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Abstract. Thermomagnetic motors (TMM) are devices employed to convert low-grade thermal energy waste into me-
chanical energy. The generation of torque and power in a TMM relies on the variation of the magnetic phase, occurring
around the Curie temperature (Toyuric), Of a magnetic material and its interaction with an external magnetic field. This
work presents the design, fabrication and assembly of a permanent magnet magnetic circuit (MC) which is part of a rotary
TMM. The MC incorporates four high magnetic field regions to maximize power output. The design process involved 3D
simulations in COMSOL Multiphysics, Module AC/DC, to evaluate the intensity and distribution of the magnetic field.
Parameters such as the magnetic gap height and the utilization of soft magnetic materials were thoroughly investigated
to enhance the magnetic field intensity and achieve greater homogeneity within the magnetic volume. The final design of
the MC comprises commercially available blocks of NdFeB grade N42, arranged in a Halbach array configuration, along
with ABNT 1020 steel components to enclose the magnetic circuit. During the production phase, conventional machining
operations were employed, utilizing the Machine Center, to ensure the precise assembly of the MC components with mini-
mal deviations. The quality of the production and final assembly was assessed through experimental measurements of the
generated magnetic field, which were subsequently compared with the simulation results.
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1. INTRODUCTION

The global energy demand has experienced a rapid increase in recent decades, necessitating effective solutions to meet
this growing demand. One potential approach to address this challenge involves the integration of energy harvesting de-
vices with conventional energy systems, thereby enhancing their overall efficiency (Kishore and Priya, 2018). Specifically,
energy harvesters have the capability to convert low-grade thermal waste, which is abundantly generated by industries and
power plants (Forman et al., 2016), into usable energy in the form of mechanical or electrical power.

Among various energy harvesting systems, thermomagnetic motors (TMM) have emerged as a promising technology
for converting low-grade thermal energy, typically below 100°C, into mechanical energy (Kitanovski, 2020; ?). The
operating principle of a TMM relies on the temperature and magnetic field-dependent properties of soft magnetic materials
(MM). Notably, these properties undergo significant changes around the magnetic phase transition, known as the Curie
Temperature (Zcyrie). For instance, below Ty, @ soft magnetic material exhibits a high specific magnetization,
whereas this magnetization tends to zero as the temperature exceeds Tyrie. Consequently, heating the MM causes it
to transition into a non-magnetic phase, while cooling it restores the ferromagnetic state.

A TMM comprises several components, including a permanent magnet magnetic circuit (MC), a heat source and a
heat sink, a heat exchanger composed of the MM, and a fluid flow system. The resultant magnetic force is proportional
to the magnetic density flux gradient, the MM mass, and specific magnetization. The MC generates a high magnetic field
volume. The operation begins with the MM at its ferromagnetic phase, situated in an equilibrium position within the
field volume. As the MM is heated above Ty, transitioning into a non-magnetic phase, the magnetic force decreases,
allowing the MM to be removed from the high-field region. Subsequently, as the MM is cooled below Ty,rie, returning
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to the ferromagnetic phase, the magnetic force increases, attracting the MM back into the magnetic volume. By repeating
these processes in accordance with a thermodynamic cycle, the TMM can generate torque and power as the MM rotates
or moves linearly.

Some prototypes of TMM, both linear and rotary, have been recently tested. Takahashi et al. (2006) designed a rotary
TMM with three high magnetic field regions, utilizing a FeNiCr alloy as the MM. The device achieved a power output of
3.7 W at a rotational speed of 0.4 RPS, with the torque measured using a torquemeter. Mehmood et al. (2021) developed
a rotary TMM with two field regions, employing Gadolinium (Gd) as MM, and reported a power output of 1 W at a speed
of 220 RPM. Kaneko et al. (2021) designed and constructed a linear TMM with a double-C configuration in the magnetic
circuit, generating two high-field regions. In this case, the system employed two magnetic heat exchangers filled with
spherical particles of Gd. The cyclic variation of the magnetic phase on each heat exchanger resulted in a non-balanced
magnetic force, leading to linear motion.

This work aims to present the design, production, and assembly of a permanent magnet magnetic circuit for a rotary
thermomagnetic motor. The magnetic circuit is coupled with a rotor consisting of 100 Gd plates, each weighing 1.5 grams.
The design of the magnetic circuit involved three-dimensional simulations in COMSOL Multiphysics, module AC/DC.
These simulations enabled the evaluation of the magnetic field distribution along the rotor circumference, enabling the
determination of crucial parameters such as the magnetic gap height and the selection of appropriate soft magnetic ma-
terials to guide the magnetic field lines in the magnetic circuit. These considerations were essential for maximizing the
magnetic field intensity and achieving a more uniform magnetic field in volume. Following the finalization of the design,
conventional machining operations were employed to fabricate all the components of the magnetic circuit, including the
soft magnetic material and aluminum parts used for structural purposes. Finally, the magnetic circuit was assembled, and
the magnetic flux density at the center of the magnetic volume was measured and compared with the simulation data.

2. METHODOLOGY
2.1 Magnetic circuit geometry

The initial design of the magnetic circuit took into consideration several constraints in order to meet specific require-
ments. These constraints were as follows:

¢ (i) Uniform field volume with maximum field intensity: the objective was to achieve a uniform magnetic field
volume with a maximum field intensity of around 1.0 T.

e (ii) Use of commercially available permanent magnet blocks: the design aimed to utilize commercially available
permanent magnet blocks to facilitate the fabrication process and ensure accessibility of the materials.

* (iii) Ease of assembly for the Gd rotor: the design needed to provide a solution for easy assembly of the Gd rotor
within the magnetic circuit.

* (iv) Maximization of torque/power and continuous rotary motion: the goal was to maximize torque/power output
while ensuring a continuous and smooth rotary motion of the rotor.

To address these constraints, the following solutions were proposed:

* Solution for constraints (i) and (ii): high-quality NdFeB magnets were selected to meet the desired field intensity
requirements. Additionally, side concentrators were incorporated to enhance the homogeneity of the field volume,
thus ensuring a more uniform distribution of magnetic flux.

* Solution for constraints (iii) and (iv): an L-configuration design with two field volumes was developed, thus the
use of two independent sets establishes a total of four field volumes. This configuration facilitated the assembly of
the Gd rotor, as the two sets could move freely in opposite directions. Moreover, the four high field volumes will
increase torque/power output.

Fig. 1 illustrates the final design of the magnetic circuit, where the silver regions represent the magnet blocks (with
arrows indicating the remanence orientation), the dark grey regions represent the aluminum structural parts, and in red
are the soft magnetic material to guide the field lines. By incorporating these solutions, the magnetic circuit design
successfully addressed the initial constraints, fulfilling all the initial requirements.

2.2 Materials

The magnetic circuit incorporates NdFeB permanent magnet blocks and side concentrators, utilizing commercially
available dimensions. The dimensions and properties of the magnets are presented in Table 1.
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Figure 1: Proposed design for the magnetic circuit.

To select the appropriate soft ferromagnetic material, simulations were conducted using COMSOL Multiphysics (ex-
plained next) where it was included the dependence of relative permeability on magnetic field intensity. Several steel
options were considered, including ABNT 1008, 1010, 1018, 1020, and 1030. The simulation results revealed minimal
differences in terms of magnetic field intensity and distribution among these materials.

Considering the availability of materials from local suppliers, ABNT 1020 steel was chosen as the soft ferromagnetic
material for the magnetic circuit design. Its selection ensures ease of procurement without compromising the desired
magnetic field properties.

Table 1: NdFeB permanent magnets dimensions and properties.

Type Dimensions (mm) Grade Remanence (T)
Main 40 x40 x 30 N42 1,29 ~1,33
Concentrator 40x20x 10 N42 1,29 ~1,33

2.3 COMSOL Multiphysics simulations

Three-dimensional simulations were performed using COMSOL Multiphysics, module AC/DC, no current configura-
tion. The inputs of the simulations are the remanence values and directions of the NdFeB permanent magnets (see Table
1), the relative permeability curve of the selected soft ferromagnetic material as a function of the magnetic field, and the
relative permeability of the permanent magnets. For NdFeB, the permeability is fixed 1.05 Bjgrk et al. (2010).

The boundary conditions were set using a block of 300 x 300 mm filled with air surrounding the entire MC. The
convergence criteria adopted was 3,7x10™%. Additionally, it is important to mention that a mesh independence study
was conducted to optimize the trade-off between simulation accuracy and computational costs, and a mesh with 250862
elements was determined to be suitable for achieving the desired results.

The main simulation output was the distribution of magnetic flux density intensity along the rotor region. The simu-
lations considered the inclusion of the Gd rotor structure, as depicted in Fig. 1. After the convergence, the average field
volume for each Gd plate in the rotor could be evaluated. This information is crucial for the further development of a
mathematical model to simulate the thermomagnetic motor (TMM) as part of ongoing research. Moreover, in this study,
the magnetic field distribution was analyzed along a circumference passing through the center of each magnetic field
volume. This data will be compared with experimental measurements obtained at the same location.

The simulation results were then used to determine the magnetic gap height. Various values for the gap height were
simulated, considering the following objectives: (a) ensuring structural integrity and allowing free rotation of the rotor,
and; (b) achieving a peak magnetic field intensity of approximately 1.0 T. It was determined that a gap height of 12.0 mm
strikes a suitable balance between these two objectives. The Gd plates have a height of 7.0 mm, leaving 5.0 mm of space
for the rotor walls and free space between the rotor and the magnets.
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2.4 Production and assembly

Conventional machining operations were employed to fabricate the components of the magnetic circuit. All fabrication
processes took place in-house at the Laboratério de Usinagem e Automacdo from Universidade Federal de Minas Gerais.
The main equipment used were the Machining Center model ROMI Discovery 560 and the band saw (Fig. 2).

The MC components, comprising both aluminum and steel parts, were produced from raw materials while respecting
the selected dimensional tolerances. To ensure proper assembly and achieve the desired magnetic field intensity, cutting
parameters and suitable tools were selected based on the material type of each part. High-Speed Steel (HSS) tools were
employed for machining the aluminum parts, while carbide tools were utilized for working on the steel components.
Appropriate cutting fluids were applied. Auxiliary tools such as bench drills, tap drills and sandpapers were employed for
finishing processes.

(@ (b)
Figure 2: Equipments employed at the MC production: (a) machining center; (b) band saw

The assembly of the MC was also carried out in-house at the Laboratério de Sistemas Térmicos Emergentes — Stream-
Lab, located at Universidade Federal de Minas Gerais. Due to the strong attractive and repulsive forces between the
magnets, the assembly procedure required careful handling. Threaded bars were utilized to assist in controlling the
approximation process of the permanent magnets. In order to enhance the surface roughness and remove the nickel pro-
tection layer from the permanent magnets, ensuring the best epoxy adhesion, all the bonded surfaces underwent sand
filing blasting. To ensure the correct direction of the permanent magnet remanence within the MC, a Gaussmeter (model
TLMP-HALL, GlobalMag) was employed (Fig. 3). The surfaces of the permanent magnets were bonded using the 3M
Scotch Weld DP 460MS.

(@) (b)
Figure 3: Idenfitication of the remanence direction: (a) NdFeB main magnet; (b) side concentrator.

The assembly process of the MC involved several steps. Initially, the side concentrator magnets were bonded with the
aluminum structural parts, as shown in Fig. 4, as well as the main permanent magnets were bonded with the ABNT 1020
steel parts, as in Fig.5.

Next, utilizing threaded bars, the side concentrators were coupled to the main permanent magnet structures, as showed
in Fig. 6. After that, the steel parts were then placed together creating the upper and lower L-shape structures, as in Fig. 7.
Finally, the upper and lower L-shape structures were joined using a triangular steel part, completing the entire assembly
of the MC, as depicted in Fig. 8.
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Figure 4: Side concentrator parts: (a) epoxy deposition at the aluminum; (b) epoxy deposition at the concentrator magnet;
(c) assembly; (d) finishing process.
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Figure 5: Main magnet parts: (a) epoxy deposition at the steel; (b) epoxy deposition at the main magnet; (c) finished part.
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Figure 6: Side concentrators and main magnets bonding: (a) epoxy deposition at the concentrator part; (b) threaded bars
being used to the permanent magnet blocks approximation; (c) side concentrator approximation; (d) screw tightening; (e)
magnetic pole tightening; (f) finished part.
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Figure 7: L-shape structure assembly: (a) bonded structures positioning; (b) bonded structures approximation; (c) screw
tightening; (d) finished part.

(@) (b) ©
Figure 8: Final L-shape structure assembly: (a) triangle steel part used to connect the two L-shape structures (uper and
lower); (b) Approximation of the parts; (c) Finished L-shape structure with two magnetic poles.
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2.5 Experimental measurements of the magnetic flux density

After the assembly of the magnetic circuit, the magnetic flux density () at the center of each magnetic volume was
measured experimentally using the Gaussmeter mentioned earlier. The obtained experimental data were then compared
with the numerical simulation results.

To ensure accurate measurements, a specially designed tool with the same dimensions as the magnetic field volume
was utilized. This tool facilitated the precise positioning of the Hall probe at the center of the volume. The x and y
components of the magnetic flux density, B, and B, respectively, were measured. Subsequently, the magnitude of the
magnetic flux density () was calculated using Eq. 1. The expanded uncertainty of B was estimated at 0.05 T.

Beup = \/B2 + B2 (1)

3. RESULTS AND DISCUSSION
3.1 Final Magnetic Circuit

Figure 9 illustrates the final assembly of the designed magnetic circuit. By employing the proper parameters (cut-
ting speed, proper selecting of the tools) along the manufacturing processes, it ensures precise assembly with minimal
deviations.

(@) (b)
Figure 9: Magnetic circuit after the final construction: (a) one of the L-shape set; (b) finished magnetic circuit.

3.2 Evaluation of the quality of the machining and assembling

The simulation results for the intensity of magnetic flux density along the circumference of the Gd rotor are presented
in Figure 10. The radius of the rotor matches precisely with the center of the magnetic volume. The figure also displays
the experimental field measured at the center of the volume. The maximum value of the simulated magnetic flux density
is approximately 1.03 T, with a magnetic gap height of 12.0 mm.

Regarding the experimental data, each magnetic field volume generated different values: 1.053 T, 1.031 T, 1.045 T,
and 1.048 T. Notably, the experimental and numerical results exhibit good agreement, with a maximum deviation of 2.1%.
Therefore, it can be concluded that the production and assembly of the parts were satisfactory. However, some of the field
volumes had a gap height shorter than the designed value (< 12.0 mm). The smallest gap measured was approximately
10.5 mm, which leaves less space for rotor operation and explains the highest field value of 1.0526 T.

4. CONCLUSIONS

The present work focuses on the design, production, and assembly of a magnetic circuit to be used as the magnetic
field source in a rotary thermomagnetic motor. Three-dimensional simulations were utilized to assist in material selection
and determine the magnetic gap height, set at 12.0 mm. The simulation results indicate a maximum magnetic field value
of 1.03 T, occurring at an angle of 45° from the main parallel direction of the permanent magnet.

Following the construction of the magnetic circuit, experimental measurements were taken at the center of each of the
four magnetic gaps, yielding values of 1.053 T, 1.031 T, 1.045 T, and 1.048 T. The experimental results demonstrate a
good agreement with the simulated values, providing confidence in the reliability of the design, production, and assembly
methodology employed. The next steps of this ongoing research involve the complete characterization of the magnetic
field and the final construction of the rotary thermomagnetic motor.
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Figure 10: Magnetic flux density as a function of the angle: comparison between the simulation data and the experimental
result.
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