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Abstract— An upgrade of the Tokamak à Chauffage Alfvén
Brésilien (TCABR) is being carried out to allow for studies
of the impact of resonant magnetic perturbation (RMP) fields
on plasma instabilities known as edge localized modes (ELMs).
For that, a unique set of RMP coils is being designed and
will be installed inside the vacuum vessel. These coils will be
subject to extreme conditions: they have to operate with relatively
high electric currents (≤2 kA), voltages (≤4 kV), temperatures
(≤200 ◦C), and vacuum (≤1 × 10−7 mbar), to withstand strong
electromagnetic forces (≤6 kN) and to be relatively small to fit
the reduced space available between the vacuum vessel walls
and the graphite protection tiles. This work presents a complete
structural analysis of one particular set of these in-vessel coils (the
so-called IM-coils) using finite element numerical simulations.
The maximum equivalent von-Mises stresses obtained for the
proposed mechanical design satisfies both ASME and ITER
criteria.

Index Terms— Edge localized modes (ELMs) control, resonant
magnetic perturbation (RMP) coils, structural analysis, tokamak,
Tokamak à Chauffage Alfvén Brésilien (TCABR).

I. INTRODUCTION

THE Tokamak à Chauffage Alfvén Brésilien (TCABR)
is a tokamak operated at the University of São Paulo,

Brazil, that features, in its current hardware configuration,
major radius R0 = 0.62 m, plasma minor radius a ≤ 0.18 m,
toroidal magnetic field B0 ≤ 1.1 T, plasma current Ip ≤

100 kA, and maximum discharge duration of 100 ms [1].
TCABR will be upgraded to operate in the high confinement
mode (H-mode), where new forms of instabilities, known as
edge localized modes (ELMs), are expected to occur [2], [3].
These instabilities cause repetitive heat flux pulses that can be
unbearable by the most advanced materials. Since relatively
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small, resonant magnetic perturbations (RMPs) fields have
been successfully used to mitigate, or completely suppress,
ELMs [4], [5], RMP coils will also be used to control ELMs
in TCABR.

The main objective of the TCABR upgrade is to allow
new experiments to validate ideal or visco-resistive magne-
tohydrodynamic (MHD) models as well as kinetic transport
models in a variety of plasmas shapes, RMP field spectra,
and RMP coils geometry. To allow for a variety of plasma
scenarios, a new set of high-performance power supplies for
plasma shape and position control are being designed [6]. This
upgrade will also allow researchers to investigate the impact of
RMP fields applied from both high- and low-field sides (HFS
and LFS, respectively). For this, six toroidal arrays of coils will
be installed inside the vacuum vessel: three arrays on the HFS
(CP-coils) and three arrays on the LFS (I-coils), Fig. 1. Each
one of these arrays is composed of 18 coils equally spaced
in the toroidal direction. The 54 coils installed on the LFS
(the I-coils) are divided into three groups: upper I-coils (IU-
coils), middle I-coils (IM-coils), and lower I-coils (IL-coils).
The other 54 coils installed on the HFS (the CP-coils) are also
divided into three groups: upper CP-coils (CPU-coils), middle
CP-coils (CPM-coils), and lower CP-coils (CPL-coils). The
number of coils in each toroidal array was selected based on
the number of toroidal field coils and vacuum vessel ports.
Given the number of coils in the toroidal direction, these sets
of coils will be able to produce toroidal mode numbers n ≤ 9.

Besides installing RMP coils inside the vacuum vessel,
additional components and new plasma diagnostics will also
be installed, such as graphite protection tiles and new optical,
electrostatic, and magnetic diagnostics. These new diagnostics
and components do have an impact on the design of the
RMP coils and must be accordingly considered. For example,
as the distance between the RMP coils and the graphite
protection tiles is only 1 mm, the structure that houses the coil
conductors, the coil casing, must be stiff enough to prevent
it from touching the tiles during operation and stay within
the linear elastic regime of the material. In addition, the coil
casings must not obstruct the observation ports and must
allow for cable routing of plasma diagnostics and the coils
themselves.

The main objective of this work is to verify if the allowable
stress criteria are all satisfied by the proposed mechanical
design of the IM-coils casing. To this end, the multiphysics
finite element simulation software ANSYS 2022 R2 was used
to calculate, using the ANSYS’ Maxwell 3-D module, the
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Fig. 1. (a) Three Dimensional CAD model of TCABR showing the RMP coils and graphite protection tiles. Source: Developed by A. S. Bouzan. (b) Poloidal
cross section of TCABR showing a double-null plasma configuration and six RMP coils from each of the six toroidal arrays [7].

electromagnetic forces on the coil conductors and also the
ohmic power losses within them. This information was then
used in transient thermal simulations, using the ANSYS’
transient thermal module, to calculate the time evolution of
the temperature distribution within the mechanical casing and
coil conductors along eight consecutive discharges. Finally,
the distributed forces and temperature after the last of these
eight discharges are used in a static structural simulation, using
the ANSYS’ static structural module, to estimate deformations
and stresses in the mechanical casings.

II. PHYSICAL AND MECHANICAL DESIGN DESCRIPTIONS

A. Physical Design Description

The conceptual/physical criteria used to guide the mechani-
cal design of these coils came from MHD plasma simulations
that focused on optimizing the number of turns of the coils
and their position and orientation within the TCABR vacuum
vessel [7]. This optimization process consisted of running
the M3D-C1 MHD code to obtain the coil geometry that
produces the most effective RMP fields to suppress/mitigate
ELMs in TCABR. M3D-C1 is a high-order finite elements
code, with C1 continuity, that solves a set of nonlinear, two-
fluid, visco-resistive MHD equations [8]. The position and
orientation of the coils, relative to the plasma, were used as the
starting point for the mechanical design of the coils casings.

B. Mechanical Design Description

The conceptual/physical design aforementioned defines the
position of the IM-coils, their orientation relative to the
plasma, their number of turns (N = 12), and the maximum
electric current (2 kA) required to produce effective RMP

fields to suppress/mitigate ELMs in TCABR. The coil con-
ductors/wires will be made of copper and will be covered by
a layer of Kapton for electrical insulation. The diameter of the
copper wires was chosen to be 4 mm to avoid the conductors’
temperatures to surpass the limit of 80 ◦C after a discharge.
The wires will then be embedded in an epoxy resin, forming
a package, which must be housed by the stainless-steel coil
casings.

As shown in Fig. 2, the main components of the IM-coil
mechanical casing are: 1) the coil cover; 2) structural bars;
and 3) the base plate. These components are assembled and
fastened to the straps using M8 bolts. The straps will be
welded onto the wall of the vacuum vessel, the structural
bars will be welded onto the coil cover, and the base plate
will be fixed on the structural bars using M5 bolts. All
these components will be manufactured from 316L stainless
steel, which is the same used for the vacuum vessel. Fig. 2
also shows the finite element mesh used in the simulations
presented here.

III. ELECTROMAGNETIC ANALYSIS

The electromagnetic forces and ohmic losses on the coil
wires are obtained from numerical simulations using the
ANSYS’ module Maxwell 3-D. In these simulations, all the
coil currents and their associated magnetic fields are constant
in time. Therefore, the magnetic field can be calculated using
the Biot–Savart law. The forces are caused primarily by the
interaction of the coil currents with the toroidal magnetic field
of the machine.

Using the periodicity of the RMP and toroidal field coils
along the toroidal direction (one set of coils at every 20◦),
a simplified model based on a 40◦ toroidal span of TCABR
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Fig. 2. (a) Exploded view of the IM-coil CAD model. (b) IM-coil cross section and mesh used in ANSYS simulations (1 million elements with 1 mm of
the maximum size).

Fig. 3. CAD model used for the Maxwell 3-D simulation.

is adopted, Fig. 3. Note that only half of a toroidal field
coil is included in each ends of the computational domain
in the toroidal direction (near 0◦ and 40◦). Given this toroidal
symmetry, periodic boundary conditions are imposed in the
toroidal direction. To provide a toroidal magnetic field of 1.5 T
at the R0 (field envisaged for TCABR after the upgrade),
the toroidal field coils must be fed with 66 kA. In these
simulations, the poloidal field coils are fed with a spe-
cific combination of currents, to create a single-null diverted
plasma, and the plasma is modeled by a conductor at R0 fed
with 120 kA, Fig. 3.

A. Electromagnetic Forces

In these simulations, the IM-coil is modeled by a single
conductor carrying 2 kAdc × 12 turns = 24 kA-turn, which
causes an approximately uniform force per unit volume of
about 1 × 108 N/m3 in the coil vertical legs, Fig. 4. Note
that, in conventional aspect ratio tokamaks, such as TCABR,
the toroidal magnetic field is about five–ten times higher than
the poloidal field. Therefore, the forces in the vertical legs are
much stronger than those in the horizontal ones.

Fig. 4. Electromagnetic force density distribution in the IM-coil conductor.

B. Ohmic Losses

The electromagnetic simulations also allow to calculate the
ohmic losses within the coil conductors. For that, however,
a new simulation was carried out, where only the wires
(12 turns) were modeled and all other CAD components (resin,
casings, mechanical supports etc.) were neglected, i.e., the
wires heat up adiabatically. For these simulations, the wires
were simplified to a square cross section with the same area
as the original circular cross section wires. Each turn was fed
with 2 kA and the copper electrical resistivity was considered
constant and equal to ρ = 2.57 × 10−8 �·m during the sim-
ulation (no temperature dependence). This value corresponds
to the average value of ρ for a range of temperature variation
1T = 220 ◦C. The ohmic losses per unit volume found
within the wires during these simulations were approximately
homogeneous and about 6.5 × 108 W/m3, Fig. 5.

IV. TRANSIENT THERMAL ANALYSIS

With the ohmic losses within the coil wires calculated
(previous section), the temporal evolution of the temperature
distribution within the coil components was calculated using
ANSYS’ Transient Thermal module. In these simulations, the
IM-coils were set to operate for 1 s, during which the ohmic
losses make the temperature increase almost adiabatically.
After that, the IM-coils cool down for 15 min as heat diffuses
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Fig. 5. Ohmic losses in the IM-coil conductor.

from the wires through the epoxy resin to the casing, bolts,
and straps. This 15-min cycle of the IM-coils is given by the
time required for TCABR to be ready for the next plasma
discharge/experiment. The period of 1 s for the operation of
the coils at full power was chosen to be slightly smaller than
the duration of the plasma current flat top in TCABR after the
upgrade, which is envisaged to be ≤1.2 s.

In this transient thermal analysis, a CAD model representing
the epoxy resin between the wires is combined with the CAD
model used for the wires in the electromagnetic analysis. The
Kapton insulation layer of 0.2 mm around the wires, however,
was neglected in the modeling as its effect on the thermal
properties of the whole package is expected to be negligible
in comparison with that imposed by the epoxy resin. These
simulations also assume that heat can be lost via gray body
radiation. As a boundary condition for the radiative losses, the
environment temperature was set to 30 ◦C and a constant gray
body emissivity of 0.5 was applied to all external faces of all
stainless-steel components.

The simulations show that the maximum temperature within
the wires after 2 h of operation (eight discharges) can be as
high as about 250 ◦C, which is the maximum temperature
supported by the epoxy resin, Fig. 6. The maximum tem-
perature within the casing and the M8 bolts after the same
2 h of operation is found to be about 110 ◦C and 90 ◦C,
respectively. These values of temperature occur at t = 6308 s,
which corresponds to a time immediately after the last of
these eight discharges. The temperature distribution within the
wires at that particular time can be seen in Fig. 7 while the
temperature distribution within the casing and the M8 bolts
can be seen in Fig. 8.

V. MECHANICAL ANALYSIS

A. Boundary Conditions

The static mechanical analysis aims to estimate stresses
under which the IM-coils will be subject to, and the cor-
responding deformation of the coil casing, due to both
electromagnetic and thermal loads. These loads are transferred
to the stainless-steel casing through contact pairs between the
surfaces of the different components of the system. In these
simulations, a frictional contact coefficient µ = 0.2 was used
between the copper wires and the stainless-steel casing. For
all surfaces that are joined by welding, a bonded contact was
used. For the coil cover and the straps, a frictional contact

Fig. 6. Temporal evolution of the maximum temperature within the wires
(red), casing (green), and M8 bolts (blue).

Fig. 7. IM-coil wires temperature distribution immediately after the last of
the eight discharges simulated.

Fig. 8. Temperature distribution on the IM-coil casing and on M8 bolts along
the vertical legs immediately after the last of the eight discharges simulated.

coefficient µ = 0.2 was applied. The same sort of contact
was applied between the M8 bolts and the coil cover. However,
a bonded contact was used between the M8 bolt’s bodies and
their respective holes in the straps. It is also important to
note that the thermal expansion of the coil cover, caused by
the temperature increase and temperature gradients, reduces
the initial radial gaps of 0.5 mm between the bolts’ bodies
and their respective holes in the coil cover. This change in
the contact status between these surfaces is an additional
non-linearity source in the analysis.
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TABLE I
ALLOWABLE STRESSES AND TEMPERATURE LIMITS

The CAD model used in these simulations is composed
of the straps, the coil base, the conductor, the coil cover,
and the M8 bolts used to fasten the coil to the straps. The
M5 bolts used to attach the base plate to the structural bars
were excluded from this simulation.

Since the straps will be welded on the wall of the vacuum
vessel, a fixed support condition was used in all the nodes
of this surface. Additionally, a pretension of 1 kN in all the
bolts was considered. The standard element types used in the
analysis were hexahedrons and tetrahedrons. The average score
of these ANSYS’ computational mesh was 0.8.

B. Allowable Stress Criteria

In this work, three criteria were used to establish the allow-
able equivalent von Mises stress levels for the IM-coil casings:
1) the ASME division D criterion for pressure vessel [9];
2) the ITER design of the in-vessel components criterion [10],
[11], [12], [13], [14], [15], [16], [17], [18]; and 3) a safety
factor n = 3 for the 316L yielding stress (Sy = 220 MPa)
was imposed, Table I.

As the distance between the graphite protection tiles and the
coil casing will be about 1 mm, the criterion used for the coil
casing maximum deflection was to limit it to 100 µm. It must
be stressed that this is a fairly conservative criterion since the
elastic behavior of the vacuum vessel was not considered in
this analysis. Note that according to the boundary conditions
assumed in these structural analyses, the coil casing is rigidly
attached to the vacuum vessel straps.

C. Results

The maximum von Mises stress found in these simulations
is about 62 MPa, which occurs in the M8 bolts, while the
maximum stress in the coil casing, which occurs in the M8
bolts used to fasten the vertical leg to the straps, is around
33 MPa, Fig. 9. The simulations also show that the maximum
deformation is about 17 µm, Fig. 10.

VI. DISCUSSION OF THE RESULTS

The transient thermal analysis presented in Section IV
shows that the maximum temperature in the 316L mechanical
casing and in the M8 bolts was below the temperature limits
presented in Table I. However, the maximum temperature
within the wires was about 250 ◦C, which is the maximum
temperature supported by the epoxy resin. Therefore, the coils
can not be operated for periods longer than about 2-h, unless
the operation cycle takes longer than the 15 min considered
here.

Fig. 9 shows that the critical components of the IM-coil
are the M8 bolts, used to fasten the vertical legs on the

Fig. 9. Stress distribution within the IM-coil casing and M8 bolts along the
vertical legs immediately after the last of the eight discharges simulated.

Fig. 10. Deformation distribution within the IM-coil casing immediately
after the last of the eight discharges simulated.

straps. Additional simulations show that the maximum stress
is predominantly caused by electromagnetic forces (60 MPa
due to electromagnetic loads only and 62 MPa due to both
electromagnetic and thermal loads). This occurs because the
initial gaps between the holes and the bolts allow for an
expansion of the coil cover without causing contact stresses.

The maximum observed stress in Fig. 9 is lower than
the allowable stresses presented in Table I, thus the three
criteria are satisfied. The total deformation on the IM-coil
is caused by temperature gradients, thermal expansion, and
electromagnetic forces, Fig. 10. It can be observed that the
maximum deformation is about 17 µm, which is lower than
the desired allowable deformation.

VII. CONCLUSION

This work presents a feasibility study for the installation of
a set of RMP coils inside the TCABR vacuum vessel. In this
study, a series of multiphysics, finite element simulations,
using the ANSYS software, of the electro-thermal-mechanical
stresses within the coil (wires, casing, and bolts) were carried
out. Additional components that will also be installed within
the TCABR vacuum vessel during the upgrade, such as the
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graphite protection tiles and plasma diagnostics, had to be
considered in the mechanical design.

The simulations focused of the extreme operation scenario,
in which the IM-coils are fed with 24 kA-turn and are operated
over 1 s followed by a 15 min interval to the next discharges.
After eight cycles (1 s of operation with 15 min of cool down),
which correspond to about 2 h of operation, a transient thermal
analysis was carried on. The simulations show that, after the
last of these eight discharges, the maximum temperature within
the wires was about 250 ◦C, which is the maximum temper-
ature supported by the epoxy resin. This means that the coils
can not be operated longer than about 2 h in this operation
cycle regime, unless a longer than 15 min is considered for the
coils to cool down sufficiently. The structural analysis of the
IM-coil mechanical casing considered temperature gradients,
thermal expansion, and electromagnetic forces. The estimated
maximum stress within the coil components did not exceed
the allowable stresses established by three different criteria,
showing that the presented design for the mechanical casing
is feasible. The analysis performed in this work demonstrated
that the IM-coils also met other imposed criteria, such as
the one related to maximum deflection. It is important to
observe that the M8 bolts are the critical components of the
coil.

Future analyses will focus on feasibility studies regarding
the installation of the other envisaged TCABR in-vessel coils,
i.e., the IU- and IL-coils, located on the LFS, and the CP-coils,
located on the HFS.
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