnetic properties
are described by the B-H curve in Figure 5, whose values at specific points of the curve are
tabulated in Table 1.

Table 1. Some specific values of the B-H curve in Figure 5.

H [A/m] B [T]
0 0

270 0.3
400 0.6
800 1.0
1600 1.2
8000 1.3

16,000 1.3101

30,000 1.3276
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0.8

BT

0.6

0.4

0.2

0 05 1 15 2 25 3
H [A/m] x10*

Figure 5. The nonlinear magnetization B-H curve of the considered ferromagnetic cast iron.

In order to determine the static magnetic field to be considered as the external exci-
tation in this analysis, it is useful to refer to the map of the radial gradient of the B field
reported in Figure 6, referring to the equilibrium 17 MA plasma scenario in ITER, in the
global reference system.

—f-L 11-L1-C18

Figure 6. Radial gradient of the B field for the 17 MA plasma scenario in ITER.

3.2. Model Implementation

As pointed out in Section 2, the proposed model relies on a simplified representation of
the fixators (see Figure 4), which are modeled as parallelepipeds (see Figure 7), preserving
the same dimensions of the original supports (see Appendix A, Table AT).

The external field to be imposed in the adopted model is derived by interpolating
the values given in this map, considering the actual positions of the fixators in the global
reference system. Specifically, since the selected fixators lie within a radial range from
12.75 m to 13.16 m in the global reference system, and the map in Figure 6 provides data
only from a radial coordinate of 14.7 m onwards, a backward linear interpolation was
applied to estimate the field in the region of interest. To this end, the slope of the field
between two iso-field lines was first calculated and then used to reconstruct the spatial
distribution of B in the target region, with the result given in Figure 8.
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Fixator 19-t
Fixator 20-t

Fixator 3-v

Fixator 4-v
X
Fixator 1-v
Fixator 2-v
Figure 7. Simplified fixator geometry adopted for the proposed method.

146 |
= 144
E 144

142

140 , A A A A A A . ]

1275 128 1285 129 1295 13 13.056 131 13.15  13.2

(m)

Figure 8. Backward linear interpolation of the radial magnetic field in the region where the analyzed
fixators lie.

To summarize, the elements (fixators) to be considered in this analysis (Figure 4) are
supports of a massive diagnostic module of the ITER reactor (EU11 in Figure 2), located
outside the vessel at a distance of at least 12.75 m from the tokamak center. In this region,
the field spatial distribution corresponding to the plasma equilibrium condition is given in
Figure 5.

3.3. Results: Validation and Discussion

The results obtained by using the proposed semi-analytical method have been vali-
dated by comparing them with those provided by the cited Cariddi and Ansys-Maxwell
tools. The computed values are compared in Table 2, referring to the three force compo-
nents: Fx (radial), Fy (toroidal), and Fz (vertical). A visual representation of such results is
also provided in the bar charts reported in Figure 9, organized by force components.

Table 2. Ferromagnetic forces acting on the selected fixators computed from the proposed method
(SA method) and compared with those provided by the Ansys Maxwell and Cariddi tools.

Ansys Maxwell Cariddi SA Method
Fixator Fx [N] Fy [N] Fz [N] Fx [N] Fy [N] Fz [N] Fx [N] Fy [N] Fz [N]
1-v 708 51 —100 717 53 —94 708 64 —-94
2-v 705 —59 —101 714 —53 -93 707 —64 -95
3-v —659 30 12 —673 26 10 —677 114 17
4-v —658 —22 11 —670 —26 10 —676 -11.3 18
19-t —86 134 79 —87 125 83 —69 146 71
20-t -93 —135 81 —87 —125 83 —69 —146 71
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Figure 9. Bar charts comparing the results of the three approaches for each force component.

The comparative analysis highlights a very good qualitative agreement among the
results obtained by the three approaches. In particular, for all the fixators and for all the
force components, there is a perfect agreement in terms of force direction.

In terms of magnitude, note that for fixators 1 to 4, the radial component of the force,
Fx, is the dominant contribution, being almost one order of magnitude larger than the other
components. This component is estimated by the SA method with very high accuracy, with
the difference from Maxwell and Cariddi results always being below 2%. In the case of
fixators 19 and 20, the semi-analytical model shows more noticeable deviations, since the
difference is now of the order of 19-25%. However, in this case, the Fx component is almost
one order of magnitude lower compared with fixators 1-4; therefore, this higher error refers
to smaller values. The Fz components are also well captured, while the Fy values of the
fixators 1-v 2-v 19-t e 20-t tend to be slightly overestimated by the SA method compared
with the numerical solvers. This confirms a good reliability of the semi-analytical method.

Overall, the SA method proves to be an extremely valuable tool for preliminary
analysis, especially thanks to its very low computational cost; it requires only a few minutes
to provide reasonably accurate force estimation. However, most important is the ease of
use, since this estimation is carried out by running the routines provided in this paper
(see final section, “Data Availability”), without the need for the expertise required to run
simulation tools like those used here (Ansys or Cariddi).

The accuracy of the semi-analytical approach proposed here is fundamentally gov-
erned by the error introduced by assuming a uniform magnetization within each individual
hexahedral block, rather than accounting for the actual spatial distribution of magnetization.
In the case considered here, this error is approximately 5%, which is consistent with the
field gradient in the region of interest. Indeed, the imposed external field exhibits a spatial
variation of about 5% within this region (see Figures 5 and 8).

It can be noted that the computed EM loads are the equivalent of 200-300 kg acting
on a structure which weighs 16-17 tons, corresponding to a small fraction of the foreseen
preloads of the bolts attaching the fixators to the baseplate (see Appendix B). For the sake
of completeness, Table 3 reports the maximum load on each analyzed fixator resulting
from the structural analyses performed on the Ex-Port RNC under the dimensioning load
combination, which considers the occurrence of the seismic level 2 event during normal
operating state conditions, with a fire event as a concatenated event (see Appendix B). The
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EM loads are again negligible, being two orders of magnitude less than the loads resulting
from the structural analysis, and three orders less than the maximum admissible loads.

Table 3. Electromagnetic loads (total values of the force) compared with the values coming from the
structural analysis and the maximum admissible load.

EM (SA Method)  Structural Analysis  Maximum Admissible

Fixator [kN] [kN] [kN]
1-v 0.72 70 710
2-v 0.72 74.1 710
3-v 0.68 202 710
4-v 0.68 123 710
19-t 0.18 71 710
20-t 0.18 96 710

4. Conclusions and Future Works

This work presented and validated a semi-analytical method for a quick estimation
of the ferromagnetic forces acting on magnetic objects under the effect of a known spatial
gradient of the magnetic field. The proposed method is not meant to replace the accurate
full numerical simulations carried out by using, for instance, FEM simulators, but rather, to
serve as a practical tool in scenarios where an order-of-magnitude estimation of electro-
magnetic forces is sufficient. This may happen in cases where the electromagnetic effects
are negligible compared with other possible sources of loads. However, the approach is
valuable even in case the loads are comparable, since it provides a first and quick estimation
of their magnitude.

The case study analyzed here was an example of conditions where the electromagnetic
forces are negligible in the context of broader structural analyses that account for phenom-
ena like seismic events. Specifically, the proposed method has been applied to estimate the
forces acting on the supports of a component of a neutron diagnostic device to be used in
the ITER tokamak. These forces arise from the interaction of the magnetic field generated
in the tokamak and the magnetization of these supports, made of ferromagnetic material.
The comparison between the results provided by the proposed method and those obtained
by using two different full numerical tools satisfactorily validated the method.

While the accuracy of the proposed model is, in the general case, lower than that of
full numerical solvers, it provides reliable estimates of the orders of magnitude with an
approach that combines low computational costs and ease of use. Indeed, the proposed
approach is implemented as routines provided in this paper, allowing users without
specialized expertise in commercial simulation tools to estimate these forces effectively.

Future developments will focus on extending the model to account for material and
geometric heterogeneities, while keeping computational costs manageable. This requires
removing the current assumption of a uniform magnetization within the single block used
in the model. In addition, a rapid estimation of the approximation error will be introduced,
providing users with a quantitative measure of accuracy alongside the order-of-magnitude
estimates, and thus offering a clearer indication of the reliability of the results.

Furthermore, future work will explore and validate the application of this rapid semi-
analytical approach to magnetic problems in other industrially relevant sectors, such as
industrial automation and the automotive industry, where fast and accessible preliminary
evaluations are highly desirable.
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Abbreviations

The following abbreviations are used in this manuscript:

ITER International Thermonuclear Experimental Reactor
DEMO DEMOnstration Power Plant

FEM Finite Element Method

SA Method  Semi-Analytical Method

EM Electromagnetic

RNC Radial Neutron Camera

EU11 Embarked Units 11

FLCS Fixator Local Coordinate System

Appendix A. Details on the Fixators

The fixators selected for the analysis carried out in this work are highlighted in red
in Figure 4, along with the identification label. Their spatial configuration is defined with
respect to a Fixator Local Coordinate System (FLCS). The origin of each FLCS is centered
on the point shown in Figure A1, whose coordinates (X, y, z) are reported in Table A1 and
refer to the ITER Equatorial Port #1 Coordinate System. This system is located at the origin
of the Tokamak Global Coordinate System but rotated 10° counter-clockwise around the
z-axis to match the EP01 toroidal orientation, as shown in Figure A1 (left).

Table Al also provides the mass and dimensions (Lx, Ly and Lz) of each side of the
considered fixator, as also shown in Figure A2. It can be noted that the fixators are grouped
by dimension into two different types, RKII and RKIIL
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Figure A1l. Details of the fixator showing the considered Fixator Local Coordinate System (FLCS)
(left) and the Equatorial Port #1 Coordinate System (right).

Table A1. Coordinates and dimensions of the selected fixators (in the FLCS).

Object x [mm] y [mm] z [mm] Lx, Ly, Lz [mm] Fixator Size Mass [kg]
Fixator 1-v 12,756 196 —392 (120, 178, 75) RKII 5.5
Fixator 2-v 12,756 —196 —392 (120, 178, 75) RKII 5.5
Fixator 3-v 12,900 196 —392 (120, 178, 75) RKII 5.5
Fixator 4-v 12,900 —196 —392 (120, 178, 75) RKII 5.5
Fixator 19-t 12,748 142 —250 (150, 95, 220) RKIII 11.5
Fixator 20-t 12,748 —60 —250 (150, 95, 220) RKIII 11.5

RKII RKIII

95

I
TN 7N
i O {4 f ) '

220

178

Figure A2. Example of a fixator (left) and main dimensions of the RKII and RKIII fixators (right).

Appendix B. Loads Associated with the ITER RNC

The main loads that are identified for the study of the ITER RNC components are
summarized in Table A2.

Table A2. Summary of the main loads acting on the ITER-RNC components.

Load Case Loads

Gravity (9.81 m/s?) acceleration acting on components masses (DW). RNC total
mass: 17,000 Kg

Bolts preload (75% yield of bolts material as first guess) —59 kN
DW acting on eyebolt during installation.

Dead weight

Assembly or installation loads

https://doi.org/10.3390/app16126099
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Table A2. Cont.

Load Case Loads

Seismic events

Floor response spectra (FRS) for seismic level SL-2

Zero-period acceleration: ax =7.3 m/ 2, ay =87m/ s2,and a, = 13.3 m/s?

Coolant pressure: 1 MPa

Operational loads Environmental pressure: atmospheric pressure (1 x 10° Pa)

He4 detector pressure: 10 MPa

Environmental EM load As calculated in this paper

Thermal and nuclear loads

Interspace environment: Tnin/Max) = 5/35 °C; HTC =5 W/ m?K
Coolant: Tyt = 34 °C; MFR = 1.15Kg/s

Volumetric nuclear heating
Dose on detectors, sensors and electrical components

Ex-vessel loss-of-cooling accident (LOCA).
Max. environment T = 145 °C; HTC = 5 W/m?K

Accident and incident loads Max. P = 160 kPa.

Internal fire: survive at 300 °C for two hours
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