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Sente o sal, a epuma, o turbilhao suga os bragos e os cabelos.

Boca seca, ardem os olhos.
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(De cara para o vento, Tamara Klink)



ABSTRACT

Low-grade waste heat is abundantly available in most energy conversion processes,
however, its low temperature, typically defined as below 100°C, limits the efficiency
of conventional thermal cycles. As a result, it remains largely untapped, represent-
ing a significant recovery potential. In this context, thermomagnetic motors (TMM)
emerge as an alternative for converting this waste heat into usable mechanical en-
ergy, thereby improving the overall efficiency of existing systems. The present dis-
sertation is devoted to the design, production and performance characterization of
a novel rotary TMM prototype with a fin rotor. A stationary L-shaped magnetic
circuit (MC), comprising four magnetic field volumes, was designed using COMSOL
Multiphysics (AC/DC module formulation) simulations. The MC was subsequently
manufactured and assembled in-house, and its magnetic field was experimentally
characterized. Thin gadolinium (Gd) plates, available in the laboratory, were then
employed as magnetocaloric material (MM) fins for the rotor. Finally, the transmis-
sion system, consisting of a bipartite shaft and corresponding upper and lower house
bearings, was manufactured and assembled, completing the production of the TMM
prototype. For the performance characterization tests, a fluid treatment and distri-
bution station was used to supply the fluid streams required for the motor operation,
as well as for measuring all the relevant operational parameters. The tests were con-
ducted using both the two- and four-magnetic-volumes configurations of the MC,
under multiple temperature and flow rate conditions. Regarding the fluid stream
temperatures, tests were carried out using the two-magnetic volumes configuration,
with warm fluid temperatures ranging from 35°C to 50°C combined with cold fluid
temperatures of 5°C and 10°C, at a flow rate of 10 LPM per nozzle (LPM /noz-
zle), corresponding to a total flow rate of 20 LPM. As for the flow rate conditions,
tests were performed with flow rates ranging from 5.0 to 22.5 LPM /nozzle for the
two-magnetic volumes configuration and from 5.0 to 11.75 LPM /nozzle for the four-
magnetic volumes configuration. In this case, cold and warm fluid temperatures
were held constant at 5°C and 45°C, respectively. Torque and rotational speed were
measured in all tests, allowing the experimental characterization of torque versus
speed and produced power versus speed curves. The developed prototype presented
metrics that outperformed state-of-the-art TMM prototypes, with a maximum rota-
tional speed of 348.5 RPM, a holding torque of 2.3 N-m and a maximum produced
power of 4.6 W. Finally, the results enabled discussions on the influence of the num-
ber of magnetic field volumes, as well as fluid stream temperatures and flow rates,
on TMM performance.

Keywords: sustainable development; waste heat recovery; energy conversion; energy
harvester; thermomagnetic motor; magnetic circuit; magnetocaloric materials; TRL4
prototype; torque and mechanical power.



RESUMO

Rejeitos térmicos de baixo nivel entdo presentes em abundancia na maioria dos
processos de conversao de energia, entretanto, sua baixa temperatura, tipicamente
definida como inferior a 100°C, limita a eficiéncia dos ciclos térmicos convencionais.
Como resultado, essa energia permanece em grande parte inexplorada, representando
um potencial de recuperagao significativo. Nesse contexto, motores termomagnéti-
cos (MTMs) emergem como uma alternativa para converter esse rejeito em energia
mecanica util, melhorando a eficiéncia de sistemas existentes. A presente disserta-
¢ao tem como objetivo o projeto, fabricacao, e caracterizacdo do desempenho de
um novo protétipo de MTM com rotor de aletas. Um circuito magnético (CM)
estacionario em formato de L, contendo quatro volumes magnéticos, foi projeto uti-
lizando simulagoes implementadas no COMSOL Multiphysics (formulagao AC/DC).
O CM foi, em sequéncia, fabricado e montado internamente, e o campo magnético
foi caracterizado experimentalmente. Placas delgadas de gadolinio (Gd), disponiveis
no laboratorio, foram utilizadas como as aletas de material magnetocalorico (MM)
do rotor. Finalmente, o sistema de transmissao, composto por um eixo bipartido e
seus respectivos mancais superior e inferior, foi fabricado e montado, completando
a fabricacdo do protétipo do MTM. Para os testes de caracterizagao de desempe-
nho, foi utilizada uma estacao de tratamento e distribui¢do de fluido para suprir
as correntes de fluido necessarias para a operacao do motor, bem como para medir
todos os pardmetros operacionais relevantes. Os testes foram realizados utilizando
ambas as configuragoes com dois e quatro volumes magnéticos do CM, para diver-
sas condicoes de temperatura e vazoes. Em relacao as temperaturas das correntes
de fluido, testes foram feitos utilizando a configuracao de dois volumes magnéticos,
com as temperaturas da corrente quente variando de 35°C a 5°C combinadas com
as temperaturas do fluido frio de 5°C e 10°C, a uma vazao de 10 LPM por bocal
(LPM/bolcal), correspondente a uma vazao total de 20 LPM. J& para as condigoes
de vazao, os testes foram conduzidos para vazoes variando de 5 a 22.5 LPM /bocal
para a configuracao de dois volumes magnéticos e de 5 a 11.75 LPM /bocal para a
configuracao de quatro volumes magnéticos. Nesse caso, as temperaturas dos fluidos
frio e quente foram mantidas constantes em 5°C e 45°C, respectivamente. Torque
e velocidade de rotagdo foram medidas em todos os testes, permitindo a caracte-
rizagdo experimental das curvas de torque versus velocidade e poténcia produzida
versus velocidade. O protétipo desenvolvido apresentou métricas de desempenho que
superaram prototipos de MTM do estado-da-arte, com uma velocidade maxima de
348,5 RPM, um torque méximo de 2,3 N-m e uma poténcia produzida maxima de
4,6 W. Finalmente, os resultados possibilitaram a discussao sobre a influéncia do
nimero de volumes magnéticos, bem como da temperatura e da vazao das correntes

de fluido, no desempenho do MTM.

Palavras-chaves: desenvolvimento sustentavel, reaproveitamento de rejeito tér-
mico; conversao de energia; motores termomagnéticos; circuito magnético; materiais
magentocaldricos; prototipo TRIL4; torque e poténcia mecéanica.



List of Figures

Figure 2.1 —Permanent magnets hysteresis loop. Source: (FURLANI, 2001) . . . . .
Figure 2.2 —Comparison between first-order (blue lines) and second-order (dashed
line) transition magnetization as a function of temperature curves.
Source: (SILVA, 2022) . . . . . . ...
Figure 2.3 —First-order MM s-T diagram with thermal hysteresis. Source: (de JE-
SUS et al., 2024) . . . . . ...
Figure 2.4 —Magnetocaloric effect isothermal and adiabatic expressions in a T-s
diagram. Source: (TREVIZOLIL, 2015) . . . ... ... ... ... ...
Figure 2.5 T — S diagram of the first-order magnetic phase transition, illustrating
the entropy discontinuity and the T change for two magnetic fields,
H1 and H2. Adapted from: (PECHARSKY et al., 2001) . . . . . . . ..
Figure 2.6 —Types of thermomagnetic motors. . . . . . . . . . . ... .. ... ...
Figure 2.7 —Diagram of the TMM operational cycle. . . . . . . ... ... ... ..
Figure 2.8 —Brayton cycle T'— s diagram for a TMM. Adapted from (de JESUS et
al., 2024) . L

Figure 4.1 —Rotary TMM prototype main components. . . . . . . . . . ... . ...

Figure 4.2 —The designed magnetic circuit. . . . . . . . . . . ... ... ... ...

Figure 4.3 —Magnetic circuit built according to the dimensions obtained from the
proposed design procedure: (a) complete magnetic circuit; (b) L-shaped

assembly. . . ... L

ol

Figure 4.4 ~MC with gadolinium fins volumes for the magnetic flux density evaluation. 53

Figure 4.5 —Schematic illustration of the magnetic flux density measurement do-
mains: the orange dots represent the experimental measurement points,
the blue circles indicate the radial locations where the magnetic flux
density was numerically evaluated, and the dashed circle indicates the
radial location where the peak magnetic flux density is observed. . . . .

Figure 4.6 —Experimental apparatus for the magnetic circuit characterization: (a)
complete apparatus; (b) mechanism developed to enable the probe dis-
placement in the radial direction; (c) Measurement of the B, compo-
nent; (d) Measurement of the B,, component. . . . . ... ... .. ..

Figure 4.7 —Gd fins dimensions. . . . . . . . . . ... Lo Lo

Figure 4.8 —Finned rotor design: (a) cross-section view; (b) perspective view. . . . .

Figure 4.9 —Coss-section view of the transmission system designed . . . . . . . . ..

Figure 4.10 Produced polycarbonate rotor structure and details of the bonding
grooves with one attached Gd fin. . . . . . . .. ... ... ... ...

93

95
56



Figure 4.11 Details of the Gd fins bonding process. . . . . . . . . . . .. ... ... 59
Figure 4.12 Transmission system and rotor assembly: (a) upper and lower rotational
shafts connected to the motor rack by their respective bearing houses;
(b) rotor assembly to the lower shaft; (c¢) complete assembly of the rotor
and the transmission system; (d) transmission system centralized with
the MC and; (e) details of the finned rotor and the MC after the final
assembly. . ... 60
Figure 4.13 Divergent nozzle design. . . . . . . . . . .. ... L. 61
Figure 4.14 Divergent nozzles fabricated in PETG plastic to allow the fluid to fill,
simultaneously, four channels formed among three adjacent fins : (a)
warm stream nozzle; (b) cold stream nozzle and (c¢) both nozzles, high-
lighting the difference of their lateral inclinations. . . . . . . . . . . .. 62
Figure 4.15 Distribution lines and measurement instruments: (a) two-magnetic-
volumes configuration; (b) four-magnetic-volumes-configuration and (c)
overall view, highlighting measurement instruments. . . . . . . . . . .. 63
Figure 4.16 -Schematic drawing of the fluid treatent station for the two-magnetic-
volumes configuration depicting all its main components. . . . . . . . . 64
Figure 4.17 -Servomotor used for imposing loading to the shaft and for torque mea-
surements coupled to the rotating shaft using a flexible mechanical
coupling. . . . . ... 65
Figure 4.18 Tested combinations of the warm and cold nozzle positioning with re-

spect to the magnetic field gradient distribution. Regions (1) and (2)

are for warm blow, and (3) and (4) for the cold blow. . . . . . ... .. 66
Figure 4.19 -Warm (red) and cold (blue) nozzles positions along the rotor circum-
ference: (a) MC overall view; (b) detailed view. . . . ... .. ... .. 67

Figure 4.20 -TMM configurations for the performance characterization tests: (a)
two-magnetic-volumes configuration (I); (b) four-magnetic-volumes con-
figuration (IT). . . . . . . . . . . 68
Figure 4.21 Local dimensionless numbers as a function of the converging channel
length: (a) Reynolds number; (b) Nusselt number. . . . . . . . . . . .. 71
Figure 4.22 -Avarage dimensionless numbers with inlet temperatures fixed at 5°C
for the cold stream and 45°C for the hot stream: (a) Reynolds number;
(b) Nusselt number. . . . . .. ... Lo 72

Figure 5.1 —Simulation result for the magnetic flux density distribution in a mag-
netic volume cross section, highlighting the side concentrators effect on
the produced magnetic field. . . . . . ... ... ... L. 73
Figure 5.2 —Simulation results, averaged in the Gd fin volume, along the rotor cir-
cumference: (a) magnetic flux density distribution; (b) magnetic flux

density gradient distribution. . . . . .. ... ... o L. 74



Figure 5.3 —Simulation results in a cut plane at the magnetic gap center: (a) mag-

netic flux density intensity distribution ; (b) magnetic flux density gra-

dient distribution. . . . . . . ... oL 74
Figure 5.4 —Magnetic flux dentisty along the angular position at the center of the

air gap: comparison between the experimental and numerical results. . 75
Figure 5.5 —Thermographic images of the thermomagnetic motor during operation:

(a) first test condition with only warm fluid at 45 °C and 17 LPM /noz-

zle at all four nozzles; (b) second test condition with warm fluid at

45 °C and 17 LPM /nozzle at the two warm flow nozzles, and cold fluid

at 5 °C and 17 LPM /nozzle at the two cold flow nozzles. . . . . . . .. 76
Figure 5.6 —Time-dependent measurement data for warm and cold streams temper-

atures, volumetric flow rate, and inlet pressure. . . . . . ... ... .. 78
Figure 5.7 —Time-dependent rotational speed under different operating conditions:

(a) no-load condition and flow rates of 5 LPM /nozzle (total of 10 LPM)

and 17 LPM /nozzle (total of 34 LPM); (b) load condition of 0.16 N-m

and 0.86 N-m and fixed flow rate of 11.75 LPM /nozzle. The cold and

warm fluid streams temperatures are 5 °C and 45 °C, respectively. . . . 79
Figure 5.8 —Comparison between performance characteristic curves with and with-

out the residual load correction: (a) 7 X w curve for two-magnetic-

volumes and 10 LPM /nozzle; (b) W),eq X w curve for two-magnetic vol-

umes and 10 LPM /nozzle; (c¢) 7xw curve for four-magnetic volumes and

11.75 LPM /nozzle and; (d) med X w curve for four-magnetic-volumes

and 11.75 LPM/nozzle. . . . . . .. .. .. ..o 81
Figure 5.9 —Influence of the warm fluid temperature on the TMM performance for

the two-magnetic-volumes configuration, at fixed cold fluid temperature

of 5°C and flow rate of 10 LPM/nozzle: (a) 7 x w; (b) Wprea X w;

(c) maximum measured rotational speed; (d) maximum torque from

measurement or extrapolation. . . . . .. .. ..o 83
Figure 5.10 -Gadolinium specific magnetization as a function of temperature, ob-

tained through the Weiss-Debey-Sommerfeld theory (MORRISH, 2001). 84
Figure 5.11 Influence of cold and warm fluid temperature on the TMM performance,

at a fixed flow rate of 10 LPM/nozzle: (a) 7 x w at Ty = 45.0°C; (b)

med X w at Ty = 45.0°C; (¢) 7 x w at Ty = 50.0°C; (d) med X w at

Ty =50.0°C. . o . 86
Figure 5.12 Influence of the flow rate on the TMM performance for the two-magnetic

volume configuration. The cold and warm temperatures are fixed at 5°C

and 45°C, respectively: (a) 7 x w; (b) Wp,0a X w, including the isotorque



Figure 5.13 Influence of the flow rate on the TMM performance for the four-magnetic
volume configuration. The cold and warm temperatures are fixed at 5°C

and 45°C, respectively: (a) 7 X w; (b) Wp,0a X w, including the isotorque

Figure 5.14 -Maximum measured rotational velocity, at no-load condition, as a func-
tion of the flow rate. The cold and warm temperatures are fixed at 5°C
and 45°C, respectively. The results were obtained for two-magnetic field
volumes (squares) and four-magnetic field volumes (triangles). . . . . .

Figure 5.15 Dimensionless parameter (WW*) as a function of the flow rate for the two-
magnetic field volumes configuration, with the cold and warm stream
temperatures at 5°C and 45°C, respectively: (a) WE = 0.82 W; (b)
WE =091 W; (c) WE =084 W,; (d) WE_=078W. .......

Figure 5.16 Influence of the number of magnetic volumes on the TMM torque at
the same flow rate per nozzle. The cold and warm temperatures are
fixed at 5°C and 45°C, respectively. . . . . . . . . .. ...

Figure 5.17 Influence of the number of magnetic volumes on the TMM produced
power at the same flow rate per nozzle. The cold and warm tempera-
tures are fixed at 5°C and 45°C, respectively. . . . . . . . .. .. .. ..

Figure 5.18 -Comparison of the best med X w curves for the two- and four-magnetic
field volumes configurations. The cold and warm temperatures are fixed
at 5°C and 45°C, respectively. The flow rates are: (a) 22.5 LPM /noz-
zle for the two-volume configuration and 11.75 LPM /nozzle for the
four-volume configuration; (b) 20 LPM /nozzle for the two-volume con-

figuration and 10 LPM /nozzle for the four-volume configuration. . . . .

Figure A.1 -Magnetic circuit parts produced: (a) long and short steel portions of
the L-shaped set; (b) aluminum structural parts. . . . ... ... ...
Figure A.2 —Permanent magnet’s remanence direction identification . . . . . . . . .
Figure A.3 —Permanent magnets: (a) side concentrator prepared for the blasting
process, with the adhesive tape protecting the not bonded surfaces
and the identified remanence direction; (b) main permanent magnet
prepared for the blasting process, with the adhesive tape protecting
the not bonded surfaces and the identified remanence direction; (c)
side concentrator blasted surfaces; (d) main permanent magnet blasted
surfaces. . . ...
Figure A.4 ~-Wooden boxe specially designed for properly storing the permanent
magnets. . . ... Lo e
Figure A.5 —Side concentrators and aluminum parts bonding process. . . . . . . . .

Figure A.6 ~Main permanent magnets and steel parts bonding process. . . . . . . .

96



Figure A.7 —Assembly of the main permanent magnets to the side concentrators
structures with the help of threaded bars. . . . . . .. ... ... ... 114
Figure A.8 —Magnetic circuit components after being painted. The red parts are

made of steel, the dark grey parts are made of aluminum and the parts

in chrome are the permanent magnets. . . . . . .. . ... ... ... .. 115
Figure A.9 —Assembly of the L-shaped set short and portions. . . . . .. ... ... 116
Figure A.10 Assembly of the guideway slider blocks to the L-shaped set. . . . . .. 117
Figure A.11 E-shaped set final assembly. . . . . . . . . ... ... ... ... .... 118
Figure A.12 €ompleted magnetic circuit. . . . . . . . . ... ... 119

Figure B.1 —Magnetic flux dentisty along the angular position at the center of the

air gap: comparison between the experimental and numerical results. . 120



List of Tables

Table 3.1 ~TMM motor prototypes main maximum measured performance results .
Table 3.2 —Categorization of TMM Patents by Design, Heat Transfer Mechanism,
and Magnetic Field Source . . . . . . .. .. ... ... ... ...,

Table 4.1 —NdFeB permanent magnets dimensions and properties. . . . . . . . . ..
Table 4.2 —Instruments technical specifications. . . . . . . . .. .. ... ... ...
Table 4.3 —Observations and conclusions from positioning investigation of the warm
and cold flow nozzles. . . . . ... ... oL
Table 4.4 —Operating conditions for the experimental tests. . . . .. .. ... ...
Table 4.5 —Average Re and Nu for different combinations of warm and cold fluid

temperatures at a flow rate of 10 LPM /nozzle . . . . . . . ... ... ..

Table 5.1 —Reference W2 values for their corresponding flow rates and associated
data in Fig. 5.15 . . . . . . . ..

Table 5.2 —Maximum produced power and pressure drop values for the operating
conditions corresponding to the best Wprod x w curves for the two- and

four-magnetic field volumes configurations, shown in Fig. 5.18. . . . . .

43



List of abbreviations and acronyms

Acronyms

MC Magnetic Circuit

MCE Magnetocaloric Effect

MHE Magnetic Heat Exchanger

MM Magnetic Material

PLC Programmable Logic Controller

TMM Thermomagnetic Motor



List of symbols

MM cross sectional area [m?]
Magnetic flux density [T]
Remanence [T]
Force [N]
Magnetic field [A/m]
Coercivity |A/m]
Internal demagnetizing field [T]
MM length [m]
Magnetization [A.m?|

Demagnetization factor ]
Nusselt number -]

Reynolds number -]

Electronic entropy [J/K]
Lattice entropy [J/K]
Magnetic entropy [J/K]
Temperature K]
Magnetic phase transition temperature K]
Power [W]
Volumetric flow rate [LPM]
Relative magnetic permeability [T/m.A]
Specific magnetization [A.m?/kg|
Torque [N.m]

Magnetic induction [T.m?|



X Magnetic susceptibility [emu/cm?.Oe]
w Rotational speed [RPM]
Composed Symbols

AP Pressure drop [kPal
AT Adiabatic temperature change K]

Subscripts and Superscripts

apl Applied

C Cold stream variables
H Warm stream variables
h High

1 Low

prod Produced

R Reference

res Resulting

* Dimensionless
Constants

140 Magnetic permeability of vacuum 47 x 1077 T.m/A



4.8

Contents

1 INTRODUCTION . . . . . et hd e e e e 22
1.1 OBJECTIVES AND CONTRIBUTIONS . . . . ... ... ... ...... 24
1.2 OUTLINE OF THE DISSERTATION . . .. ... ... ... .. ..... 24

2 FUNDAMENTALS . . . . . .o e et d it e e 26
2.1 MAGNETISM . . . . . .o 26
2.2 MAGNETIC PROPERTIES . . . . . ... ... . .. 27

2.2.1 PERMANENT MAGNETS . ... ... ... ... ... ... 29
2.2.2 MAGNETOCALORIC MATERIALS: TYPES OF PHASE TRAN-

SITION . . . o 30

2.2.3 MAGNETOCALORIC EFFECT . .. ... ... ... ... .... 31

2.3 THERMOMAGNETIC MOTORS . . . . . .. . .. ... . ... ... 33

2.3.1 MAIN COMPONENTS . . ... ... .. .. . .. .. ... 33

2.3.2 TYPES OF THERMOMAGNETIC MOTORS . . . ... ... ... 34

2.3.3 THE THERMOMAGNETIC MOTOR CYCLE . ... ... .... 36

3 STATE OF THE ART . ... . . . . it iii e e 39
3.1 ENERGY HARVESTERS . . . .. ... ... ... ... ... .... 39
3.2 THERMOMAGNETIC MOTOR PROTOTYPES . . . .. ... ... ... 41
3.3 THERMOMAGNETIC MOTOR PATENTS . . . . ... ... ... .... 43

4 MATERIALS AND METHODS ... ............ .. ..., 47
4.1 KEY DESIGN ELEMENTS IN TMM DEVELOPMENT . . . . . ... .. 47
4.2 EXPERIMENTAL APPARATUS DESCRIPTION . . ... ... ... .. 48
4.3 MAGNETIC CIRCUIT . . . . . .. oo o 49

4.3.1 NUMERICAL SIMULATIONS . . ... ... ... ... ..... 52
4.3.2 PRODUCTION AND ASSEMBLY . .. ... ... ... .. .... 93
4.3.3 EXPERIMENTAL CHARACTERIZATION . ... ... ... ... o4
4.4 WORKING MATERIALS . . . . .. .. o o, 55
4.5 ROTOR AND TRANSMISSION SYSTEM . . . . . .. ... ... ... .. o6
45.1 ROTORDESIGN . . . . .. ... . ... 26
4.5.2 TRANSMISSION SYSTEM DESIGN . . . . . ... ... ... ... o7
4.5.3 PRODUCTION AND ASSEMBLY . ... ... ... ... ..... o8
4.6 FLUID DISTRIBUTION SYSTEM . . . . . ... ... ... ... ..., 61
4.7 INSTRUMENTATION AND DATA ACQUISITION . .. ... ... ... 63

PRELIMINARY ADJUSTMENTS . . ... ... ... ... ... .... 66



4.9 PERFORMANCE CHARACTERIZATION TESTS . . .. ... ... ... 68

4.10 OPERATING CONDITIONS . . . . . . . .. ... . ... 69

5 RESULTS AND DISCUSSION . . . . . . . . . ittt e 73

5.1 MAGNETIC CIRCUIT . . . . . . . . e 73

5.2 DEMONSTRATING THE PROOF-OF-CONCEPT . . . . .. .. ... .. 75

5.3 MEASUREMENTS AND DATA ANALYSIS . . . . . . . ... ... .. .. 7

54 PERFORMANCE RESULTS . ... ... .. ... ... ... . ...... 81
5.4.1 INFLUENCE OF THE WARM AND COLD STREAM TEMPER-

ATURES . . . . o 82

54.2 INFLUENCE OF THE FLOW RATE . . . ... ... ... . ... 86

5.4.3 INFLUENCE OF THE MAGNETIC VOLUMES NUMBER . ... 92

6 CONCLUSIONS . . . e e e e e e e e e e e e e e e e 98

6.1 FINAL CONSIDERATIONS . . . . . . . . . . o, 98

6.2 RECOMMENDATIONS FOR FUTURE WORKS . . . .. ... ... ... 101

Bibliography . . . . . . . . . e e 102

A APPENDIX A : Magnetic Circuit Production and Assembly . . . . . 108

A.1 PRODUCTION . . . . . 108

A2 ASSEMBLY . . . . . . 108

A.2.1 PREPARATION . . . . . .. .. . 108

A.2.2 BONDING . .. ... 109

A.2.3 FINAL ASSEMBLY . . . . . . . ... 110

B APPENDIX B : Magnetic Circuit Experimental Characterization Re-
sults . . . L e e e e e e e e e e e e e e e e e e e 120



22

1 INTRODUCTION

Global energy demand has steadily increased over the past few decades, and this trend is
expected to continue at a rate of 0.5% over the next ten years (INTERNATIONAL EN-
ERGY AGENCY, 2021). To meet this growing demand, fossil fuels are preferred for pri-
mary energy production, as they are well-established and relatively inexpensive. However,
these conventional energy sources are major contributors for greenhouse gas emissions and
other pollutants, further aggravating global warming. In 2015, the Paris Agreement (UN-
FCCC, 2015) proposed limiting global warming to 1.5°C by reducing harmful emissions
to a net zero by 2050. To achieve this goal and mitigate the environmental impact of fossil
fuel use, it is essential to take several key actions, notably the development of renewable

energy technologies and the enhancement of the efficiency of conventional energy systems.

Concerning to the latter, waste heat recovery technologies emerge as a promising alter-
native, especially because approximately 50% of the global energy input is lost as waste
heat (FORMAN et al., 2016; FIRTH et al., 2019). In addition, 60% of the waste heat
exhibits temperatures lower than 100°C (categorized as low-grade waste heat) and can be
found across a wide range of industrial processes. The main sources of low-grade waste
heat are exhaust gases from heating systems, such as burners, furnaces, industrial dryers,
and heat exchangers, and cooling water for industrial ovens (HUR et al., 2023). Despite
its abundance, low-grade waste heat has a low Carnot efficiency and, from an exergy per-
spective, as it represents only 21% of the overall rejected heat potential. Nevertheless, it
still offers an opportunity to improve the efficiency of conventional thermal systems and,

for that purpose, innovative technologies are essential.

Energy harvesters are technologies used to convert low-grade waste heat into usable en-
ergy. The Rankine Organic Cycle and the Kalina Cycle are alternative energy conversion
cycles that utilize organic fluids with lower boiling points than water to harness energy.
Although these cycles remain the leading technologies in this field, they require complex
power plants with costly components, and their rights are concentrated among a few
companies. Therefore, solid-state energy harvesters, although typically exhibiting low ef-
ficiencies between 1% and 10%, emerge as a promising alternative, as they offer several
advantages, such as the absence of harmful discharges during operation, minimal main-
tenance requirement, low operational costs, compactness, robustness, and self-sufficiency,
enabling their use in remote locations. Among the main solid-state technologies are ther-
moelectric generators, pyroelectric systems, thermoelastic systems, thermogalvanic cells,
and thermomagnetic systems (KISHORE; PRIYA, 2018b). Thermomagnetic devices can
be categorized into generators and motors, in which generator directly convert the waste

heat into electricity and the motors convert it into mechanical energy (KISHORE; PRIYA,
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2018a).

Thermomagnetic motors (TMM) operate based on the temperature dependence of the
magnetic properties of soft-ferromagnetic materials near their magnetic phase transition
temperature (77). These devices typically feature a magnetic field source, a magnetic
material heat exchanger (MHE), and pumping systems for supplying warm and cold fluid
streams. Their operation relies on creating a force imbalance between the magnetic force
and a second type of force, which could be an elastic, gravitational, or magnetic force,
depending on the design of the prototype. The magnetic force is proportional to the MM’s
temperature-dependent specific magnetization, and it varies by supplying flows of warm

and cold fluids during specific phases of the thermodynamic cycle.

As a result of the force imbalance, the TMM produces either reciprocating or rotary
motion. Reciprocating devices are characterized by non-continuous and low-frequency
operation. Depending on the design, it may be necessary to counterbalance the magnetic
force by using an additional mechanism, such as a spring (elastic) or gravitational force,
which limits the operational frequency. They may also require complex valving systems
due to the alternating flow of warm and cold fluids through the MHE during different
periods of the thermodynamic cycle. Rotary devices, on the other hand, rely only on the
magnetic force imbalance, enabling continuous operation at higher frequencies. However,

depending on the design, they may face similar complexities regarding fluid flow systems.

The first TMM patent was proposed by Tesla (1889). However, due to technological limi-
tations related to the magnetic field generation and the MM’s properties, research in this
field did not advance significantly throughout the 20" century. In recent years, advance-
ments in respect to permanent magnets with high B — H energy (CROAT et al., 1984;
SAGAWA et al., 1984), magnetic circuits (MC) geometries and designs (HALBACH, 1980;
BJoRK et al., 2010), and in novel magnetocaloric materials with transition temperatures
around room-temperature (GSCHNEIDNER; PECHARSKY, 2000) have revitalized the
studies in this research field. To date, approximately 60 patents have been proposed,
but only a few prototypes have been built and tested (MURAKAMI; NEMOTO, 1972;
TAKAHASHI et al., 2006; FRANZITTA et al., 2013; KISHORE et al., 2020; KANEKO
et al., 2021; MEHMOOD et al., 2021; RIOS et al., 2024).

Most existing prototypes still exhibit limited torque outputs and fail to sustain contin-
uous motion, which restricts their rotational speed. These limitations can primarily be
attributed to two factors: first, the inadequate design of the magnetic field source, result-
ing in low intensity and poorly distributed magnetic flux densities, crucial for achieving
higher torques; and second, ineffective heat transfer between the MM and the working
fluid streams, which increases the time required for the MM to shift its magnetic phase,

thereby reducing operational frequencies.

In this context, the present research proposes the design, production, and experimental
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testing of a novel rotary thermomagnetic motor. The design was oriented toward the main
goal of developing a prototype capable of operating continuously at speeds on the order
of 180 RPM (3 Hz). To achieve this, the initial decision was to design a rotary device
in which the MM would be free to spin, while the magnetic field source remains station-
ary. Then, significant efforts were dedicated to the proper design and construction of the
magnetic field source, aiming to enhance the magnetic field intensity and its gradient dis-
tribution along the desired direction. Furthermore, the interaction between the magnetic
field gradient and the MM was thoroughly investigated. The MM geometry must enable
rapid temperature variation, which require high thermal capacity fluid flows combined
with effective heat transfer. Therefore, by supplying warm and cold fluids at appropri-
ate locations within the field gradient distribution, it is possible to achieve the target
performance metrics. As will be presented and discussed throughout this master’s thesis,
the built and tested prototype advances the current state-of-the-art by demonstrating
experimental metrics for rotational speed, torque, and power output that surpass those

of previously reported prototypes in the open literature.

1.1 OBJECTIVES AND CONTRIBUTIONS

The objective of the present dissertation is to design, construct and experimentally char-

acterize a novel rotary thermomagnetic motor for energy harvesting applications.

To accomplish this objective, the following activities were pursued:

e Identify the key parameters for designing a successful TMM;

e Design, fabricate and assemble, in house, the novel concept of TMM, including a

permanent magnet magnetic circuit, the MM rotor, and the transmission system;

e Develop a fluid distribution system to evenly supply the warm and cold streams at

their respective regions of the rotor through properly designed nozzles;

e Perform experimental test under different operating conditions of warm and cold
streams temperature and flow rates, and experimentally characterize torque and

rotational speed;

e Construct the torque versus speed and power versus speed characteristic curves
for motors, and evaluate the influence of different operational conditions on these

curves.

1.2 OUTLINE OF THE DISSERTATION

The present dissertation was divided into six chapters as follows. In chapter 2 — Funda-

mentals — the fundamentals for TMM are presented, from the magnetism principle and
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magnetic material properties to TMM main components, types, and operational princi-
ples. The thermodynamic cycle of TMM is also discussed. In Chapter 3 — State of the Art
— a review of energy harvesting technologies and TMM prototypes is presented. Addi-
tionally, a comprehensive overview of TMM-related patents to date is provided. Chapter
4 — Materials and Methods — describe the designing and production processes of the
experimental apparatus, including the MC, the rotor and transmission system and the
fluid distribution station required for the motor operation. The chapter also details the
experimental procedures, the data acquisition, and post-processing for the performance
characterization tests. Chapter 5 — Results and Discussion — presents the numerical and
experimental results for the MC, as well as the experimental results for the TMM per-
formance. In addition, the influence of the operational parameters on the performance
results is quantified and discussed. Finally, Chapter 6 summarizes the final considerations

and recommendations for future works.
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2 FUNDAMENTALS

2.1 MAGNETISM

Magnetism can be demonstrated as the capacity of a force field to attract ferrous objects
acting at a distance. The origin of this magnetism in solids arises from the alignment of
the magnetic moments of their atomic electrons. Once the magnetic moments are aligned,
there is a magnetic charge neutralization inside the material. However, neutralization dis-
continuities on the material edges result in a free magnetism charge, which produces an
external magnetic field and causes it to be attracted by the applied magnetic field (COEY,
2010). There are various types of magnetic ordering, including ferromagnetic, antiferro-
magnetic, and ferrimagnetic materials. Materials that do not magnetically order when
submitted to an external field can be classified as either paramagnetic or diamagnetic. A

closer examination of these categories follows below.

Ferromagnetic materials, such as iron, nickel, and some rare earths, are materials that have
their electronic magnetic moments aligned in parallel independently of their submission to
an external magnetic field. However, it is unusual to obtain those materials in a magnetized
state on regular conditions, which can be explained by the magnetic domains theory
proposed by Weiss (1906). The theory suggests that ferromagnetic materials are divided
into several magnetic domains and that the magnetic moments of each of these domains
are spontaneously aligned in different directions, canceling each other and resulting in a
non-magnetic overall state. Therefore, for magnetizing those materials, it is necessary to
apply an external magnetic field to them, aligning all their domains in the same direction.
Moreover, these materials have a characteristic temperature, also known as magnetic
phase transition temperature (77), above which the alignment of the electronic magnetic
moments disappear, and the material begins to exhibit paramagnetic behavior (SPALDIN,
2010). Thermomagnetic motors operate based on the ferro-paramagnetic phase transition

around 1.

Nevertheless, if the magnetic moments tend to align antiparallel rather than parallel, it
leads to antiferromagnetism or ferrimagnetism, depending on the topology of the ma-
terial’s crystal lattice (COEY, 2010). Antiferromagnetic materials have two interleaved
identical electronic sublattices, each of which are spontaneously magnetized below a cer-
tain critical temperature. However, these equivalent magnetic moments are aligned in
opposite directions, resulting in zero net spontaneous magnetization and a response to
external fields similar to that of paramagnetic materials. In ferrimagnetic materials, by
contrast, the interleaved electronic sublattices are inequivalent, meaning that the magne-

tization of one sublattice is greater than that of the oppositely oriented sublattice. As a
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result, a net spontaneous magnetization is present below a critical temperature, even in

the absence of an applied magnetic field.

Furthermore, paramagnetism occurs only in materials that exhibit net magnetization
but whose magnetic moments are only weakly coupled to each other. As a result, their
alignment is reduced by particles thermal agitation, weakening the material attraction by
an externally applied magnetic field. Diamagnetism, by contrast, is a change in orbital
motion that occurs in all materials when they are submitted to an external magnetic
field. However, it is such a weak phenomenon that it is typically overshadowed by much
stronger interactions in materials that have net magnetization. As a result, only materials
that do not exhibit net magnetization are classified as diamagnetic (SPALDIN, 2010).

Finally, ferromagnetic materials can be further classified into soft and hard ferromagnetic
materials. Soft ferromagnetic materials, such as ferrosilicon, permalloy (iron-nickel alloy),
and ferrites, as well as pure elements like iron, cobalt, and nickel, are considered temporary
magnets. They become magnetized when subjected to an external magnetic field and lose
their magnetization once the field is removed. Conversely, hard ferromagnetic materials,
such as Alnico (an alloy of aluminum, nickel, and cobalt) and permanent magnets like
NdFeB (neodymium-iron-boron) and SmCo (samarium-cobalt), exhibit permanent spon-
taneous magnetization at sufficiently low temperatures. Once magnetized by an applied
field strong enough to reach saturation, they retain their magnetization even after the

external field is removed (COEY, 2010).

2.2 MAGNETIC PROPERTIES

A thorough understanding of the magnetic properties of materials is essential for their
proper selection and use in practical applications. First, the magnetic induction (®) is de-
fined as the material’s response to an applied magnetic field (H). The relationship between
® and H is given by Eq. 4.2, in which M (H,T') denotes the material’s magnetization and
o Tepresents the magnetic permeability of vacuum (47 x 1077 T.m/A). M(H,T) is a
magnetic property associated with the electronic magnetic moments alignments and it’s
a function of both H and the MM’s temperature. The magnetic flux density (B) is the
magnetic induction inside the medium and, therefore, is related to ® through Eq. 2.2, in
which A represents the MM cross sectional area (SPALDIN, 2010).

® = pio(H + M) (2.1)

B= (2.2)

= =%

Likewise, susceptibility (x) and permeability (u) are magnetic properties that indicate

how a material’s magnetization varies with the applied magnetic field. The susceptibility
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x informs on how susceptible a MM is to this applied field and it can be calculated as
the magnetization ratio to the applied magnetic field. Ferromagnetic materials exhibit a
magnetic susceptibility that is significantly greater than one, while paramagnetic mate-
rials have a susceptibility only slightly above one. The permeability u, also referred to
as relative permeability (p,.) indicates how permeable a MM is to an applied magnetic
field. It can be calculated as the ratio of magnetic induction to the applied magnetic
field. In ferromagnetic materials, the higher the pu,., the greater the intensity of the mag-
netic field resulting from the magnetic moments alignment (FARIA, 2005). In addition,
a material’s magnetization also depends on its temperature. The magnetic phase tran-
sition temperature (77) is a characteristic point below which the alignment of magnetic
moments increases, resulting in higher magnetization, and above which this ordering is
reduced, leading to lower magnetization (COEY, 2010).

Material’s intrinsic magnetic properties depend on its resulting magnetic field (H,.s) act-
ing inside the material. H,.s is smaller than the applied field (H,,) by an amount equal to
the internal demagnetizing field (Hge, ), as given by Eq. 2.3. Hyep, is, therefore, a magnetic
loss caused by an internal magnetic field, opposing the applied magnetic field, that is gen-
erated during the magnetization of a sample. It is a function of a demagnetization factor

Np, which depends only on the material’s geometry and ranges from 0 to 1 (Eq. 2.4)!

H’res = Llgpl — Hdem (23>

Hyemn = NpM (2.4)

Finally, it is also important to define the magnetic force (F,,44), shown in Eq. 2.5, in which
p is the MM specific mass, ¥ is the MM volume, V B is the magnetic flux density gradient,
and o is the MM specific magnetization, which is a function of its temperature (7) and
the resulting magnetic field (H,.s) (GAMA et al., 2016). Therefore, the magnetic force is
directly proportional to the MM mass, the MM magnetic properties (o), and the magnetic
field source properties, including the intensity of the magnetic field and the magnetic flux

density gradient.

Foag = —pV0 (T, H,o,) VB (2.5)

I Equations 2.3 and 2.4 are presented here in a simplified form for didactic purposes. It is acknowl-

edged that the demagnetization factor is a second-order tensor, while the magnetic fields are vector
quantities. (SPALDIN, 2010).
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Figure 2.1 — Permanent magnets hysteresis loop. Source: (FURLANI, 2001)
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2.2.1 PERMANENT MAGNETS

Ferromagnetic materials exhibit magnetic hysteresis, which prevents their magnetization
from being reduced to zero once the external magnetic field has been removed. Perma-
nent magnets, which are hard ferromagnetic materials, present broad hysteresis loops, as
shown in Fig. 2.1, in which magnetic induction (B) is plotted as a function of the magnetic
field (H). The material, initially at a non-magnetic state (position O), is submitted to an
external magnetic field until its magnetization reaches its saturation value (position S).
From this point forward, if the applied magnetic field is removed, the material remains
magnetized with a slightly lower magnetization than its saturation. The magnetic induc-
tion that remains on the material after the magnetic field has been removed is named
remanence (B,). Subsequently, to demagnetize the permanent magnet, it is necessary to
apply a magnetic field direction opposite to its magnetization, with an intensity known as
coercivity (H,.). To reinstitute permanent magnet properties after demagnetization, it is
necessary to re-submit it to an external magnetic field. The demagnetization curve points
(B — H) also have their energy product distribution, with a maximum value (BH,,,), on
the interval between H = 0 and H = —H, (FURLANTI, 2001). It is also important to men-
tion that permanent magnets can lose their remanence if heated above their maximum
operating temperature. This property is particularly critical in thermomagnetic motor
applications, as it constrains the maximum allowable temperature of the warm reservoir

or the input waste heat.

The remanence of a permanent magnet represents the maximum magnetic flux density
it can produce. However, when the magnet is properly integrated into a magnetic circuit
(MC), it is possible to generate magnetic field intensities within an air gap that exceed

the magnet’s remanent field (COEY, 2002). Thus, properly selecting permanent magnets
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Figure 2.2 — Comparison between first-order (blue lines) and second-order (dashed line) transition mag-
netization as a function of temperature curves. Source: (SILVA, 2022)
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for a MC is a crucial task for obtaining the designed magnetic field intensity. In this
context, NdFeB permanent magnets stand out for their BH,,,, energy values and exhibit
high coercivity and remanence, being the most used for the MC of the state-of-the-art
thermomagnetic devices (KISHORE; PRIYA, 2018a).

2.2.2 MAGNETOCALORIC MATERIALS: TYPES OF PHASE TRANSITION

Within the broad category of magnetic materials, magnetocaloric materials (MM) are
distinguished for exhibiting the Magnetocaloric Effect (MCE).These materials can be
classified according to the type of phase transition: first-order or second-order (LYU-
BINA, 2017). First-order materials couple a magneto-structural or magneto-elastic tran-
sition (PECHARSKY; GSCHNEIDNER JR., 1997; PLANES et al., 2009; SKOKOV et

al., 2012). Second-order materials present only a change in the magnetic ordering.

A comparison between the two transition types is depicted in the M x T curves in Fig. 2.2.
It is observed that the first-order transition occurs more abruptly and, consequently, in
a narrower temperature range, than the second-order transition. Nevertheless, first-order
magnetic materials exhibit thermal and magnetic hysteresis (GUTFLEISCH et al., 2016).
The thermal hysteresis can be visualized as a difference in the magnetic properties when
comparing the heating and cooling processes at a fixed external field, as illustrated in Fig.
2.3. As a result, the internal area of the temperature-entropy (7' — s) diagram is broader,
but it tends to reduce the useful MCE (CHRISTIAANSE et al., 2017).

Regarding the use of first-order materials in TMM, thermal hysteresis represents a trade-
off. On one hand, the larger internal area of the T' — s diagram reflects an enhancement
in the specific work of the thermodynamic cycle. On the other hand, it leads to longer

cycle periods, reducing the produced power. Therefore, the advantage of using first-order
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Figure 2.3 — First-order MM s-T diagram with thermal hysteresis. Source: (de JESUS et al., 2024)
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magnetic materials in TMM must be evaluated during the TMM design, taking into
account both the magnetocaloric material and the heat transfer properties (de JESUS et
al., 2024).

2.2.3 MAGNETOCALORIC EFFECT

The Magnetocaloric Effect (EMC) is the material’s response to variations in the applied
magnetic field, manifesting either as an isothermal entropy change (AS,,,,) or as an adi-
abatic temperature change (AT,4), as shown in Fig. 2.4.The total entropy of MM can
be divided into three contributions: the electronic entropy (S.), the lattice entropy (.5))
and the magnetic entropy (S,,), all of which are a function of temperature, at constant
pressure. In particular, the magnetic entropy also depends on the applied magnetic field.
Since the electronic and lattice entropy components depend solely on the temperature,
they remain constant when the MM is submitted to a magnetic field variation under
isothermal conditions. In contrast, the magnetic entropy component changes due to its
additional dependence on the magnetic field intensity. Therefore, the MCE is observed as
an isothermal entropy variation equivalent to the change in magnetic entropy. Alterna-
tively, the MCE manifests as an adiabatic temperature change when the magnetic entropy
varies in response to a change in the applied magnetic field. In response, the electronic
and lattice entropies change equally in magnitude but in opposite sign to the magnetic
entropy, resulting in zero net entropy change. As a result, the temperature of the MM
increases (TISHIN; SPICHKIN, 2003).

Second-order MM have their overall entropy as a continuous function of temperature;
therefore, it is possible to apply the Second Law of Thermodynamics for obtaining a
relation between their isothermal entropy change and their specific heat, as indicated
in Eq. 2.6 (PECHARSKY et al., 2001).In addition, an approximated relation for the

adiabatic temperature is indicated in Eq. 2.7.
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Figure 2.4 — Magnetocaloric effect isothermal and adiabatic expressions in a T-s diagram. Source: (TRE-
VIZOLI, 2015)
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Furthermore, the MCE is also reversible for second-order MM, indicating that the material
returns to its original state at the end of each cycle, with no entropy generated (NIELSEN
et al., 2009). Due to this reversibility, the +AT,,x T curve along the magnetization process

is different from the —AT,4 x T curve for the demagnetization process.

Finally, the magnetic hysteresis and the discontinuity in entropy as a function of tempera-
ture, exhibited by first-order MM, result in a shift of 7 under different applied magnetic
fields, as illustrated in Fig. 2.5 (PECHARSKY et al., 2001). Due to these effects, the
MCE of first-order MM is intensified on the magnetic phase transition region, being the
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isothermal entropy change significantly higher than that of second-order MM and named,
accordingly, Giant Magnetocaloric Effect (GMCE) (PECHARSKY; GSCHNEIDNER JR.,
1997).

2.3 THERMOMAGNETIC MOTORS

2.3.1 MAIN COMPONENTS

Thermomagnetic motors (TMM) consist of five main components: the magnetic field
source, the MHE, the transmission system, the pumping system, and the heat sink and

source (KISHORE; PRIYA, 2018a). These components are briefly explained.

The magnetic field source, is responsible for generating the magnetic field and establishing
a magnetic field gradient along a designed direction. For energy harvesting applications,
the field source must consist of permanent magnets. Moreover, to improve their use,
the B — H product of the permanent magnets should be close to the maximum value
characteristic of the selected grade. This is, in regions with low B — H products, soft
magnetic materials can replace permanent magnets, guiding the magnetic flux lines along

a magnetic circuit (MC).

The MC can contain as many magnetic volumes as desired.The greater the number of
air gaps, the higher the resultant magnetic force and torque. However, increasing the
magnetic volumes also implies in a larger mass of permanent magnets. Furthermore, the
MC can have various geometries (BJoRK et al., 2010), which must be carefully selected
and designed in conjunction with the MHE to enhance field intensity and ensure a proper

gradient distribution, in order to magnetize the largest mass of MM.

The transition temperature of the MM must lie between the heat sink and heat source
temperatures. For energy harvesting applications, the heat source typically consists of
low-grade waste heat, while the heat sink should be at ambient temperature. Magne-
tocaloric material alloys can have tunable transition temperatures, depending on their
stoichiometric composition. Additionally, it is important to ensure that the warm fluid
stream temperature does not exceed the maximum operating temperature of the perma-
nent magnets, especially in open TMM systems, where the fluid may be in direct contact

with the magnets.

The Magnetic Heat Exchanger (MHE) is defined here as a consolidated structure in which
the magnetocaloric material, shaped into a specific geometry, is assembled to maintain
its form and enable heat exchange with fluid streams. It can consist of a continuous solid
rod or ring of MM, or be segregated into multiple MM segments, allowing for a variety of
geometries such as parallel plates or fins, discs, rings, cylindrical shells with packed beds
or porous media, among others. The design of the MHE and MM geometries should aim

to minimize demagnetizing losses while simultaneously maximizing the heat transfer area
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and the convective heat transfer coefficient. Minimizing demagnetization directly affects
the resulting magnetic force (de JESUS et al., 2024), whereas increasing the heat transfer
area and convective coefficient influences the operational frequency of the thermomagnetic
motor (TMM).

The transmission system primarily consists of a rotating shaft and its bearing houses.
The rotating shaft is responsible for transmitting the torque and power produced by the
TMM to its final application. As well, to prevent its interaction with the magnetic field

the shaft must be made of a non-magnetic material.

The pumping system is responsible for driving the working fluid flow from the heat source
and sink towards the MHE. It may include various components, such as pumps,solenoid
valves, general-purpose valves, piping, manifolds, nozzles, and necessary instrumentation.
The geometry of the MHE, combined with a well-designed pumping system is critical to
achieving high-efficiency TMM. For energy harvesting applications, the pumping power is
the only active energy input, since the heat source provides primarily available (waste) en-
ergy. Therefore, if the energy output of the TMM significantly exceeds the input pumping

power, the system can be considered a promising solution for practical applications.

2.3.2 TYPES OF THERMOMAGNETIC MOTORS

Thermomagnetic motors can be divided into two main types: reciprocating and rotary, as

presented in Fig.2.6.

The reciprocating concept was first proposed by Tesla (1889); however, in that patent, the
heating and cooling of the thermomagnetic material were not performed by fluid streams.
In the present context, it is considered that the warming and cooling processes are driven

by forced convection, as in Fig. 2.6a.

In reciprocating devices, the magnetic force generated by the magnetic heat exchanger
(MHE) is counterbalanced by an external force, which could be elastic (CORReEA et al.,
2023; RIOS et al., 2024), gravitational (EVARISTO et al., 2022), or even another magnetic
force source (KANEKO et al., 2021). The imbalance between these forces results in linear
motion. In addition, when the MHE reaches its final equilibrium position, the fluid stream

must be shifted for the thermal cycle to progress.

For example, as shown in Fig. 2.6a, at the initial position the MHE is inside the air gap
(high field region) and the warm flow is introduced. As the MM loses its ferromagnetic
properties, the external force source moves the MHE out of the high-field region. In the
final position, cold flow is supplied to the MM, restoring its ferromagnetic properties,
until the magnetic force exceeds the applied external force, thus completing the cycle. In

this case, the warm and cold fluid streams can be alternated using valving systems.

Rotary devices, in contrast, produce rotating motion due to the force imbalance between
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Figure 2.6 — Types of thermomagnetic motors.
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two distinct segments of MM. As illustrated in Fig. 2.6b, the MM inside the air gap (high
field region) is heated by a warm fluid stream, causing it to lose its ferromagnetic prop-
erties. Meanwhile, the MM outside the air gap, which is still subjected to a residual field
and field gradient, is cooled by a cold fluid stream, restoring its ferromagnetic properties.
As the magnetic force acting on the segment inside the air gap becomes greater than that
on the segment outside, the MM segments rotate. The externally placed segment then
moves into the air gap, where it is subsequently heated. These processes are, therefore,

continuously repeated.

In addition, rotary devices can be further classified into closed or open systems. The closed
system is defined here as those in which the warm and cold streams each have their own
tubing and valving, similar to the reciprocating concept. In this case, the fluid streams

do not mix after exchanging heat with the MM. The open system is characterized by
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Figure 2.7 — Diagram of the TMM operational cycle.

_— _—
MG - M MC— -h[ﬁ MC ME— | mc

(d) (e)

continuously supplied fluid streams that are mixed after exchanging heat with the MM.

When comparing different concepts, rotary devices stand out with several advantages.
Reciprocating devices generally operate at lower frequencies and the need for alternating
flow streams at the end positions often results in discontinuous motion, further limit-
ing frequency. In contrast, well-designed rotary devices can operate continuously and at
higher frequencies. Additionally, rotary motors can be directly employed in applications
that require rotational motion, whereas reciprocating ones would require an additional
mechanism to convert linear into rotational motion, introducing mechanical losses. Fi-
nally, for open rotary TMM, the fluid flow system can be simplified, as it does not require
a complex valving system, which further reduces viscous losses. Finally, it is important to
mention that in the present Master’s Thesis, the designed and built prototype is an open
rotary TMM.

2.3.3 THE THERMOMAGNETIC MOTOR CYCLE

Fig. 2.7 illustrates the operation of a TMM. Although the following explanation is focused
on a rotary TMM, it is also applicable to reciprocating devices. As represented in Fig.
2.7a, the MM segment 1 is initially ferromagnetic. Consequently, it is attracted by the
magnetic field and remains, in equilibrium, inside the air gap. Segments 2 and 3, on the
other hand, are at a non-magnetic state and located outside the air gap, with minimum
magnetic force. However, it is important to note that segment 2 is positioned in a region

where both the applied magnetic field and the field gradient are small, but non-zero.
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To start the motor’s operation, segment 1 is heated by a warm fluid stream, while segment
2 is cooled by a cold fluid stream, as in Fig. 2.7b. As the temperature of segment 1 exceeds
the MM T it transitions to a non-magnetic state. As a result, its specific magnetization
approaches zero, significantly reducing the magnetic force, even inside the high field region
(see Eq.2.5). Conversely, segment 2, is cooled below T and becomes ferromagnetic. Thus,
its specific magnetization rises up, despite being located in a region with relatively low

magnetic field intensity.

Segments 1 and 2 are continuously heated and cooled, respectively, until the magnetic force
acting on segment 2 overcomes that on segment 1. At this point, segment 2 is attracted
toward the high field region, reaching a new equilibrium position, while simultaneously

pushing segment 1, as depicted in Fig. 2.7c.

Following, as in Fig. 2.7d, segment 2 now occupies the previous position of segment 1 and
begins to be heated by the warm stream. Meanwhile, segment 3 moves into the position
formerly held by segment 2, where it is cooled. This sequence restarts the process, which

is continuously repeated as the MM segments rotate, as illustrated in Fig. 2.7e.

Throughout the heating and cooling processes, combined with the variations in the applied
magnetic field, the MM undergoes a thermodynamic cycle, which can be described by
either the Brayton or the Ericsson thermodynamic cycles. The main difference between
these cycles is related to how the applied magnetic field is varied: the process is adiabatic
for Brayton cycle and isothermal for Ericsson cycle. Thus, if magnetocaloric materials
are used in the TMM, the magnetocaloric effect manifests as an adiabatic temperature
change in the Brayton cycle, or as an isothermal entropy change in the Ericsson cycle
(BESSA et al., 2018). Additionally, when comparing these cycles, there is a difference in
the specific work output, with that of the Ericsson cycle being greater than that of the
Brayton cycle. This difference tends to increase as the temperature difference between the
heat source and sink decreases (de JESUS et al., 2024).

The Brayton cycle consists of four processes, described as follows. Fig. 2.8 schematically
presents the 7' — s diagram. Notice that at the initial condition, point 1, the MM is at a
temperature higher than 77 and positioned outside the magnetic air gap; however, it still

subjected to a residual field strength and field gradient.

e Process 1-2 (a): a cold stream cools the MM until its temperature gets lower than
Tr and it becomes ferromagnetic. During this process, MM remains still outside the

air gap, as segment 2 in Fig. 2.7b;

e Process 2-3 (b): the MM is attracted by the magnetic field moving along the mag-
netic field density gradient, until it finds a new equilibrium position inside the air
gap, as segment 2 in Fig. 2.7c. Due to MCE, the MM undergoes a positive adiabatic

temperature variation as a result of the field change;
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Figure 2.8 — Brayton cycle T — s diagram for a TMM. Adapted from (de JESUS et al., 2024)
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e Process 3-4 (c): a warm stream heats the MM until its temperature overcomes T
and it returns to the non-magnetic phase. Throughout this process, the MM remains

still inside the air gap, as segment 1 in Fig. 2.7b;

e Process 4-1 (d): the MM is removed from the magnetic volume presenting little
resistance, as segment 1 in Fig. 2.7c. Due to MCE, the MM undergoes a negative

adiabatic temperature variation as a result of the field change;
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3 STATE OF THE ART

3.1 ENERGY HARVESTERS

Low-grade heat waste, with temperatures below 100°C, is widely available across a broad
range of industrial processes, accounting for 66% of all discarded heat into the environ-
ment. Much of this thermal energy is transported by exhaust gases from heating sys-
tems, such as burners, furnaces, dryers and heat exchangers (HUR et al., 2023; INTER-
NATIONAL ENERGY AGENCY, 2021). Although its low temperature presents several
challenges for recovery using conventional energy conversion cycles, it can still be con-
verted into usable energy through the use of energy harvesting technologies, which are

also notable for not producing any harmful discharges

Some alternative energy conversion cycles, such as the organic Rankine (HUNG et al.,
1997) and the Kalina cycles (KALINA, 1983), can also be employed for low-grade waste
recovery. The organic Rankine cycle works based on the use of organic fluids with boiling
temperatures lower than that of water. Even though this system comprises a simple and
reliable structure, it is still a challenge to find suitable fluids for proper operation. The
Kalina cycle relies on the use of two fluids with different boiling points. However, although
it can reach efficiencies close to the conventional Rankine cycle, it comprises a large
and complicated plant, featuring costly components, and its patent ownership is still

concentrated among a limited number of companies.

In this context, solid-state energy harvesters offer an attractive alternative for low-grade
waste heat recovery. These devices are compact and operate without relying on large
plants or machinery, usually requiring only a simple pumping system and no additional

electricity. Therefore, they show promise for installation and operation in remote locations.

Among the main solid-state energy harvesters technologies are thermoelectric, pyroelec-

tric, thermoelastic, thermogalvanic and thermomagnetic devices.

Studies on thermoelectric devices have increased since the discovery of the BisTes alloy
in 1950, and they remain the only energy harvester currently in the market (HUR et al.,
2023; KISHORE; PRIYA, 2018b). Thermoelectric modules operate based on the Seebeck
effect, in which a temperature difference between a P-type and a N-type semiconductors,
electrically connected in series, generates a electromotive force. When these semiconduc-
tors are connected to an external electric circuit, the electromotive force drives an electric
current. Thermoelectric generators typically consist of multiple modules interconnected
by metallic conductors, with maximum efficiency around 8% and power outputs typically
below 10 W when operating as energy harvesters (ZEBARJADI et al., 2012; HAO et al.,
2016).
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Pyroelectric energy harvesters use naturally polarized dielectric materials that exhibit
the pyroelectric effect. In this case, a change in temperature induces a variation in their
spontaneous polarization. Accordingly, an increase in temperature leads to a reduction in
polarization, whereas the opposite results on its enhancement. Pyromagnetic generators
fundamentally consist of a dielectric material positioned between two electrodes connected
to an external electric circuit. When the material’s polarization changes due to tempera-
ture variation, an electric current is generated in the circuit to redistribute the charges on
the electrodes and restore electrostatic equilibrium. Therefore, an alternating current can
be produced by cyclically varying the material’s temperature (LHERITIER et al., 2022;
CHOI et al., 2023). Pyroelectric devices can operate at frequencies up to 1 Hz, limited
by the heat transfer capacity of the dielectric material. They exhibit the higher produced
power densities among the energy harvesters and are capable of charging wireless sen-
sors, medical diagnostic devices, and microelectronics. However, its operation still faces
the challenge of requiring a time-dependent temperature variation. Additionally, these
devices can be associated to other energy conversion mechanisms, such as piezoelectric
devices and wind generators (ZHANG et al., 2020).

The thermoelastic effect, present in some shape-memory alloys, causes the material to
contract and transform into the austenite phase when heated above a certain transition
temperature, and to expand back into the martensite phase when cooled below this tem-
perature under external compression. Once fully transformed into the martensite phase,
the material retains its deformation even after the compressive load is removed. There-
fore, thermoelastic generators operate by cooling a shape memory alloy under compressive
load until it fully transforms into the martensite phase, and then heating it to revert back
to the austenite phase. This releases the applied load. Since the deformation during the
heating stage is greater than during cooling, a net positive power output is produced. The
values reported are around 1 W (AVIROVIK et al., 2014).

Thermogalvanic energy harvesters are devices that convert thermal energy into electrical
energy through redox reactions driven by a temperature gradient. Thermogalvanic cells
consist of an electrolyte layer positioned between two electrodes connected by an external
electrical circuit. The system operates by applying a spatial temperature gradient across
the electrolyte, establishing an electrochemical potential between the electrodes, which

in turn drives redox reactions and generates voltage. This results in an electrical current
flow through the external circuit (DUPONT et al., 2017; DUAN et al., 2018).

Finally, thermomagnetic energy harvesters can be classified into generators and motors,
where the former directly convert thermal energy into electrical energy, while the lat-
ter convert it into mechanical energy. These devices operate based on the temperature
dependence of the magnetic properties exhibited by soft-ferromagnetic materials, near

their transition temperature. In thermomagnetic generators, the main components typi-
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cally include a magnetic field source, which can be either a permanent magnet MC or an
electromagnet, and a segment of MM enclosed in a coil connected to an external electric
circuit. Heating the MM above its transition temperature (77) reduces the induced mag-
netic flux, while cooling it below T7 increases the magnetic flux. Therefore, alternating the
material’s temperature around 7T causes variations in magnetic flux intensity, inducing
an alternating current in the coil and, consequently, in the external circuit (CHRISTI-
AANSE; BRUCK, 2014; WASKE et al., 2019; JIANG et al., 2022; BAHL et al., 2024).
Additionally, it is possible to improve these generators efficiency by cycling the applied
magnetic field along with the material’s temperature variation (SOLOMON, 1988). As
for thermomagnetic motors (TMM), the magnetic force responsible for driving motion
is directly proportional to the MM total mass, the applied magnetic field gradient, and
the MM’s specific magnetization. The latter depends on the MM’s temperature and the
resulting magnetic field. Thus, by alternately supplying and removing heat from the MM,
shifting its magnetic ordering, it is possible to generate motion and mechanical power.
Thermomagnetic motors usually have lower efficiencies compared to thermomagnetic gen-
erators. However, they offer greater versatility, as they can be used directly as actuators,

providing either linear or rotary motion, or coupled to generators to produce electricity.

3.2 THERMOMAGNETIC MOTOR PROTOTYPES

In the context of rotary TMM prototypes, the first experimental work was published by
Murakami e Nemoto (1972). The prototype is a rotor-stator assembly, in which the rotor
consists of an acrylic disc with MM plates attached to its outer surface by brass pins, and
the magnetic field is produced in the stator by an electromagnet. Although the employed
MM is not specified, it is mentioned that its 77 is 50°C and, therefore, it is ferromagnetic
at ambient temperature. The heating process is performed as the plates dip into a hot
reservoir, while the cooling process is due to its exposure to the ambient temperature.In
accordance with the results, the authors listed some suggestions for enhancing TMM
efficiency such as: designing MC with higher magnetic field intensities, and using MM with
higher magnetic flux density saturation, greater thermal conductivity and lower specific

heat capacity. Neither rotational speed, torque, nor power measurements are reported.

Takahashi et al. (2006) developed a rotary TMM with three equally spaced C-shaped
magnetic circuits, positioned around the exterior of a cylindrical MM shell rotor. The MM
used is the FesyNizgCrig alloy, with T around 100°C. The system achieved a maximum
net power of 3.7 W at a rotational speed of 24 RPM, and a maximum torque of 1.8 N-m
at 18 RPM, when operating with the thermal reservoirs at 95°C (warm) and 11°C (cold),
and a volumetric flow rate of 1 L/s (equivalent to 20 LPM per nozzle). The authors also
characterized losses due to hydrodynamics and electromagnetic breaking, and discussed

how to mitigate these losses.
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Mehmood et al. (2021) proposed a TMM that consists of two diametrically opposed
C-shaped magnetic circuits, and a rotor comprising a non-magnetic disc with sixteen
Gd blocks attached to its outer surface. The magnetic field produced by the MC has a
maximum intensity of 0.4 T. The motor developed a maximum rotational speed of 242
RPM and a maximum torque of 0.05 N-m, with the thermal reservoirs at 327 K (warm)
and 294 K (cold). Based on their results, the authors concluded that for enhancing the
motor performance, it is necessary to increase the number of magnetic volumes and to
select a MM geometry that enhances heat transfer.In a subsequent work, Kim et al. (2022)
adapted this TMM using a single C-shaped MC and integrating five rotors mounted on
a shared shaft. The assembly was connected in series with an electromagnetic generator
and a triboelectric nanogenerator, enabling simultaneous energy harvesting. A 3:1 bevel
gear mechanism was employed to increase the rotational speed to 270 RPM, resulting in

a maximum output power of 1.1 W.

In regards to linear prototypes, Kaneko et al. (2021) designed and tested a purely magnetic
TMM. The prototype consists of a double-C-shaped magnetic circuit, generating two
magnetic regions with a peak magnetic field intensity of 0.89 T. Two magnetic heat
exchangers, each filled with gadolinium spheres, are positioned within these regions, one
in each magnetic volume. The motor works based on the imbalance between the magnetic
forces acting on the heat exchangers. The authors reported a maximum frequency of 0.5

Hz and a peak produced power of 0.4 W.

Rios et al. (2024) proposed a linear TMM that utilizes a spring restoring mechanism.
Thus, this motor operates through the interaction between magnetic and elastic forces.
The designed prototype comprises a nested Halbach cylinder, which produces a maximum
field strength of 1.35 T. The magnetic heat exchanger (MHE) is filled with gadolinium
spheres, in a packed bed with a total mass of 54.5 g. Those authors reported a peak power
output of 4.2 W at an operational frequency of 1.25 Hz.

Finally, some works have proposed simulation-based approaches for designing TMM, fol-
lowed by prototype construction to validate their methodologies. Franzitta et al. (2013)
modeled and built a rotor-stator TMM. The rotor consists of an array of tubes filled with
gadolinium powder, and the stator of a single-pole DC machine stator, which produces
a 0.9 T magnetic field. The authors found a good agreement by comparing the simula-
tion results with the experimental data and reported a maximum rotational speed of 78.3
RPM and a 1.3 N-m stand-still torque.

Kishore et al. (2020) proposed a proof-of-concept prototype consisting of two gadolin-
ium stripes attached to opposites sides of a shaft connected to a Peltier cooler. Two sets
of permanent magnets, each comprising a flexible heater sandwiched between two per-
manent magnet blocks, produces two magnetic volumes. The device operates based on

thermomagnetic mass oscillation, driven by the interaction of opposing magnetic forces.
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Table 3.1 — TMM motor prototypes main maximum measured performance results

Author Type Speed Torque Produced Power
Takahashi et al. (2006) Rotary N.A N.A 3.7TW
Franzitta et al. (2013) Rotary 78.3 RPM 1.3 N'm N.A

Kishore et al. (2020) Linear 0.33 Hz N.A 0.2 W/kg
Mehmood et al. (2021) Rotary 242 RPM 0.05 N-m 1.05 W
Kaneko et al. (2021) Rotary 0.5 Hz N.A 04 W
Rios et al. (2024) Linear 1.25 Hz N.A. 42 W

The prototype exhibited an oscillation frequency of 0.33 Hz, and a power density of 0.2

W /kg of gadolinium was estimated from the force-displacement curve.

Table 3.1 summarizes the main performance results from each prototype. The acronym
N.A. stands for non-applicable). From these results, it is evident that the current state-
of-the-art prototypes are not able to attain high torques and rotational speeds. Moreover,
many of these systems fail to sustain continuous motion, operating instead in intermittent
cycles and at low frequencies. These limitations can be attributed to improper magnetic
field source design associated with inadequate fluid flow and heat transfer properties,

which are critical to enhance TMM performance metrics.

3.3 THERMOMAGNETIC MOTOR PATENTS

Since the late 19th century, more than forty patents on thermomagnetic motors have
been filed from all over the world. The first patent was proposed by Nikola Tesla, in 1889
(TESLA, 1889). It describes a linear TMM, consisting of an MM segment, a permanent
magnet or an electromagnet for generating the magnetic field, a heat source and a restoring
force mechanism, such as the gravitational force or the elastic force of a spring, acting on
the opposite direction to the magnetic force. The MM employed by Tesla is ferromagnetic
at ambient temperature, being attracted to the high magnetic field region, which coincides
with the heat source position. The MM is then heated up to its non-magnetic condition

and is moved back to its initial position by the restoring force.

The first patent of a rotary TMM dates back to 1922 and it was filed by Schwartz (1922).
The motor consists of a non-magnetic ring-shaped rotor filled with several MM segments
that are ferromagnetic at ambient temperature. The magnetic field is generated by pairs
of electromagnets, in which one is placed inside the ring and the other outside. Also, a
hot blow is forced through the high magnetic field region between the electromagnets to

drive the MM segments to their non-magnetic state.

Besides the two patents described above, only thirteen others were published in the 19th
and 20th centuries. On the 21st century, the studies on TMM have been encouraged
by the development of new technologies, such as high-BH energy permanent magnets

(SAGAWA et al., 1984), magnetocaloric materials with first-order phase transition around
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room temperature (GSCHNEIDNER; PECHARSKY, 2000) and magnetic circuits with
high magnetic field intensity (HALBACH, 1980; BJoRK et al., 2010). As a result, twenty-

nine new patents were filed.

These patents can be categorized according to the TMM designs: reciprocating, which
has received less attention with only six patents, or rotary. In regards to rotary devices,
fifteen have a disc-shaped rotor, with a few different concepts. Some have rotors consisting
of discs entirely made of MM, while others describe a rotor made of a non-magnetic disc
with round MM tablets on its upper surface. There are also designs with rotors that have
MM segments assembled to the external surface of a non-magnetic disc through rods, as
well as proposals with a MM layer attached to the external surface. Finally, some rotors
are quite similar to the one in this work, consisting of several thin MM plates radially
coupled to the upper surface of a non-magnetic disc. However, these inventions differ when

comparing the MC designs and the heat transfer mechanisms.

The remaining rotary TMM patents feature MM rotors shaped as cylinders or rings.
Furthermore, some patents claim TMM designs with a rotor-stator structure, while others
describe rotary TMM coupled to electric generators. Another concept presents TMM
consisting of MM segments attached to a transmission belt. Finally, the concept of scaling
TMM by coupling more than one set of MC and MM rotor to the same rotating shaft is

introduced.

Apart from the rotor and transmission system, the different concepts also differ in relation
to the heat transfer mechanism and the magnetic field source. Among the reported heat
transfer mechanisms are: (i) MM cooling by exposure to ambient temperature, (ii) MM
heating or cooling by immersion in a tank with conditioned fluid, and (iii) forced fluid
flow through the MM.

Regarding the magnetic field source, some inventions employ a single electromagnet or
permanent magnet, while others use pairs or sets of permanent magnets. Finally, some
patents describe magnetic circuits with geometries such as horseshoe, rectangular, cylin-
drical Halbach arrangement, and linear Halbach arrangement. Some of the filed patents
did not describe either the heat transfer mechanism or the magnetic field generation struc-
ture employed. Table 3.2 summarizes these characteristics and associates them with the

respective patents detailed within.

The prototype proposed in this work features a disc-shaped rotor with several thin MM
plates mounted on its lower surface, combined with a permanent magnet MC arranged in
a double-L. Halbach configuration. This design creates four magnetic volumes with high
magnetic field intensity. Regarding the heat transfer mechanism, the developed TMM
employs forced warm and cold fluid streams directed into specific regions of the rotor.
These combined features result in a prototype that is distinct from all those presented in
Tab. 3.2.



Table 3.2 — Categorization of TMM Patents by Design, Heat Transfer Mechanism, and Magnetic Field Source

TMM Type Rotor / System Design Examples / Patents Heat Transfer Mechanism Magnetic Field Source
Reciprocating - Tesla (1889); Grigorij (1996); Robinson - -
(2011); Coelho (2019); Fernandezi (2019);
Kaneko (2019)
Discs entirely made of MM Katayama (1984); Vollers (1988); Jgr- MM cooling by ambient expo- Single electromagnet: Kalisky (2006); Gee
gensen (1994); Hongbin (2001); Li (2008); sure: Tesla (1889); Schwartz (1922); (2019). Permanent magnet: Tesla (1889);
Kuo (2015) Norton (1928); Kemenczky (1976); Norton (1928); Kemenczky (1976); Jor-
Yoshida (1978); Jgrgensen (1994); gensen (1994); Hongbin (2001); Kalisky
Grigorij (1996); Hongbin (2001); (2006); Murata (2009a). Sets of permanent
Rotary Guohua (2004); Hazelwood (2012); magnets: Vladislav (1993); Grigorij (1995),

Rotor of non-magnetic disc Cernomazu (2008)

with MM tablets

MM segments on external Vladislav (1993); Hazelwood (2012)

surface

Tanaka (2013)

Immersion in conditioned fluid:
Vollers (1988); Grigorij (1996);
Nishikawa (1997); Tanaka (2013),
Tanaka (2014a), Tanaka (2014b)

Forced fluid flow through MM:
Schwartz (1922); Merkl (1969); Pirc
(1973); Yoshida (1978);
(2001); Guohua (2004); Robinson
(2011); Morimoto (2013); Tanaka
(2014b); Gee (2019); Coelho (2012),
Coelho (2019); Kaneko (2019)

Hongbin

Grigorij (1996); Guohua (2004); Cer-
nomazu (2008); Murata (2009b); Robinson
(2011); Morimoto (2013); Tanaka (2013),
Tanaka (2014a), Tanaka (2014b); Fernan-
dezi (2019). Magnetic circuits: horseshoe
(Pirc (1973); Yoshida (1978); Katayama
(1984); Vollers (1988); Fuerthaller (1993);
Stepanovich (2001); Masahiro (2002);
Hazelwood (2012)) rectangular (Nishikawa
(1997); Tanaka (2014b)), cylindrical Hal-
bach (Coelho (2019)), linear Halbach
(Kaneko (2019))
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TMM Type Rotor / System Design Examples / Patents Heat Transfer Mechanism Magnetic Field Source

MM layer on external sur- Fuerthaller (1993); Guohua (2004) - -

face
Thin MM plates radially Yoshida (1978); Grigorij (1995) - -
coupled
Cylindrical or ring-shaped Norton (1928); Voznesenskij (1947); — -
rotors Kemenczky (1976); Nishikawa (1997);

Masahiro (2009); Murata (2009b)
Rotor-stator structure Merkl (1969); Pirc (1973); Coelho (2012) — -
Rotary coupled to electric Morimoto (2013); Gee (2019) - -
generators
MM segments on transmis- Murata (2009a); Tanaka (2013) - -
sion belt

Scaling by coupling multiple Tanaka (2014a), Tanaka (2014b) - -
MC and MM rotors
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4 MATERIALS AND METHODS

This chapter presents the experimental setup of the rotary thermomagnetic motor, detail-
ing its design, construction, and performance characterization. The primary requirements

for the experimental apparatus are as follows:

(i) Easy adjustment of the experimental operating parameters, such as the hot and
cold reservoir temperatures, as well as the warm and cold volumetric flow rates, in

order to achieve a wide range of experimental conditions.

(ii) Detailed measurement of operating parameters, such as the inlet temperatures, flow
rates, and pressures of the warm and cold fluid streams; and output metrics, includ-
ing torque and rotational speed, to ensure a comprehensive and reliable evaluation

of the motor’s performance.

(iii) A compact and robust overall structure, designed to maximize torque and power

output while minimizing the use of permanent magnets and magnetic materials.

4.1 KEY DESIGN ELEMENTS IN TMM DEVELOPMENT

The key performance parameters of a TMM are the generated force or torque, and opera-
tional frequency, both of which directly influence the produced power. Thus, maximizing
their values are desirable. In turn, achieving high torque and frequency has some con-

trasting relationships, which require critical consideration during the design process.

As described in Eq. 2.5, the magnetic force is strongly influenced by the MC parameters,
including the generated magnetic field intensity, the magnitude and distribution of the
magnetic flux density gradient, and the volume of the air gap. The latter directly affects
the H,p intensity.

First, a high magnetic field gradient is crucial for maximizing F,,,,. Additionally, VB
must be designed to favor the rotor motion, with the ideal scenario being a continuous
gradient along the designed direction (SILVA; TREVIZOLI, 2023). Second, a strong H,y
is necessary for increasing F,,4, as it results in a higher (7, H,.s). This can be achieved
through the use of high BH energy permanent magnets, careful selection of soft ferro-

magnetic materials, and precise design of the MC geometry.

The MC design must also account for the geometric features of the magnetic heat ex-
changer (MHE), where the MM is placed to exchange heat with the fluid streams. The
MHE should be able to move freely within the air gap, without obstruction or friction.

However, increasing the air gap can significantly decrease the H,,;, creating a trade-off be-
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tween the air gap height and field strength that must be carefully balanced. Furthermore,
the MHE’s geometry must be designed to minimize demagnetization losses by reducing
the demagnetization factor Np, ensuring that H,., remains close to H,,, as expressed in
Eqgs. 2.4 and 2.3.

Both the TMM operational frequency and continuous motion depend directly on the
effectiveness of the heat transfer between the MM segments and the warm and cold fluid
streams. Therefore, the MM geometry should be designed to maximize the surface area
and enhance the convective heat transfer coefficient. However, some constraints leads to a
necessary compromise in the design. First, the MHE dimensions must remain compatible
with the air gap volume, restricting the increase in the heat transfer area. Second, the
increase in flow velocities to improve the heat transfer coefficient could result in larger

viscous losses and pumping requirements.

Lastly, there is also a trade-off associated with the MM mass. Although increasing the
MM mass increases [,,q, it simultaneously raises its thermal mass, leading to longer
heating and cooling periods necessary to guarantee the magnetic phase shifting around

Tr. Therefore, the operational frequency is reduced.

The prototype presented in this Master’s Thesis was designed based on this preliminary
analysis. Even so, it should be noted that, due to limitations in material availability, the

designed geometry and mass were not optimized.

4.2 EXPERIMENTAL APPARATUS DESCRIPTION

The thermomagnetic motor (TMM) experimental apparatus is a laboratory-scale setup
(TRL4!), mainly composed of a MC, which generates the magnetic field volume, a mag-
netocaloric material (MM) rotor, and a transmission system that delivers the produced

torque and power to a given application.

The magnetic circuit (MC) is stationary and generates its magnetic field using high-BH
energy permanent magnets. Its design, which will be detailed in Section 4.3, was developed
to achieve an intense magnetic field and magnetic flux density gradient, both distributed
to promote rotor motion. The proposed MM rotor consists of a non-magnetic material disc
with radially arranged MM fins attached to its lower surface. Channels for the working
fluid flow are formed between adjacent fins. Furthermore, the designed rotating shaft
is bipartite and includes features such as rebounds and recesses to maintain concentric
alignment with the assembled rotor, ensuring the torque and power transmission. Both
designs, along with their production and assembly process, will be detailed in section 4.5.
All of those main components, depicted in Fig. 4.1, are mounted on a versatile rack made

of extruded aluminum profiles, which enables the adjustment of their positions.

1 TRL4 corresponds to the fourth level of NASA’s Technology Readiness Level (TRL) scale, which
ranges from level 1 to 9, and indicates validation of the apparatus in a laboratory environment
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Figure 4.1 — Rotary TMM prototype main components.
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To enable the motor’s operation and performance evaluation, the experimental apparatus
includes a system for measuring the motor’s angular speed and generated torque. Lastly,
to supply the warm and cold fluid flow streams, there is a fluid treatment station that
conditions and directs the fluid streams to specific regions of the rotor. This station is
equipped with all the necessary instrumentation to monitor key operating parameters,

including the temperature, pressure, and volumetric flow rate of the fluid streams.

4.3 MAGNETIC CIRCUIT

Some design requirements were considered in the development of the MC:

(i) To generate a 1.0 T magnetic field uniformly distributed within the magnetic vol-
ume, along with a field gradient directed from the magnetic volume center toward

the front and back faces of the main permanent magnets.
(ii) Use of commercially available permanent magnet blocks.

(iii) Easy assembly of the rotor and shaft, along with convenient access for maintenance
of the fins.

(iv) Ease in-house production using only conventional machining operations.

The MC design procedure was initiated by the investigation of several geometries that
satisfied the requirements (i) and (iii). The selected configuration features a double-L
shaped geometry, composed of 120.0 mm and 80.0 mm segments, where each L-shaped

assembly is independent and generates two magnetic field volumes. This geometry enables
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Figure 4.2 — The designed magnetic circuit.
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the TMM to operate in either a two or four magnetic field volumes configuration. Accord-
ingly, the four magnetic field volumes configuration maximizes both produced torque and
power, thereby meeting requirement (i). The asymmetry of the L-shaped structure enables
the gadolinium fins to enter all four magnetic volumes parallel to their respective main
permanent magnet block, producing equal magnetic forces on each volume and, therefore,

achieving the desired continuous rotary motion.

High BH energy and commercially available NdFeB permanent magnets, disposed in
a Halbach arrangement along with soft ferromagnetic material parts, were employed to
ensure the expected magnetic field intensity. The main permanent magnet blocks are
responsible for generating the magnetic field. Smaller magnets, also known as side con-
centrators, have their remanence flux perpendicular to the main magnets, and are used
to minimize the magnetic flux lines leakage and promote a more uniform magnetic flux
density distribution. The soft ferromagnetic material parts are used to guide the magnetic
flux lines along the MC, strengthening the generated magnetic field. Finally, a 12.0 mm air
gap was designed, exceeding the rotor’s total thickness to allow unrestricted motion with-
out significantly compromising the magnetic field intensity. This design also ensures that

all the MC parts can be produced in-house using only conventional machining operations.

To facilitate the rotor and shaft structure assembly, two guideway slider blocks were placed
under both L-shaped sets and coupled to linear guide rails. This system allows the two
sets to slide apart from each other, leaving enough room for handling. When the assembly

is completed, screws hold the sets at their positions.

Figure 4.2 illustrates the designed MC. The parts in red are the soft magnetic material,
used to guide the magnetic flux lines along the MC. The ones in dark grey are aluminum
parts, which only have structural functions. The silver regions are the NdFeB magnet

blocks, and the arrows indicate their remanence flux densities orientations.

In addition to the geometric configuration investigation, numerical simulations were also

performed to select: (i) the permanent magnets grades; (ii) the soft ferromagnetic material
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used; (iii) the soft ferromagnetic segments thicknesses. The latter requires an in-depth
investigation because ferromagnetic materials exhibit a strong dependence of their relative
magnetic permeability on the magnetic flux density. As the flux density increases, the
relative permeability decreases, approaching 1 (the relative permeability of air). When
this occurs, the ferromagnetic material no longer effectively guides the magnetic flux
lines, leading to a reduction in the generated field strength. Since the magnetic flux
density is influenced by the cross-sectional area, there is a minimum thickness required to
maintain the high relative permeability of the ferromagnetic material without significantly
increasing the overall volume and mass of the magnetic circuit. In this context, several

steel options were considered, including ABNT 1008, 1010, 1018, 1020, and 1030.

The properties and dimensions of the selected permanent magnets, are presented in
Tab. 4.1 (BAKKER MAGNETS, 2024). Regarding the soft ferromagnetic material, sim-
ulations showed minimal variation in the generated magnetic field among the evaluated
steel options. Therefore, due to local availability, the ABNT 1020 steel was selected for
the L-shaped assemblies. Additionally, a thickness of 23.0 mm was selected for the steel

parts, without compromising the generated field strength and the total mass/volume of
the MC.

After the final assembly of the MC some deviations from the designed dimensions were
observed; however, none exceeded the established tolerances, including the 1.5 mm toler-
ance for the air gap. The smallest measured gap was approximately 10.5 mm, which did
not compromise the rotor’s motion. Photographs of the assembled magnetic circuit are

presented in Figure 4.3.

Table 4.1 — NdFeB permanent magnets dimensions and properties.

Type Dimensions (mm) Grade Remanence (T)
Main 40 x 40 x 30 N42 1,29 ~1,33
Concentrator 40 x 20 x 10 N42 1,29 ~1,33

Figure 4.3 — Magnetic circuit built according to the dimensions obtained from the proposed design
procedure: (a) complete magnetic circuit; (b) L-shaped assembly.
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4.3.1 NUMERICAL SIMULATIONS

The magnetic circuit simulations were conducted using COMSOL Multiphysics, AC/DC
module, and Magnetic Fields No Currents formulation (v.6.2, licence Number 2106003).
Due to the geometry of the designed MC and its coupling with the MM fins, as shown in
Fig. 4.4, only three-dimensional simulations provided physically consistent results. Since
the electric currents are negligible, the magnetic scalar potential, V,,, (Eq. 4.1) and the
constitutive relation for permanent magnets (Eq. 4.2) can be combined and substituted

into Gauss law for magnetism, leading to the magnetostatic formulation used (Eq. 4.3)
(COMSOL Multiphysics ®), 2024):

H=-VV, (4.1)
B = ,uo,urﬁ + B, (4.2)

The simulations computed the magnetic flux density and its gradient. The simulated
geometry also included the gadolinium fins volumes filled with air, as depicted in Figure
4.4, which permitted the evaluation of an average field in the plate volume. The input
parameters were the permanent magnets remanent flux densities (see Table 4.1) and their
orientations, the relative permeability, set tas 1.05 (BJoRK et al., 2010), and the soft
magnetic materials relative permeabilities, considering its dependence on the magnetic
flux density. The boundary conditions were set using a block of 300.0 mm x 300.0 mm

filled with air surrounding the MC volume.

The simulations were performed using a mesh of about 250887 tetrahedral elements, with
an average element quality of 0.8296. The convergence tolerance of 3.7 x 107, It is also
important to note that the design was verified for self-demagnetization and no issues were

observed.

The magnetic flux density distribution and its gradient were evaluated along a series of
concentric circles plotted on a cross-sectional plane at the center of the air gap (plane
x —y at z = 0). The first circle has a radius of 30.0 mm, and the subsequent circles are
spaced in 5.0 mm intervals, up to the final radius of 90.0 mm. This is, starting from the
edge of the inner concentrator to the edge of the outer concentrator, as illustrated by the
blue circles in Fig. 4.5. These results are further used to validate the magnetic circuit

design through comparisons with experimental measurements of the same variables.
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Figure 4.4 — MC with gadolinium fins volumes for the magnetic flux density evaluation.

In addition, the plate volume-average magnetic flux density distribution and its gradient
were also evaluated. Beyond the MC design, these results served as a reference for defining
the heating and cooling regions of the MM rotor, which will be explained in Sec. 4.8.

Figure 4.5 — Schematic illustration of the magnetic flux density measurement domains: the orange dots
represent the experimental measurement points, the blue circles indicate the radial locations where the

magnetic flux density was numerically evaluated, and the dashed circle indicates the radial location where
the peak magnetic flux density is observed.
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4.3.2 PRODUCTION AND ASSEMBLY

The magnetic circuit was produced and assembled in-house at the Laboratorio de Usi-
nagem e Automacao and the Laboratorio de Sistemas Térmicos Emergentes (StreamLab),
both part of the Universidade Federal de Minas Gerais.
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The quality of the magnetic circuit production, particularly the adherence to the designed
dimensional tolerances, is closely tied to the precision of the final assembly and, conse-
quently, to the accurate reproduction of the intended magnetic field. The production and

assembly processes are described in Appendix A.

4.3.3 EXPERIMENTAL CHARACTERIZATION

The experimental apparatus in Fig. 4.6 was assembled to characterize the magnetic flux
density (B) distribution along the MC angular and radial directions and, therefore, val-
idate the design procedure. A Gaussmeter (GlobalMag, model LMP — HALL - 20k) and

a T1 Hall probe were used for the magnetic flux density measurements.

The apparatus features a rotating shaft, connected to an incremental encoder (IFM, model
RVP510), and a mechanism coupled to the Hall probe to enable its displacement in
the radial direction. This mechanism, as detailed in Figs. 4.6¢ and 4.6d, consists of an
aluminum tube with twelve openings, in steps of 5.0 mm, for fitting a peg that holds the
probe still. The shaft was placed at the center with the Hall probe at the center of the

air gap.

The measurement procedure involved sweeping the magnetic volume in intervals of 5.0 mm
along the radial direction, covering a length of 60.0 mm, and in 5.0° intervals in the angular
direction. Fig. 4.5 illustrates the measurement domains, with the orange dots representing
the measurement points at two angular positions, and the dashed circle indicating the
radial location where the peak magnetic flux density is observed. This procedure was
repeated twice: first to measure the z-component (B,) and then to measure the 6-By,
hence, B is calculated by Eq. 4.4:

B = /B2 + B2 (4.4)

The uncertainties related to the magnetic flux density measurements were calculated by
Eq. 4.5, in accordance with Holman (1993), in which up, and up, are the combination of

type A and type B uncertainties of the measurements, as described in Eq. 4.6.

[N , (0B 9B 0B
“B_\/ (8Bz) UBZ+(any) ‘b "% 55, 3B, Mo e (1Y)

up, = \/up, , +up, (4.6)

The type A uncertainty is calculated by Eq. 4.7, where S is the sample standard deviation

and n is the sample size.



Chapter 4. MATERIALS AND METHODS 95

S
upg, , = —F=
B; a \/ﬁ

Five sample measurements were used. The type B uncertainty is provided by the gaussme-

(4.7)

ter calibration certificate: 2% of the measured value and 2% full scale (2.0 T). Assuming
a normal distribution, with a 95% confidence level and infinite degrees of freedom, the

expanded uncertainty is calculated by Eq. 4.8.

UBZQ'UB (48)

Figure 4.6 — Experimental apparatus for the magnetic circuit characterization: (a) complete apparatus;
(b) mechanism developed to enable the probe displacement in the radial direction; (¢) Measurement of
the B, component; (d) Measurement of the B, component.
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44 WORKING MATERIALS

The rotor fins are made of Gadolinium (Gd), which is a magnetocaloric material with a
second-order magnetic phase transition around 293K (DAN'KOV et al., 1998). Although
its Tr is not the most suitable for waste heat recover applications, as it requires cooling
the cold fluid below ambient temperature, gadolinium was selected due to: (i) its current
availability in the laboratory in different shapes such as plates and spheres; (ii) its mag-
netic and thermophysical properties are well known, which facilitates the analysis of the
experimental data and; (iii) because it is a benchmark material for TMM applications
near room temperature (KISHORE; PRIYA, 2018a; HUR et al., 2023).



Chapter 4. MATERIALS AND METHODS 56

Figure 4.7 — Gd fins dimensions.

The Gd used was purchased from the company Huhhot Rongxin New Metal Smelting Co.,
(CHN), which reported a minimum purity of 99.9%. The fins have a thin plate shape,
with the dimensions of 27.0 mm x 7.0 mm x 0.9 mm, as depicted in Fig. 4.7. Each fin
weighs on average 1.22 g. Thus, since the rotor final structure features 100 plates, the

total mass of MM is approximately 0.122 kg.

The working fluid is a mixture of distilled water with 10%vol of monoethylene glycol, and
5%vol of ME1. The monoethylene glycol functions as an antifreeze, while the ME1 serves

as an anticorrosion fluid, as recommended by Doring et al. (2024).

4.5 ROTOR AND TRANSMISSION SYSTEM

4.5.1 ROTOR DESIGN

The rotor of the TMM prototype was designed follwing some requirements as listed below:

(i) The rotor structure must be composed of a non-magnetic material that offers suffi-

cient strength and machinability;

(ii) The rotor structure has to accommodate 100 Gd fins, creating a converging channel
between them. These channels must remain unobstructed to ensure proper fluid

flow;

(iii) The heat transfer area must be maximized. Since the fins are bonded to the rotor

structure, it is important to minimize the area allocated for the adhesive;

(iv) The final thickness of the rotor, including the fins, must be smaller than the air gap
height. Thus, it is important to account for dimensional tolerances associated with

the manufacturing process.

(v) During the prototype operation, the working fluid in contact with the fins must have
an unobstructed path to exit the rotor region, flowing downward into the collecting

container;



Chapter 4. MATERIALS AND METHODS o7

Figure 4.8 — Finned rotor design: (a) cross-section view; (b) perspective view.
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(vi) Easy assembling and positioning, ensuring proper alignment of the shaft with the

rotor surfaces, thereby, maintaining their concentricity.

The designed rotor consists of a polycarbonate disc with 158.0 mm diameter and 3.0
mm thickness. A total of 100 Gd fins are radially arranged on its lower surface, forming
channels between them through which the working fluid flows and exchanges heat with
the MM. The Gd fins are positioned 1.0 mm inward from the disc’s outer edge. This
ensures that the entire lengths of the fins remain inside the air gap, maximizing the active
MM mass.

The fluid flow channels have a convergent nozzle shape, with an entrance distance of 4.0
mm and an exit distance of 2.3 mm. The bounding grooves, with 1.0 mm depth, were made
on the lower surface of the disc. The designed depth ensured that the fins remain fixed,
leaving 6.0 mm of the fins’ height exposed to the working fluid. Therefore, considering
the disc thickness and the exposed fin height, the rotor has a final thickness of 9.0 mm,

allowing for unrestricted rotation even at the smallest air gap (10.5 mm).

Furthermore, the disc has a conical projection at its center to facilitate the downward
flow of the fluid into the collection container. There are also recesses on the disc surfaces
for the rotating shaft coupling, ensuring their concentricity. The designed rotor geometry
is illustrated in Fig. 4.8.

4.5.2 TRANSMISSION SYSTEM DESIGN

The prototype transmission system features a rotating shaft and its respective upper
and lower bearing housings. The shaft is responsible for transmitting the torque and
mechanical power to a given application. The bearing houses are responsible for supporting

the shaft with minimal friction losses and connecting it to the motor rack.

The rotating shaft is cylindrical, bipartite, and made of aluminum. The upper shaft has
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Figure 4.9 — Coss-section view of the transmission svstem designed
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a 19.0 mm diameter, while the lower shaft has a diameter of 25.0 mm. At one end, each
shaft has a diameter of 11.0 mm for its installation into the bearings. At their second end,
both shafts feature a flange, which is screwed to the rotor. Still at the flanged ends, the
upper and lower shafts have a protrusion and a corresponding recess, respectively. When

installed, they ensure the proper alignment and concentricity.

The upper bearing housing is disc-shaped with 150.0 mm diameter. The lower bearing
housing consists of a 200.0 mm x 300.0 mm plate with sloped sides, designed to facilitate
fluid flow into the collection container Both bearing housings are made of aluminum.
Their respective roller bearings were pressed-in-place at the center. The bearing housings
are directly screwed to the motor rack, allowing for alignment adjustments to achieve the

system’s concentricity. Fig. 4.9 depicts the designed transmission system.

4.5.3 PRODUCTION AND ASSEMBLY

The rotor structure and the transmission system components were produced in-house,
from raw materials employing mainly turning, CNC milling, and drilling operations. Par-
ticularly, the bonding grooves of the rotor were produced by micro-milling using a 0.8 mm
milling cutter. The produced polycarbonate disc can be seen in Fig. 4.10. The cutting tools
and parameters adopted, and the use of proper cutting fluids assured the attainment of

the dimensional tolerances specified to each part.

For the final assembly of the rotor, the fins were bonded to the grooves using an epoxy
adhesive (3M Scotch Weld DP 460 MS). Before the bonding process, the fins were partially
covered with adhesive tape for protection, leaving exposed only the region intended to be
inserted into the groove, as illustrated in Fig. 4.10b. To ease the handling and assure their
right alignment, the fins were gradually bonded, respecting the adhesive full cure period
between stages, as detailed in Fig. 4.11. After the bonding process, the rotor reached its

designed total thickness of 9.0 mm, ensuring its fitting in the shortest air gap and the
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Figure 4.10 — Produced polycarbonate rotor structure and details of the bonding grooves with one attached
Gd fin.

rotor unrestrained motion.

For the bearing housings and shafts, a mechanical press was used to place the roller bear-
ings with an interference fit. The same press was employed to couple the shafts to their
respective bearings, also with an interference fit. The bearing houses, along with their cou-
pled shafts, were then bolted to the motor rack aluminum profiles, as in Fig. 4.12a. Sub-
sequently, the rotor was assembled into the rotating shaft (see Fig. 4.12b). In Fig. 4.12c,
nylon bolts were used for coupling to avoid interaction with the magnetic field and, there-
fore, interference on the rotor’s motion. Some adjustments were required to properly
align the rotor, the shaft and the magnetic circuit, finishing the assembling as presented
in Fig. 4.12d and Fig. 4.12e.

Figure 4.11 — Details of the Gd fins bonding process.




Chapter 4. MATERIALS AND METHODS 60

Figure 4.12 — Transmission system and rotor assembly: (a) upper and lower rotational shafts connected
to the motor rack by their respective bearing houses; (b) rotor assembly to the lower shaft; (c) complete
assembly of the rotor and the transmission system; (d) transmission system centralized with the MC and;
(e) details of the finned rotor and the MC after the final assembly.
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4.6 FLUID DISTRIBUTION SYSTEM

For the operation of the TMM prototype, it is necessary to deliver warm and cold fluid
streams to specific positions along the rotor circumference, in accordance with the mag-
netic field gradient. Depending on the rotor dimensions, it is important to determine how
many fins will be exchanging heat with the fluid streams. For the present design, for in-
stance, three Gd fins are cooled or heated at the same time.Thus, divergent nozzles have

been designed to fill, simultaneously, the four channels formed among three adjacent fins.

The PETG plastic nozzles, fabricated in-house via 3D printing, were designed with lateral
inclinations of 20° for the cold-fluid nozzles and 12.7° for the warm-fluid ones, as in
Fig. 4.13. These angles ensure that the flow is parallel to the longitudinal direction of the
channel and, as a result, there is no flow forces contribution to the rotor operation. This is,
the generated rotation is primarily driven by the magnetic force imbalance. In addition,
the warm fluid nozzles have extended tips, allowing them to be positioned within the air
gap. The fabricated nozzles are shown in Fig. 4.14. The methodology used to determine
the nozzle positioning along the rotor circumference for the performance characterization

tests is presented in Sec. 4.8.

The warm and cold fluid streams are supplied by a fluid treatment station designed for
testing TMM prototypes. The treatment station has two identical independent sides, one
for the warm and one for the cold fluid. Each side has a reservoir with a coil heat exchanger,
which is controlled by a thermal bath. A self-suctioning pump (Dancor, model AP-3C)
delivers the fluid to a plate heat exchanger, which is regulated by a second thermal bath.

In total, four thermal baths are required.

Figure 4.13 — Divergent nozzle design.
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Figure 4.14 — Divergent nozzles fabricated in PETG plastic to allow the fluid to fill, simultaneously, four
channels formed among three adjacent fins : (a) warm stream nozzle; (b) cold stream nozzle and (¢) both
nozzles, highlighting the difference of their lateral inclinations.

()

After the plate heat exchanger, a flow meter (IFM, model SBG 234) is installed, followed
by a manifold that evenly distributes the fluid streams to their respective rotor regions. At
the manifold shell, a pressure transducer (IFM, model PN 2515) and a calibrated T-type
thermocouple are installed. Fig. 4.15 shows the distribution lines and the measurement
instruments for both two- and four-magnetic-volumes configuration. The measurement

instruments uncertainties, along with the data acquisition process, will be further detailed
in Sec. 4.7.

During TMM operation, the warm and cold fluids discharged from the channels between
adjacent MM fins are mixed and temporarily stored in an acrylic collection container.
After the test is completed, the fluid mixture returns to the thermal reservoirs via a

return pipeline, where it is reconditioned in preparation for the next test.

The total flow rates for the warm and cold sides are independently adjusted using control
valves and a bypass system positioned before the plate heat exchanger. These valves are
adjusted whenever the total flow rate or the temperature of the cold or warm reservoirs
need to be changed, ensuring they match the prescribed values before each test. At the

exit of the manifold, four independent control valves are regulated to guarantee equal
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Figure 4.15 — Distribution lines and measurement instruments: (a) two-magnetic-volumes configuration;
(b) four-magnetic-volumes-configuration and (c) overall view, highlighting measurement instruments.

flow rates at each nozzle. Finally, a secondary bypass system is installed at the manifold
to direct the fluid back to the conditioning reservoir prior to motor startup. This allows
the fluid remaining in the main pipeline between operations to be replaced with pre-
conditioned fluid, thereby reducing the motor’s transient operating period. A schematic
drawing of the station for the two-magnetic-volume configuration is shown in Fig. 4.16.
The unique difference in the four-magnetic-volume configuration is the increased number

of fluid outlets from the manifold and nozzles.

4.7 INSTRUMENTATION AND DATA ACQUISITION

The technical specifications and the corresponding uncertainties of the measurement in-
struments used in the experiments are summarized in Table 4.2. The pressure and flow
rate measurements were acquired using a programmable logic controller (PLC) (Altus,
model XP340). The temperature readings were obtained through a Field Logger (Novus,
model 128-K), which was connected with the same PLC to ensure synchronized data
acquisition. The measures were processed in a computer supplied with Master Tools inte-
grated development environment, where the measured variables are graphically evaluated
and saved for further post-processing. Except for the temperature probes, whose uncer-
tainties were determined through an in-house calibration procedure, all other instrument

uncertainties were obtained from their respective technical catalogs.
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Figure 4.16 — Schematic drawing of the fluid treatent station for the two-magnetic-volumes configuration
depicting all its main components.

Permanent magnets

L-shape magnetic circuit \x §\\\\\\\\\”W///////1

Nozz_l?a?__ IS yI =— .- Gd fins rotor

AN

|

T: thermocouple

. N
BP\E by passvave M), _Il_\ﬁ\?\\\\\\\i‘\\“‘

HEX: heat exchanger

Steel ¥ F™—Nozzle
Control valves | = -

Warm manifold 4

Flow meter! \
i

Plate HEX ~

Dk ﬂ T PT

ogoog 7 Control gpy

Wargaatwg;nai i ﬁ?lvguﬁn..
Manometer' :

. | _Control valves
; Cold manifold

@ Flow meter

| gi’aﬁpv Bp@. ’ =

—~Plate HEX
T PT _@: Ik
gpy Control oooo

] valve ¥ Cold Thermal
o e e Bath (2

[ I 1 ;Manometer

i

Pump .

Pump
Warm reservoir Cold reservoir

@D [k D

The temperature probes consist of T-type thermocouples, which were calibrated using
a reference RTD with an uncertainty of 0.22°C. During calibration, the thermocouples
and the RTD were closely placed inside a thermostatic bath to ensure uniform thermal
conditions. The bath temperature ranged from 0°C to 50°C within a 5°C interval. After
the reference temperature stabilization, the probe’s readings were collected over 5 min-
utes and subsequently averaged. The maximum uncertainty obtained was 0.49°C, which
was taken as the reference value to all the temperature measurements. In addition, each

thermocouple calibration curve was directly implemented into the PLC for real-time cor-
rection.

To measure torque and rotational speed, a servomotor was coupled to the rotating shaft
using a flexible mechanical coupling, as in Fig. 4.17. During the test, the servomotor and
its servo drive were used to apply a controlled load to the shaft, while simultaneously

measuring the torque and the rotor’s rotational velocity. Note that the servo drive input

Table 4.2 — Instruments technical specifications.

Sensor Comp. Model Uncertainty
Temperature probe Omega PR-T-24-SLE-100 0.49°C
Pressure transducer IFM PN 2512 0.007 bar

Volumetric flow rate transducer IFM SBG 234 0.5 LPM
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Figure 4.17 — Servomotor used for imposing loading to the shaft and for torque measurements coupled
to the rotating shaft using a flexible mechanical coupling.

speed must be set to zero, ensuring that only the specified load is applied. A lower-capacity
servomotor (Panasonic, model MSMF042L1S2), with a rated torque of 1.27 N-m, was used
for tests involving lower torque outputs, while a higher-capacity unit (Panasonic, model
MDMF202L1H6M), with a rated torque of 9.55 N-m, was employed for tests involving
larger torque output. This innovative approach for measuring torque and rotational speed
is presented and discussed elsewhere (MICHEL et al., 2025).

The torque and rotational speed measurements were acquired in a PLC (Altus, model
XP340), which is time-synchronized with the operational parameters acquisition (pressure,
volumetric flow rate and temperature). In this work, systematic and random errors in the

rotational speed measurements were disregarded.

A data acquisition rate of 500.0 ms was used for the performance characterization tests,
resulting in approximately 120 data points per test. Each test had an average duration
of one minute. The final rotational speed is the average value over 10 s to 30 s interval,
depending on the test conditions. Additionally, a digital first-order low-pass filter, with a
time constant of 1.0 s, was applied to the rotational speed measurements to smooth out

fluctuations caused by transmission system misalignment.

The uncertainty for the rotational speed combines the uncertainties from the servomotor
and the type A uncertainties. The latter were obtained from a sample of five measure-
ments, and further calculated using the same methodology detailed in Sec 4.3.3. The
expanded uncertainty of the digital encoder is significantly smaller than that of the type
A. The final uncertainty in rotational speed was evaluated at 3.73 RPM, while the torque
uncertainties for the lower- and higher-capacity servomotors were 0.006 N-m and 0.06 N-m,

respectively.
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Figure 4.18 — Tested combinations of the warm and cold nozzle positioning with respect to the magnetic
field gradient distribution. Regions (1) and (2) are for warm blow, and (3) and (4) for the cold blow.
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4.8 PRELIMINARY ADJUSTMENTS

Prior to conducting the performance tests, some preliminary adjustments were required.
These included: (A) adjusting the flow rates for each nozzle; (B) identifying the positions
of the cold and warm nozzles; and (C) determining the residual torque resulting from

mechanical losses and component inertia.

Initially, after assembling the manifold, piping, and nozzles, it was essential to ensure
equal flow rates through each nozzle. To verify this, a test setup was conducted in which
the fluid exiting each cold or warm nozzle was collected over a fixed time period, and the
resulting volumes were measured. If discrepancies were observed in the collected volumes,
the control valves at the manifold outlets were adjusted accordingly and the test was
repeated until uniform volumes were obtained across all nozzles. This procedure was
carried out for the minimum and maximum tested flow rates, and for the TMM prototype

configured with either two or four magnetic volumes.

The positioning of the nozzles around the rotor circumference is defined in accordance with
the magnetic field gradient distribution. Multiple position combinations of the warm and
cold blow nozzles were tested to evaluate its impact on the rotational speed and generated
torque. For both, two different positions were selected, as illustrated in Fig. 4.18. Regions
(1) and (2) correspond to the warm fluid stream, while regions (3) and (4) correspond to
the cold fluid stream.The tests considered the combination (1)-(3); (1)-(4), and (2)-(3),

and the main observations and conclusions are summarized in Table 4.3.

The motor operated continuously for the combination (1)-(3), and failed to operate for

the combination (1)-(4). As a conclusion, the cold nozzle should be fixed at position (3).
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Table 4.3 — Observations and conclusions from positioning investigation of the warm and cold flow nozzles.

Combination Continuous Operation Results
(1)-(3) Yes Achieved higher torques
(1-(4) No :
(2)-(3) Yes Achieved higher rotational velocities

Next, for the combination (2)-(3) it was also able to operate continuously. Comparing
now the cases (1)-(3) and (2)-(3), the first resulted in greater torque output, while the

latter achieved higher rotational speeds.

These results can be attributed to the relationship between the warm flow region and the
peak magnetic field gradient. Notably, position (2) coincides with the location of the peak
field gradient, which reduces the net force and consequently lowers the generated torque.
As the MM is transitioning to the paramagnetic phase upon entering the high-field region,
this decreases motion resistance, thereby enabling higher rotational speeds. However, to
meet the primary objectives of the prototype design, higher torque was prioritized over
angular speed. As a result, the (1)-(3) nozzle configuration was identified as the most
favorable. Images of the final nozzle positions are presented in Fig. 4.19, where the red

nozzle corresponds to the warm side and the blue nozzle to the cold side.

Lastly, an experimental test was carried out to determine the residual load of the trans-
mission system. This load can be attributed to mechanical losses, mainly due to misalign-
mentsalong the transmission system (shaft, rotor and torque measurement system), as
well as to the inertia of the components. For this test, the MC was moved away from the
MM rotor, as showed in Fig. 4.17. This prevents the interference of the magnetic forces.
The residual load was evaluated as the minimum torque input where the MM rotor starts
to rotate at a prescribed rotational speed. Thus, unlike the tests that use the servomotor
and servo drive to measure torque and rotational speed, these tests require setting a spe-
cific speed on the servo drive. The speeds used were 20, 30, 50, 75, 100, 150, 200, and 300

Figure 4.19 — Warm (red) and cold (blue) nozzles positions along the rotor circumference: (a) MC overall
view; (b) detailed view.
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Figure 4.20 — TMM configurations for the performance characterization tests: (a) two-magnetic-volumes
configuration (I); (b) four-magnetic-volumes configuration (II).

RPM. The residual load was ultimately determined to be 0.05 N-m for the lower-capacity
and 0.17 N-m for the higher-capacity servomotor, independent of the rotor’s speed. The

higher load in the latter is attributed to its greater inertia.

4.9 PERFORMANCE CHARACTERIZATION TESTS

The performance characterization tests involved measuring the motor’s rotational speed
(w) and torque (7) under various operating conditions. Then, the produced power can be

calculated by Eq. 4.9, where w is in units of (rad/s):

Wrod = wT (4.9)

In this way, the performance tests are evaluated and compared using of two different
curves: torque as a function of the rotational speed (7 x w) and power as a function
of the rotational speed (med x w). These curves were obtained for the two different
configurations of the prototype: (I) using a single L-shaped assembly (Fig. 4.20a), resulting
in two magnetic volumes and, (II) employing the complete MC (Fig. 4.20b), comprising

four magnetic volumes.

Distinct operating parameters were applied to configurations (I) and (II). In configuration
(I), the prototype was tested under different heat source temperatures (Tf), heat sink
temperatures (7¢), and varying warm and cold blow volumetric flow rates (19 g and 19(;)
In configuration (II), only the flow rates were varied, while Ty and T were kept constant.

It is important to mention that for all tests Oy = Ve

The operating conditions are detailed in the next section. The combination of the two pro-
totype configurations and all operating conditions resulted in a total of 252 experimental

tests.
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Table 4.4 — Operating conditions for the experimental tests.

Volumetric Total . Cold Stream Warm Stream
. Flow Rate Volumetric
Configuration Temperature Temperature
per Nozzle Flow Rate °C| °C]
|[LPM /nozzle] [LPM]
35 to 50;
(I) 2-poles 10 20 5 steps of 5°C
(I) 2-poles 10 20 10 45 and 50
5,6.25, 7.5, 10, 12.5, 15,
8.5, 10, 12.5, 17, 20, 25,
(I) 2-poles 15, 17,20 30, 34, 40 g 45
and 22.5 and 45
(11) 4-poles 5, 7.5, 8.5, 20, 30, 34, 5 A5

10 and 11.75 40 and 47

410 OPERATING CONDITIONS

Table 4.4 summarizes the test conditions for both configurations (I) and (II). The cold
and warm temperatures were selected around the magnetic phase transition temperature
of gadolinium (77 = 293 K). Due to limitations of the available cooling system, the
minimum temperature was set to 5°C, while the maximum temperature was set to 50°C
with no constraints on heating. This range allowed for testing under both balanced and
unbalanced temperature differences. The balanced condition occurs when the cold and
warm stream temperatures have equal differences from T, such as 5°C and 35°C. All

other combinations correspond to unbalanced conditions.

Volumetric flow rate values were selected to evaluate the dependence of 7 x w and med X
w curves with respect to flow rate variations, especially when doubling, tripling, and
quadrupling the flow rate values. However, the fluid treatment station is limited to a
maximum of 45 LPM for the two-magnetic-volumes configuration (I) and of 47 LPM for

the four-magnetic-volumes one (II).

The flow rate and fluid temperature directly influence both the flow regime and the asso-
ciated heat transfer characteristics. These influences can be represented by the Reynolds
number (Re) and the Nusselt number (Nu). The former represents the ratio between iner-
tial and viscous forces in the flow, while the latter indicates the ratio between heat transfer
by convection and that by conduction alone. To qualitatively estimate the expected ranges
of these dimensionless numbers, several assumptions are made: (a) the working fluid is
mixture of water and ethylene glycol (10%vol); (b) the flow is uniformly distributed into
three channels; (c¢) the channel geometry is a closed rectangular cross-section; (d) the
channel cross-section varies with the channel length. The correlations employed for calcu-
lating the Nusselt number are those proposed by EES (2024) and Nellis e Klein (2021),
presented in Eq. 4.10 and for laminar flows and Eq. 4.11 for turbulent flows. In these
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expressions, AR denotes the duct aspect ratio (the ratio of its minimum to maximum
dimensions), PR is the Prandtl number, and fgq is the fully developed friction factor.
According to these correlations, the transition from laminar to turbulent flow is assumed
to occur at Re values in the range of 2300 to 3000. The Re and Nu values are further

analyzed under the operating conditions specified in Table 4.4.

Nup, 1,7, = 7.541 (1 — 2.610AR + 4.970AR* — 5.119AR’ + 2.702AR" — 0.548AR”)
(4.10)

(£2) (Rep, —1000) Pr

14127 (Pri - 1) (22

Due to the converging geometry of the channel, the cross-sectional area varies along its

NuDh,ffd = (411)

length, resulting in changes in the local Re and Nwu. These parameters are presented
in Fig. 4.21a and Fig. 4.21b for inlet temperatures of T = 5°C and Ty = 45°C, and
volumetric flow rates of 5 LPM /nozzle and 10LPM /nozzle. At the lower flow rate of
5 LPM /nozzle, the Re is within the transitional flow regime. Furthermore, it is observed
that along the channel length, the thermal boundary layers are not fully developed. As a
result, elevated Nu values are expected. As shown in Fig. 4.21b, the Nusselt number tends
to increase with Reynolds number; however, for the case of 5LPM /nozzle, Nu initially
decreases along the channel length, which can be attributed to the gradual development
of the boundary layer in the transitional flow regime. Beyond approximately 10 mm, the

flow becomes fully turbulent, and Nu increases almost linearly along the channel.

Because of their approximately linear variation along the channel length, the following
analysis considers the average values of Re and Nu, evaluated at the average channel cross-
sectional area. Table 4.5 shows the average Re and Nu values for different combinations
of warm (Rey, Nug) and cold (Rec, Nue) fluid inlet temperatures, at a fixed flow rate of
10 LPM /nozzle. The results indicate that the increasing temperatures, lead to higher Re
and Nu values, thereby enhancing the heat transfer rates. Lastly, Fig. 4.22 presents the
dependence of the average Re and Nu on the flow rate across the tested range, with inlet
temperatures fixed at 5°C for the cold stream and 45°C for the warm stream. It is evident
that the flow regime is always turbulent. Also, higher flow rates result in increased Re
and Nu values, which correspond to improved heat transfer performance. Furthermore,
for the same flow rate, the hot fluid stream consistently exhibits higher Re and Nu values

than the cold stream.
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Figure 4.21 — Local dimensionless numbers as a function of the converging channel length: (a) Reynolds
number; (b) Nusselt number.
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Table 4.5 — Average Re and Nu for different combinations of warm and cold fluid temperatures at a flow
rate of 10 LPM /nozzle

Te Tu
PCl [°C] Rec Reyg Nuc Nug

35 6206 13738 82.65 128.1
40 6206 15219 82.65 134.3

g 4 6206 16740 82.65 140.1
5 6206 18290 82.65 145.6
10 45 7258 16740 91.08 140.1

50 7258 18290 91.08 145.6
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Figure 4.22 — Avarage dimensionless numbers with inlet temperatures fixed at 5°C for the cold stream
and 45°C for the hot stream: (a) Reynolds number; (b) Nusselt number.
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5 RESULTS AND DISCUSSION

5.1 MAGNETIC CIRCUIT

One of the design strategies considered for the MC design was the incorporation of side
concentrators to reduce the magnetic flux leakage, thereby improving the magnetic field
intensity and uniformity within the magnetic air gap. Fig 5.1 presents the magnetic flux
density distribution in a cross-section view of the magnetic volume, including a pair of
permanent magnets and their respective side concentrators. The black arrows indicate the

magnetic flux direction.

Moreover, Fig. 5.2 shows the simulation results for the magnetic flux density and its gra-
dient distribution along the MM rotor circumference, obtained by averaging their values
in the gadolinium fin volume. Fin number one corresponds to the 0 ° angular position
indicated in Fig 4.5, and the profile is evaluated in the clockwise direction from that ref-
erence point. In accordance with the simulations, the maximum numerical magnetic field
intensity is 1.03 T, while the peak magnetic flux density gradient reached 0.07 T /deg. In
addition, the simulation results for the magnetic flux density and its gradient distribution
along the MC angular position, calculated in a cut plane at the center of the magnetic
volume air gap, are depicted in Fig. 5.3. The figure also illustrates the positions of the

Gd fins relative to these distributions.

Regarding the MC experimental characterization, a comparison between the experimental

and simulated magnetic flux density values is presented in Fig. 5.4. These results were

Figure 5.1 — Simulation result for the magnetic flux density distribution in a magnetic volume cross
section, highlighting the side concentrators effect on the produced magnetic field.
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Figure 5.2 — Simulation results, averaged in the Gd fin volume, along the rotor circumference: (a) magnetic
flux density distribution; (b) magnetic flux density gradient distribution.
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Figure 5.3 — Simulation results in a cut plane at the magnetic gap center: (a) magnetic flux density
intensity distribution ; (b) magnetic flux density gradient distribution.
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obtained along the angular position at the center of the air gap, represented by the dashed
circle in Fig. 4.5, where the angular position corresponding to 0° is also indicated. Results

obtained along other radial positions are presented in Appendix B.

The maximum differences between the numerical and experimental results are observed
at the peak values, where the largest one is about 0.029 T out of 1.06 T (2.7%). This
falls within the range of experimental uncertainty of +0.07 T. These discrepancies can
be attributed to some deviations from the designed specifications during production and
assembly, as well as some irregularities in the permanent magnets used. As a result,
some regions of the magnetic field presented a thinner air gap than the designed value.
However, notably the experimental results show a good agreement with the simulated
values, reinforcing confidence in the reliability of the design, production, and assembly

methodologies employed.
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Figure 5.4 — Magnetic flux dentisty along the angular position at the center of the air gap: comparison
between the experimental and numerical results.
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5.2 DEMONSTRATING THE PROOF-OF-CONCEPT

According to the current laboratory structure, performance tests can be conducted at a
maximum volumetric flow rate of 47 LPM distributed across four cold or four warm flow
lines, in the four-magnetic-volumes configuration; or up to 45 LPM distributed between
two cold or two warm flow lines, in the two-magnetic-volumes configuration. Hence, for
the latter configuration, the maximum flow rate at each nozzle is 22.5 LPM /nozzle. The
nozzles have a cross-sectional area of 49.7 mm?, resulting in flow velocities of up to 7.5 m/s
(at 22.5 LPM /nozzle). Although the fin rotor was not designed to experience reactive
forces from the flow, it can be pointed out that the rotary motion may, at least in part,

be influenced by flow forces rather than the balance of magnetic forces.

To determine whether flow forces contribute to the rotary motion, two separate tests were
conducted in the two-magnetic-volumes configuration. The first test used only warm fluid
at 45 °C and 17 LPM /nozzle at all four nozzles. The second test involved supplying warm
fluid at 45 °C and 17 LPM /nozzle at the two warm nozzles, and cold fluid at 5 °C and
17 LPM /nozzle at the two cold nozzles. Both tests were supported by thermographic

visualization, as shown in Fig. 5.5.

The expected result was that, when operating the rotor at 45 °C, the paramagnetic phase
would be established, thereby minimizing magnetic forces and allowing the rotor to rotate
freely. Thus, if flow forces are significant, this would cause the rotor to spin. However, as

shown in Fig. 5.5a, the rotor remained stationary throughout the test. In contrast, when
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Figure 5.5 — Thermographic images of the thermomagnetic motor during operation: (a) first test condition
with only warm fluid at 45 °C and 17 LPM/nozzle at all four nozzles; (b) second test condition with
warm fluid at 45 °C and 17 LPM/nozzle at the two warm flow nozzles, and cold fluid at 5 °C and
17 LPM /nozzle at the two cold flow nozzles.
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the second test condition with both cold and warm fluids was applied, the rotor spun, as
seen in Fig. 5.5b. This demonstrates that the movement is solely due to the imbalance of

magnetic forces, with no contribution from flow forces.

5.3 MEASUREMENTS AND DATA ANALYSIS

Typical time-dependent measurement data for warm and cold streams temperatures, volu-
metric flow rates, and pressure are shown in Fig. 5.6. As can be noted, the system requires
a few seconds to stabilize at the desired input conditions for temperature and flow rates.
Consequently, data analysis should focus on the final stabilized values, using the averaged

values for these variables.

Throughout the tests, the rotor demonstrated continuous and smooth rotary motion un-
der most operating conditions, fulfilling one of the key requirements of the prototype.
Exceptions were observed during tests at lower flow rates, specifically: (i) 5 LPM /noz-
zle and 6.25 LPM /nozzle for the two-magnetic-volume configuration;(ii) 5 LPM /nozzle,
7.5 LPM /nozzle, and 8.5 LPM /nozzle for the four-magnetic-volumes configuration; and
(iii) under high load inputs. At these conditions, the rotor exhibited a few oscillations on
its direction of movement, however, the net displacement still occurred correctly in the

clockwise direction.

Figure 5.7 shows comparisons of the time-dependent rotational speed under two differ-
ent conditions. Fig 5.7a presents the results from no-load tests, in which no load (aside
from the residual one) is applied to the rotational shaft, for the two-magnetic-volumes
configuration. In this figure two different flow rates are taken: the lowest tested rate of
5 LPM/nozzle and a higher rate of 17 LPM/nozzle. As can be observed, after an ini-
tial transient period caused by inertia, the rotor spins continuously at approximately
217.7 RPM for the 17 LPM /nozzle condition. In contrast, for the 5 LPM /nozzle condi-
tion, the rotor exhibits non-continuous operation, with the rotational speed fluctuating

between high and low values.

In Fig. 5.7b a comparison between two tests performed in the four-magnetic-volumes
configuration is presented. Both tests were conducted at the flow rate of 11.75 LPM /noz-
zle, and under load conditions of: 0.16 N-m and 0.86 N-m. The load condition refers to
the application of a load to the TMM shaft, resulting in a generated torque. For the
0.16 N-m load input, the rotor spins continuously at approximately 132.4 RPM after the
initial transient period. In contrast, the rotor exhibits a non-continuous operation for the
0.86 N. load input. The rotational speed value is then calculated as the average over a
10 s interval. It is important to mention that the interval is defined after the temperature

and flow rates have stabilized, as shown in Fig. 5.6.

The non-continuous operation observed at the lowest flow rates in no-load tests can be
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Figure 5.6 — Time-dependent measurement data for warm and cold streams temperatures, volumetric
flow rate, and inlet pressure.
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Figure 5.7 — Time-dependent rotational speed under different operating conditions: (a) no-load condition
and flow rates of 5 LPM /nozzle (total of 10 LPM) and 17 LPM/nozzle (total of 34 LPM); (b) load
condition of 0.16 N-m and 0.86 N-m and fixed flow rate of 11.75 LPM /nozzle. The cold and warm fluid
streams temperatures are 5 °C and 45 °C, respectively.
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attributed to the poorer heat transfer under these conditions. The present rotary TMM
operates based on the magnetic force balance between the ferromagnetic and paramagnetic
phases, which is established in the cold and warm flow regions (nozzles). If the phase
transition is not properly achieved, the rotor tends to stop or even rotate in the opposite
direction due to the imbalance in magnetic forces. Therefore, a key characteristic of this
prototype is the need for high flow rates during operation, to enhance heat transfer, as
presented in Fig. 4.22a and 4.22b.

Furthermore, the non-continuous operation under high load inputs can also be associated
with the heat transfer rates between the warm and cold fluid streams and the MM. When
a load is applied to the rotating shaft, the magnetic force must overcome the opposing
mechanical resistance in order to maintain motion. For this to occur, the ferromagnetic
phase transition must be properly achieved, thereby increasing the magnetic force. As
a result, the rotor may decelerate or even come to a stop while exchanging heat with
the fluid streams, and will resume spinning once the magnetic force becomes sufficiently
strong to overcome the imposed load. Consequently, as load input increases, the rotor
motion becomes more fragmented, approaching the behavior of a stepper motor, until the

maximum torque is found, at zero rotational speed.

The raw torque measurements data were post-processed and corrected by adding the resid-
ual load, which was experimentally determined as described in Sec. 4.8. The performance
characteristic curves, for med X w and 7 X w, with and without the applied correction, are
compared in Fig. 5.8. These curves were obtained for both two- and four-magnetic volume
configurations at a 10 LPM/nozzle and 11.75 LPM /nozzle flow rates, respectively. The
largest discrepancies observed in torque and power values for the four-magnetic-volume
configuration are attributed to the use of the larger-capacity servomotor. The servomo-
tors are swapped when the applied load tests exceeds 1.27 N-m. This servomotor, in turn,

exhibits greater inertia and residual load.

It is important to mention that all performance curves, whether measured or corrected,
exhibited the expected trends for a motor. As shown in Fig.5.8a and Fig.5.8¢c, at zero
or low load input, the TMM operates continuously and achieves high w at low 7 values.
As the input load increases, resulting in higher 7, w is significantly reduced. At certain
load conditions, the rotor ceases continuous operation. At zero rotation, the applied load
corresponds to the maximum (or static) torque produced by the TMM. As will be dis-
cussed later, the maximum torque is dependent on the TMM configuration (two-magnetic

or four-magnetic volumes).

Additionally, as in Fig.5.8b and Fig.5.8d, med approaches zero at the extremes of speed
and torque. Specifically, 7 tends toward zero at the maximum w, and the w reaches zero

at maximum 7. At a certain combination of torque and velocity, W,,,q exhibits a peak

value. As will be further discussed, the location of this peak, along with the corresponding
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Figure 5.8 — Comparison between performance characteristic curves with and without the residual load
correction: (a) 7 X w curve for two-magnetic-volumes and 10 LPM /nozzle; (b) W04 X w curve for two-
magnetic volumes and 10 LPM /nozzle; (¢) 7 X w curve for four-magnetic volumes and 11.75 LPM /nozzle

and; (d) Wpypoa X w curve for four-magnetic-volumes and 11.75 LPM /nozzle.
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7 and w values, is influenced by the operating conditions.

All the performance curves and results presented in the following sections account for
this residual load correction. Additionally, the presence of the residual load prevents the
experimental characterization of the maximum rotational speed attained by the rotor
during no-load tests. Consequently, it is likely that higher speeds could be reached in the

absence of mechanical losses.

5.4 PERFORMANCE RESULTS

The performance of the proposed TMM is evaluated through measurements of torque

and the resulting rotational speed under various operating conditions, including different
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stream temperatures (warm and cold) and flow rates. Regarding the TMM configuration,
both the two-magnetic-volumes and the four-magnetic-volumes setups are considered. In
this context, the 7 x w and med X w curves are obtained by varying input load, while
w results from the combination of the operating conditions. Notably, Wprod is an indirect
result of the measured torque and rotational speed. Again, the torque and produced power
presented in this section are corrected by the residual load due to component inertia and

mechanical losses.

5.4.1 INFLUENCE OF THE WARM AND COLD STREAM TEMPERATURES

The influence of the warm and cold fluid streams’ temperatures on the TMM performance
was evaluated using the two-magnetic-volumes configuration and a flow rate fixed at
10 LPM /nozzle. The first analysis considered the cold fluid temperature fixed at 5°C,
while the the warm stream temperature ranged from 35°C to 50°C. The results for both
the torque and produced power as functions of the rotor speed are presented in Fig. 5.9.
Notice that the maximum torques for the conditions 35°C, 40°C, and 50°C were obtained

through an extrapolation method and are shown as hollow symbols in Fig. 5.9a.

It can be observed in Fig. 5.9 that the conditions for Ty = 45°C and Ty = 50°C resulted
in the highest maximum values for the rotational speed (Fig. 5.9¢) and for the peak pro-
duced power (Fig. 5.9b). This can also be observed on the 7 X w characteristic curves in
Fig. 5.9a, as the Ty increases, the resulting rotational speed is higher at the same load
input, especially for 45°C. For a warm stream temperature of 35°C, the TMM reaches a
maximum rotational speed of 103.3 RPM, a peak produced power of 0.90 W, and a max-
imum extrapolated torque output of ~0.9 N-m (Fig. 5.9d). At 45°C, these values increase
to 144.5 RPM, 1.34 W, and ~1.26 N-m, respectively. Nevertheless, no improvement in the
motor’s performance is observed when Ty is further increased to 50°C. At this tempera-
ture, the maximum rotational speed remains almost the same, at 145.2 RPM, the peak

produced power decreases to 1.23 W, and the maximum torque reduces to ~1.0 N-m.

There is a noticeable similarity between the curves of 7 X w and Wprod x w for Ty values
of 35°C, 40°C, and 45°C. In these cases, the peak power occurs at lower rotational speeds
(w < 40 RPM). However, for Ty = 50°C, the trends of these curves differ significantly.
For 7 x w, the results resemble those at 45°C for w > 70 RPM and those at 35°C for
w < 30 RPM, with a transition between 30 < w < 70 RPM. Moreover, the peak power is
observed at a higher rotational speed (~87.3 RPM.)

The results shown in Fig.5.9 can be attributed to the impact of the warm fluid temperature
on the MM specific magnetization. Fig.5.10 illustrates the specific magnetization of Gd

as a function of temperature for different magnetic flux densities.

First, as Ty increases, the temperature of the Gd rises away from the magnetic phase

transition temperature (around 293 K) entering the paramagnetic phase. This leads to a
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Figure 5.9 — Influence of the warm fluid temperature on the TMM performance for the two-magnetic-
volumes configuration, at fixed cold fluid temperature of 5°C and flow rate of 10 LPM /nozzle: (a) 7 X w;

(b) Wprod X w; (c) maximum measured rotational speed; (d) maximum torque from measurement or
extrapolation.
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Figure 5.10 — Gadolinium specific magnetization as a function of temperature, obtained through the
Weiss-Debey-Sommerfeld theory (MORRISH, 2001).
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reduction in magnetization and magnetic force values, especially at high flux densities.
This effect is further amplified by the enhanced heat transfer rate at higher temperatures,
as evidenced by the Nusselt numbers in Tab. 4.5. This is beneficial to the net magnetic
force balance between the fins in the ferromagnetic and paramagnetic phases, up to the
condition of Ty = 45°C. As the rotor motion experiences lower resistance due to the
reduction on magnetization at high flux densities, it is able to achieve higher maximum
rotational speeds and torques, as in Fig. 5.9c and Fig. 5.9d, respectively. As discussed in
Section 2.3.3, the heating process occurs when the MM is in the high-field region, while

cooling takes place in the low-field region.

Nevertheless, the cold fluid temperature is fixed at 5.0°C, and under this condition, the
heat transfer of the cold blow is less effective compared to the warm fluid blow. As Ty
increases to 50°C, the Gd temperature moves even further away from the transition tem-
perature. Due to insufficient cooling rates and the further reduction in motion resistance
resulting from decreased magnetization, the proper establishment of the ferromagnetic
phase is prevented. Consequently, the MM fins may undergo a thermal cycle at higher
average temperatures after the heating and cooling processes, moving further away from

the cold reservoir temperature.?

L The specific heat capacity of Gd is higher at lower magnetic flux densities and temperatures below

the magnetic phase transition. This also affects the heat transfer in the cold stream region. Although
this effect is well known, it possibly plays a secondary role in the proposed explanation, which focuses
on specific magnetization in order to keep it as simple as possible.
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As a result, no improvement is observed when comparing the results for 45.0°C and 50.0°C
in terms of maximum rotational speed. This is because, at high rotor speeds, the average
temperatures after the heating and cooling processes are, to some extent, similar around
the transition temperature, regardless of Ty. However, as the imposed load on the shaft
increases, reducing w, the more effective heat transfer from the warm stream starts to
make a noticeable difference, raising the average temperature after the heating process.
Meanwhile, the poorer heat transfer from the cold stream is insufficient to achieve lower
temperatures. Consequently, the rotor becomes unable to sustain high w under elevated
load conditions, leading to a reduction in torque (as observed at w < 70 RPM) and a
shift in the point at which peak power is observed. Lastly, this also affects the maximum

torque, which is lower compared to the 45.0°C condition.

The influence of the cold stream temperature on the TMM performance was evaluated
by testing two cold temperatures (5.0°C and 10.0°C) in combination with two warm
temperatures (45.0°C and 50.0°C). As observed in Fig 5.10, the gadolinium specific mag-
netization at 10°C is considerably lower than at 5°C, reducing the net magnetic force
difference between the fins in the ferromagnetic and paramagnetic phases. Therefore, it
is expected that increasing the cold stream temperature to 10°C reduces the maximum
rotational speed, produced power and torque for both warm fluid temperatures, as shown
in Fig. 5.11. Hence, operating this prototype, with Gd fins rotor, at temperatures above

5°C offers no advantage under any of the tested conditions.

It is observed that the influence of the cold fluid temperature on the performance param-
eters is more pronounced at Ty = 45.0°C (Fig. 5.11a and 5.11b) than at Ty = 50.0°C
(Fig. 5.11c and 5.11d). Also notice that the 7 xw and med x w curves for T = 10.0°C and
Ty = 45.0°C (Fig. 5.11a and 5.11b) are very similar to those for Ty = 50.0°C (Fig. 5.11c
and 5.11d). As previously explained, this can be attributed to insufficient cooling rates
and the improper establishment of the ferromagnetic phase, which leads to higher average
temperatures after the heating and cooling processes. Thus, at 50.0°C, the performance
becomes less sensitive to T¢. Therefore, the results in Fig. 5.11 also supports the proposed

explanation.

Finally, the most suitable heat sink and source temperature conditions for the current
version of the prototype are Tx = 5.0°C and Ty = 45.0°C, resulting in a temperature
difference of 40.0°C. In relation to the Gd transition temperature, the heat sink is at
a AT of 15°C lower, while the heat source is at a AT of 25°C higher. Although the
prototype’s performance may improve by reducing T, for the TMM to operate properly,
it is expected that Ty must be increased simultaneously to maintain a non-balanced

temperature difference with respect to the transition temperature.



Chapter 5. RESULTS AND DISCUSSION

86

Figure 5.11 — Influence of cold and warm fluid temperature on the TMM performance, at a fixed flow rate

of 10 LPM /nozzle: (a) 7 x w at Ty = 45.0°C; (b) Wyroa X w at Ty = 45.0°C; (¢) 7 X w at Ty = 50.0°C;

(d) Wyroa X w at Ty = 50.0°C.
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The influence of the flow rate on the TMM performance was evaluated for both the two-

and four-magnetic-volumes configurations. The cold sink and heat source temperatures

are fixed at 5°C and 45°C, respectively. The performance curves, 7 X w and med X W,

are shown in Fig. 5.12 for the two-magnetic-volumes configuration and in Fig 5.13 for the

four-magnetic-volumes configuration. In the med x w curves (Fig 5.12b and Fig 5.13b),

the isotorque lines are included to facilitate the comparisons of the results.

At higher rotational speeds, an increase in flow rate results in greater power and torque

outputs for both configurations. This behavior is attributed to enhanced heat transfer at

higher Reynolds numbers (as shown in Fig. 4.22a and Fig. 4.22b), along with the increased

thermal capacity of the working fluid. As a result, the gadolinium fins experience more
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Figure 5.12 — Influence of the flow rate on the TMM performance for the two-magnetic volume configura-

tion. The cold and warm temperatures are fixed at 5°C and 45°C, respectively: (a) 7 X w; (b) Wproa X w,
including the isotorque lines.
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Figure 5.13 — Influence of the flow rate on the TMM performance for the four-magnetic volume configura-

tion. The cold and warm temperatures are fixed at 5°C and 45°C, respectively: (a) 7 X w; (b) Wproa X w,
including the isotorque lines.
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rapid temperature changes, consequently, accelerating the magnetic phase transitions, and

thereby increasing the rotor speed and the produced power.

In Fig. 5.12, there are two significant performance improvements with increased flow rates
that deserve attention. The first occurs between 8.5 and 10 LPM /nozzle, where a relatively
small increase of 1.5 LPM /nozzle leads to a notable rise in torque and generated power.
This improvement is attributed to the gadolinium fins crossing the transition temperature

into the ferromagnetic phase, thereby substantially enhancing the magnetic force.

The second improvement is observed between 17 and 20 LPM /nozzle. In this range, a
3 LPM /nozzle increase again yields a marked performance gain. This is attributed to
a significant enhancement in the heat transfer rates within that range, as evidenced by
the marked rise in Nusselt number shown in Fig. 4.22b. Nevertheless, a more precise
understanding of the underlying phenomena, requires numerical simulations that couple

the heat transfer and the thermomagnetic properties.

When comparing the results at the same rotational speed, a more rapid temperature
change due to the higher flow rate causes the fins’ temperatures to deviate further from
the transition temperature.This increases the magnetic force imbalance between the fer-
romagnetic and paramagnetic fins and, as a result, enhances the resulting torque. As
the imposed load increases and the rotational velocity approaches zero, regardless of the
set flow rate, the rotor delivers a non-continuous rotation. In this condition, the Gd fins
are exposed to the warm and cold fluid streams for longer durations, allowing them to
approach thermal equilibrium with the respective reservoirs. As a result, the maximum

torque converges to a single value, independent of the flow rate.

Therefore, it can be concluded that the maximum torque is a function of the MM mass,
the magnetic flux gradient and the temperatures of the heat sink and source, but it is
independent of the flow rate. Comparing the maximum torque values for the two- and the
four-magnetic field volume configurations, the former achieved ~ 1.26 N-m, while the lat-
ter reached ~ 2.30 N-m. This indicates that, under the same magnetic field gradients and
temperature conditions, doubling the MM active mass results in a proportional increase

in maximum torque, within the bounds of measurement uncertainty.

Conversely, the maximum rotational speed (under no-load conditions) is linearly propor-
tional to the flow rate. Fig. 5.14 shows the maximum measured rotational velocity at zero
load condition as a function of the flow rate. This figure comprises the results for both
two- and four-magnetic field volumes. However, this linear dependency is expected to hold
only up to a certain limiting flow rate value. Beyond this point, the thermal capacity of
the flow becomes sufficiently large for the Gd fins to approach thermal equilibrium with
the reservoirs, even though the rotor operates continuously at high w. This will likely

cause the system to reach a maximum achievable rotational speed.
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Figure 5.14 — Maximum measured rotational velocity, at no-load condition, as a function of the flow rate.
The cold and warm temperatures are fixed at 5°C and 45°C, respectively. The results were obtained for
two-magnetic field volumes (squares) and four-magnetic field volumes (triangles).
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Within the tested flow rate range, the highest supplied flow rate of 22.5 LPM /nozzle is
still insufficient to allow the fins to reach thermal equilibrium during continuous high-
speed operation. The maximum measured rotational speed, under no-load conditions, for
the two- and four-magnetic field volumes configurations are, respectively, 348.5 RPM at
22.5 LPM /nozzle, and 179.4 RPM at 11.75 LPM /nozzle. In terms of the peak produced
power, 4.67 W at 22.5 LPM /nozzle was measured for the two-magnetic field volumes; and
4.57 W at 11.75 LPM /nozzle for the four-magnetic field volumes.

To further assess the influence of the flow rate on the peak produced power, the dimen-
sionless parameter, denoted as W*, is introduced. As defined in Eq. 5.1, W* represents

the ratio of the maximum power output at a given flow rate (W,4,) to the maximum

power achieved at the reference (lowest) flow rate (WE, ):

. Wmam

max

7%

(5.1)

In this way, when the flow rate is two, three, or four times greater than the lowest flow
rate, W* indicates how the maximum power output scales accordingly. Fig. 5.15 shows
the results for different reference flow rates for the two-magnetic field volumes configura-

tion, with the cold and warm stream temperatures are 5°C and 45°C, respectively. The
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Figure 5.15 — Dimensionless parameter (W*) as a function of the flow rate for the two-magnetic field
volumes configuration, with the cold and warm stream temperatures at 5°C and 45°C, respectively: (a)

WE =082W; (b) WE _ =091W,;(c) WE,_=084W; (d) WE, =078 W.
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corresponding reference W  values are provided in Table 5.1.

The results in Fig. 5.15 include the corresponding rotational speed, torque, and power
value. Fig. 5.15a and 5.15b allow for comparison when the flow rates is twice the reference
value given in Table 5.1, while Fig. 5.15¢ corresponds to a flow rate three times the
reference, and Fig. 5.15d to four times the reference value. In all cases, doubling the flow
rate led to an approximately twofold increase in produced power. For the cases with more
data points (Fig.5.15¢ and 5.15d), a quadratic relationship between produced power and
flow rate is observed. The most significant relative increase, by a factor of 5.6, occurred

when the flow rate was tripled from 7.5 to 22.5LPM /nozzle. This substantial improvement
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Table 5.1 — Reference W2

o values for their corresponding flow rates and associated data in Fig. 5.15

79min Wn};iax Fi
[LPM /nozzle]  [W] &

5) 0.78 d

6.25 0.82 a

7.5 0.84 c

8.5 0.91 b

is attributed to the enhanced heat transfer rates and increased thermal capacity of the

working fluid, as indicated by the increase in the Nusselt number shown in Fig. 4.22b.

5.4.3 INFLUENCE OF THE MAGNETIC VOLUMES NUMBER

The number of magnetic volumes in a TMM is directly associated with the active mass
of MM at its ferromagnetic and paramagnetic phases, thereby influencing the magnetic
force balance. Multiple tests were performed under the same operating conditions of heat
sink and source temperatures (fixed at 5°C and 45°C, respectively) and warm and cold
flow rates. These tests were conducted for both two- and four-magnetic-volume configura-
tions, enabling the assessment of the impact of magnetic volume number on the motor’s

performance.

The performance curves, 7 x w and med X w, are presented in Fig. 5.16 and Fig. 5.17,
respectively. The results were obtained for the same flow rates of 5, 7.5, 8.5 and 10 LP-
M /nozzle. It is evident that the increase in the number of magnetic volumes results in

higher torque and produced power values, regardless of the flow rate.

In terms of torque measurements, the differences become more pronounced as the rota-
tional speed decreases. Increasing the number of magnetic volumes, and consequently,
the active mass of MM at the ferromagnetic phase, enhance the motor’s magnetic force
and torque. Nonetheless, the net increase in the magnetic force, and consequently in
the produced torque, is more significant as the temperature of the Gd fins approaches
thermal equilibrium with the thermal reservoirs. This occurs as the fins move further
from T, completing their transition into the ferromagnetic and paramagnetic phases. As
previously discussed in Section 5.4.2; this condition tends to be achieved at lower rota-
tional speeds. The largest difference on the maximum torque values are 1.26 N-m for the
two-magnetic-volumes configuration, compared to 2.26 N-m for the four-magnetic field

volumes configuration (Fig. 5.16d).

As the produced power is a function of torque (Eq. 4.9), the four-magnetic field volumes
configuration demonstrates a significant performance improvement as shown in Fig. 5.17.
This increasing in Wprod becomes more pronounced as the flow rate increases. At a flow
rate of 10 LPM/nozzle (Fig 5.17d), the power output rises from 1.34 W in the two-

magnetic-volume configuration to 3.05 W in the four-magnetic one.
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Figure 5.16 — Influence of the number of magnetic volumes on the TMM torque at the same flow rate per

nozzle. The cold and warm temperatures are fixed at 5°C and 45°C, respectively.
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Figure 5.17 — Influence of the number of magnetic volumes on the TMM produced power at the same
flow rate per nozzle. The cold and warm temperatures are fixed at 5°C and 45°C, respectively.
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Table 5.2 — Maximum produced power and pressure drop values for the operating conditions corresponding
to the best Wy.0q X w curves for the two- and four-magnetic field volumes configurations, shown in
Fig. 5.18.

) Wiaw AP

Configuration ILPM /nozzle]  [W]  [kPal Fig. 5.18
2-pole 22.5 4.67 77.8 a
4-pole 11.75 4.57  32.15 a
2-pole 20 3.57  59.6 b
4-pole 10 3.05 236 b

However,the presence of multiple magnetic field regions also increases the MM mass in
the non-magnetic phase, which diminishes overall benefit, as the fins in the paramagnetic
phase introduce more resistance to rotor movement. This effect becomes more pronounced
at higher rotational speeds, where the average temperatures after the heating and cooling
processes tend to remain closer to the transition temperature, limiting the extent of phase
transition. As a result, no improvement in the maximum rotational speed under no-
load conditions is observed when comparing the two- and four-magnetic field volume
configurations, as can be seen in the med X w curves shown in Fig. 5.17. This discussion
is further supported by Fig. 5.14, which shows that the maximum rotational speed exhibits
a linear dependence on the flow rate. The linear fittings for the two- and four-magnetic
field volume configurations are very similar, indicating that increasing the number of

magnetic volumes has minimal effect on the no-load rotational speed.

Lastly, it is important to compare the best med X w curves for the two- and four-
magnetic field volumes configurations, as in Fig. 5.18. In Fig. 5.18a, the curve for the
two-magnetic volume at a flow rate of 22.5 LPM /nozzle is compared with that of the
four-magnetic volume at 11.75 LPM /nozzle. Under these conditions, each configuration
achieved its highest produced power, and the power outputs have very similar values, of
about 4.5 W. Additional important results are presented in Fig. 5.18b, where the flow
rates are 20 LPM /nozzle and 10 LPM /nozzle, respectively, for the two- and the four-

magnetic-volume configurations.

A distinct difference in the shape of the med X w curves can be observed. For the four-
volume configuration, a sharp peak appears at a lower rotational speed (< 50 RPM),
whereas in the two-volume configuration, the maximum power is sustained across a
broader range of rotational speeds and torque values, specifically within the range 100 <
w < 200 RPM. This difference can be mainly attributed to the higher flow rate per nozzle
used in the two-volume case. It is possible that operating the four-volume configuration
at the same flow rate would also result in a similar plateau, but at a higher produced
power. This behavior can be advantageous for TMM operation, as it allows for maintain-
ing consistent power output while adjusting torque and rotational speed according to the

demands of a specific application.
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Figure 5.18 — Comparison of the best V'Vp,,,(,d X w curves for the two- and four-magnetic field volumes
fixed at 5°C and 45°C, respectively. The flow rates
are: (a) 22.5 LPM/nozzle for the two-volume configuration and 11.75 LPM /nozzle for the four-volume
configuration; (b) 20 LPM/nozzle for the two-volume configuration and 10 LPM/nozzle for the four-

configurations. The cold and warm temperatures are

volume configuration.
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The maximum produced powers for the operating conditions corresponding to the best
med X w curves for the two- and four-magnetic field volumes configurations, shown in
Fig. 5.18, are presented in Table 5.2. Although approximately the same peak produced
power values can be achieved using different numbers of magnetic volumes by adjusting

the operating flow rate, the associated viscous losses must also be considered.

Table 5.2 also presents the average pressure drop measured in the fluid distribution system.
It can be noted that, for similar produced powers, the four-magnetic-volume configura-
tion exhibits lower pressure drops compared to the two-volume configuration. For energy
harvesting applications, where the input heat is recovered from heat wastes, the pumping
power is effectively the only external power input required. In such cases, it is essential
that thermomagnetic motors present minimal viscous losses. Consequently, the back work
ratio? becomes a more appropriate metric for the design and optimization of thermo-
magnetic motors, as previously proposed by Corréa et al. (2023). Therefore, increasing
the number of high magnetic field regions, along with the active mass of the magnetic
material, appears to be the most effective strategy to both enhance produced power and

reduce pumping power requirements, and thus minimizing the back work ratio.

2 The back work ratio (BW R) is defined as the ratio between the pumping power and the total produced

power. In this way, an optimized thermomagnetic motor should have BW R values tending to zero.
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6 CONCLUSIONS

6.1 FINAL CONSIDERATIONS

The work presented in this master’s thesis dealt with the design, production (in-house),
and experimental characterization of a novel rotary thermomagnetic motor (TMM) pro-
totype for energy harvesting applications. In alignment with the specific objectives of this
study, a patent of the prototype’s design was successfully filed with the Brazilian Patent
and Trademark Office (INPI) under application number BR1020240254597.

The prototype is mainly composed of a magnetic circuit (MC), a magnetocaloric material
(MM) rotor, and a transmission system. The MC is stationary and generates its magnetic
field using high-BH energy permanent magnets. In addition, its geometry enables the
TMM to operate in either a two or four magnetic field volumes configuration. The MM
rotor consists of a non-magnetic material disc with radially arranged MM fins attached
to its lower surface. Converging channels for the working fluid flow are formed between
adjacent fins. Additionally, a fluid treatment station that conditions and distributes the
working fluid was used to supply the warm and cold fluid flow streams to specific regions
of the rotor. Divergent nozzles were designed to fill, simultaneously, the four channels
formed among three adjacent fins, increasing the MM active mass. This kind of rotary
TMM offers some advantages when compared with reciprocating devices, as well as to
other designs of rotary prototypes, such as the use of continuous fluid streams, which
eliminates the need for control valves and facilitates the attainment of continuous motion

at high frequencies.

The designed MC reached the expected magnetic field intensity of 1.0 T, with a peak
value of 1.03 T, according to the numerical results. Following its production and assembly,
the experimental characterization showed a peak intensity of 1.06 T, corresponding to a
maximum deviation of about 0.029 T from the numerical results. The good agreement
between the experimental and the simulated values attest to the reliability of the design,

production, and assembly methodologies employed.

A proof-of-concept demonstration was fundamental to confirm that reactive forces from
the fluid flow do not influence the rotor’s motion. To this end, a test was performed using
only warm fluid streams in all nozzles. In this condition, only the paramagnetic phase
is established, which minimizes the magnetic forces and allows the rotor to spin freely.
As expected, the rotor remained stationary throughout the test. Subsequently, warm and
cold streams were supplied and the rotor spun continuously. These results demonstrate
that the motion is solely due to the imbalance of magnetic forces, with no contribution

from flow forces.
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The performance of the TMM prototype was evaluated through measurements of torque
(1) and the resulting rotational speed (w) under various operating conditions, includ-
ing different stream temperatures (warm and cold) and flow rates. The produced power
(med) is an indirect result of these measured parameters. In this context, the performance
tests were evaluated and compared using of two different curves: torque as a function of the
rotational speed (7 x w) and power as a function of the rotational speed (W).oq X w). These
curves were obtained for both the two-magnetic-volumes and the four-magnetic-volumes

setups.

The rotor exhibited the desired continuous and smooth rotation under most of the op-
erating conditions tested, thereby fulfilling one of the specific objectives of this work.
Exceptions were observed at the lowest flow rates and in tests with elevated load inputs.
Under these conditions, the rotor showed some oscillations in the direction of motion and
a non-continuous rotation. However, in all tests, a net displacement was observed in the

correct clockwise direction.

The results for varying warm stream temperatures (Tp) corroborated the expectation
that, up to a threshold of 45°C, an increase in T leads to higher w, 7 and consequently,
med values. Higher Ty results in reduced magnetization of the Gd fins, as well as en-
hanced heat transfer, as indicated by increased Nusselt numbers (Nu). As a result, the
resistance to motion is reduced, increasing the motor’s net magnetic force and, conse-
quently, its torque and rotational speed. However, since the heat sink temperature (T¢)
was fixed in 5°C, the cooling rate of the fins became insufficient when Ty was increased to
50°C. Consequently, no further improvement in the maximum rotational speed is observed.
Additionally, the limited cooling capacity increases the resistance to motion, shifting the
thermal cycle of the Gd fins to higher average temperatures. As a result, the net magnetic
force is reduced and the rotor is unable to sustain high w under elevated load inputs,
which reduces the maximum achievable torque and shifts the rotational speed at which

the peak produced power is observed.

In terms of the heat sink temperature variation, no advantage was observed by increasing
Te from 5°C to 10°C. The gadolinium magnetization is significantly lower at 10°C, reduc-
ing the net magnetic force and, thereby, the torque and resulting rotational speed. Hence,
the most suitable heat sink and source temperature conditions for the current version of
the prototype are Ty = 45°C and Ty = 5°C.

Regarding the influence of the fluid flow rate, the results showed that, under low load
conditions, thereby high rotational speeds, increasing the flow rate led to higher values
of w and med. Higher flow rates and, thus, Reynolds numbers (Re) are associated with
enhanced heat transfer and increased thermal capacity of the working fluid. As a result, the
Gd fins’ temperature varies more rapidly, accelerating the magnetic phase transitions and

increasing the rotor’s speed. The maximum rotational velocity (under no-load conditions)
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exhibits a linear trend with the flow rate.

In contrast, under higher load inputs, the rotor began to operate discontinuously and at a
lower speed. In this scenario, the Gd fins remained exposed to the working fluid for longer
periods, approaching thermal equilibrium with the heat source and sink. Consequently,
the torque values tended to converge, making the maximum torque independent of the

flow rate.

Comparing the 7 x w and med X w curves for the two- and four-magnetic volumes con-
figurations, the results showed that increasing the number of magnetic volumes and, thus,
the active MM mass at the ferromagnetic state, led to an increase in the motor’s torque
output. This is more pronounced at lower w, when the Gd fins’ temperatures approach
thermal equilibrium with the heat source and sink, moving away from 77 and completing
their transitions into the paramagnetic and ferromagnetic phases. The maximum (hold-
ing) torque value duplicates, within the experimental uncertainty range, when the number

of magnetic volumes goes from two to four.

On the other hand, more magnetic volumes also imply an increased mass of MM in the
paramagnetic state, which reduces the benefit generated by the increasement of those in
the ferromagnetic state. This reduction is more evident under higher w, in which the fins’
thermal cycle occurs at temperatures closer to 1. Therefore, the increase in the number
of magnetic volumes did not result in any significant enhancements to the maximum

rotational speeds achieved by the rotor.

The same power output peak was achieved for different numbers of magnetic volumes by
adjusting the fluid streams flow rates. Nevertheless, a higher number of these volumes re-
duced the system’s viscous losses. Therefore, increasing magnetic volumes numbers is more
advantageous because it reduces the system’s pumping power. However, at the highest
flow rates (over 20 LPM /nozzle) and two-magnetic volumes configuration, the maximum
power is sustained across a wide range of rotational speeds and torque values. This result
indicates an advantage of TMM operation, as it allows for maintaining consistent power
output while adjusting torque and rotational speed according to the demands of a specific

application.

Finally, the maximum values of the performance parameters obtained for each config-
uration were as follows: a maximum rotational speed of 348.5 RPM, a peak produced
power of 4.67 W, and a holding torque of 1.3 N-m for the two-magnetic volume configu-
ration at a flow rate of 22.5 LPM /nozzle; and 179.4 RPM, 4.57 W and 2.3 N-m for the
four-magnetic-volume configuration at a flow rate of 11.75 LPM /nozzle. These results
surpass the current state-of-the-art values of 242 RPM (MEHMOOD et al., 2021), 3.7 W
(TAKAHASHI et al., 2006) and 1.3 N-m(FRANZITTA et al., 2013). These results ex-
ceeded initial expectations and successfully met both the specific and primary objectives

of this master’s thesis.
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6.2 RECOMMENDATIONS FOR FUTURE WORKS

Based on the advances presented in this master’s thesis, some recommendations for future

works is listed as follows:

1. Use thinner plates for the Gd fins, in order to reduce the thermal mass of the mag-
netocaloric material and, consequently, enable faster magnetic phase transitions.
However, this modification comes at the cost of a reduced net magnetic force. Thus,
an optimal design trade-off must be achieved to enhance overall prototype perfor-

mance, which may include incorporating a greater number of fins.

2. Use different MM geometries to enhance its heat transfer with the working fluid and

promote faster magnetic phase transition.

3. Perform experimental tests with T lower than 5°C to evaluate. However, to ensure
TMM proper operation, T should be simultaneously increased to maintain a non-

balanced temperature difference with respect to Tr.

4. Perform experimental tests using uneven flow rates between the warm and cold fluid
streams. Since Nusselt number values increase at higher temperatures, performance

can potentially be improved by employing higher flow rates in the cold fluid stream.

5. Use first-order magnetocaloric materials, ideally with a T above ambient temper-

ature.

6. Scale up the prototype by simultaneously assembling multiple MC and MM rotor

sets onto a single shaft, as proposed in the filed patent.
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A APPENDIX A : Magnetic Circuit Production and Assembly

The present appendix details the MC production and assembly process.

A.1 PRODUCTION

All the MC aluminum and steel parts were produced in-house, at the Laboratério de Usinagem
e Automacao from Universidade Federal de Minas Gerais, from raw materials. Conventional
machining operations, mostly milling and drilling, were carried out employing the Machine Center
(model ROMI Discovery 560) and some auxiliary tools, such as the bench drill, the band saw and
sandpapers. Cutting tools and parameters were carefully selected to guarantee the achievement of
the designed dimensional tolerances. High-Speed Steel (HSS) tools were employed for machining
the aluminum parts, while carbide tools were utilized for working on the steel components. Also,

appropriate cutting fluids were applied. Figure A.1 depicts some of the MC parts produced.

A.2 ASSEMBLY

The MC assembly was also carried out in-house, at the Laboratorio de Sistemas Térmicos Emer-
gentes - Stream Lab - from the Universidade Federal de Minas Gerais. Due to the strong magnetic
forces involved, the assembly process requires careful handle and the use of auxiliary tools to

assist the parts approaching.

A.2.1 PREPARATION

Before starting the assembly process, a Gaussmeter model LMP — HALL - 20k and a T1 Hall
probe (GlobalMag) were employed to identify all the permanent magnet’s remanence directions,

as illustrated in Fig. A.2, securing its correct positioning within the MC.

Figure A.1 — Magnetic circuit parts produced: (a) long and short steel portions of the L-shaped set; (b)
aluminum structural parts.
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Figure A.2 — Permanent magnet’s remanence direction identification

Subsequent, all the surfaces to be bonded underwent a sand filling blasting procedure to remove
the nickel protection layer from the permanent magnets and enhance the surfaces roughness,
guaranteeing the best epoxy adhesion. The surfaces that would not be bonded were protected
from the blasting with adhesive tape. The blasted surfaces, which can be seen in Figs. A.1 and

A.3, were then cleaned and the parts were properly stored.

A.2.2 BONDING

The permanent magnets surfaces were bonded using an epoxy adhesive (3M Scotch Weld DP
460MS), which was applied with the assist of a pistol and a mixing nozzle and distributed on
the surface with a spreader. Latex gloves were used during the entire procedure to prevent the
adhesive of entering in contact with the skin. To ensure safety during the assembly, the entire

bonding process was conducted inside a wooden case.

The bonding process involves several steps. Before starting, the remanence directions, already
identified, are checked and the surfaces once again cleaned. Then, the epoxy is spread over
the faces that will be joined together. Subsequently more epoxy is added to the joining edges
between the parts, to ensure the bond quality. Finally, after full epoxy cure, the excess adhesive
is removed, and the set is properly stored in wooden boxes specially designed for this purpose,

depicted in Figure A.4.

Initially, the side concentrators permanent magnets were bonded to the aluminum parts, as
shown in Figure A.5. For this procedure, steel parts were placed underneath the aluminum ones
to attract the magnet and guarantee the surfaces joining until the epoxy full cure, as detailed
in Figure A.5d. Then, the main permanent magnets were bonded to their respective steel parts.
There was no need for the employment of any auxiliary tool, as the attraction force between
the magnets and the steel was enough to keep them together until the adhesive full cure. The

process is depicted in Figure A.6.

Subsequent, due to the strong repulsive magnetic forces involved, threaded bars were used for
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coupling the main permanent magnets to the side concentrators structures, forming the portions
of the L-shaped sets. The epoxy adhesive was spread over the clean surfaces and the structures
were then approximated with the threaded bars help. Next, the threaded bars were replaced,
one by one, by the screws responsible for the final assembly. Again, more epoxy was added to
the joining edges between the parts and a straining clamp was employed to hold the set together
until the epoxy full cure. Finally, the excess adhesive was removed, and the set was properly

stored. Figure A.7 illustrates the described process.

After the bonding process was completed, the parts were painted so that the paint layer protects
them from oxidation. For didactic purposes, the steel parts were painted in red, the aluminum
parts in dark grey and the permanent magnets in chrome. The painted components are presented

in Figure A.8.

A.2.3 FINAL ASSEMBLY

For the final assembly, the short and long portions of the L-shaped set were connected, as
presented in Figure A.9. The long portion was attached to the working bench with a straining
clamp while the short portion was coupled to it with the help of threaded bars for controlling
the magnetic attraction force and assuring the right positioning. The threaded bars were then

replaced by the screws responsible for the final assembly.

Two guideway slider blocks along with their respective aluminum parts are connected to the
assembled L-shaped set. This parts are responsible for allowing the L-shaped structures to slide
away from each other in the motor rack, easing the remaining components assembly. The de-

scribed process is presented in Figure A.10.

Following, the triangular cross section steel part was connected to the lower L-shaped set using
screws, as shown in Figure A.1la. Then, the lower set was attached to the working bench with
a straining clamp while the upper set was coupled to the opposite end of the triangular cross
section steel part with the help of threaded bars. To ensure the process safety, wood pieces were
placed between the main permanent magnets. The last described process, depicted in Figure
A.11, was carried out twice, completing the MC final assembly. The completed MC can be seen
in Figure A.12.
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Figure A.3 — Permanent magnets: (a) side concentrator prepared for the blasting process, with the adhe-
sive tape protecting the not bonded surfaces and the identified remanence direction; (b) main permanent
magnet prepared for the blasting process, with the adhesive tape protecting the not bonded surfaces and
the identified remanence direction; (c) side concentrator blasted surfaces; (d) main permanent magnet
blasted surfaces.

Figure A.4 — Wooden boxe specially designed for properly storing the permanent magnets.
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Figure A.5 — Side concentrators and aluminum parts bonding process.
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Figure A.6 — Main permanent magnets and steel parts bonding process.
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Figure A.7 — Assembly of the main permanent magnets to the side concentrators structures with the help
of threaded bars.
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Figure A.8 — Magnetic circuit components after being painted. The red parts are made of steel, the dark
grey parts are made of aluminum and the parts in chrome are the permanent magnets.
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Figure A.9 — Assembly of the L-shaped set short and portions.
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Figure A.10 — Assembly of the guideway slider blocks to the L-shaped set.




Appendiz A. APPENDIX A : Magnetic Circuit Production and Assembly 118

Figure A.11 — L-shaped set final assembly.
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Figure A.12 — Completed magnetic circuit.
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B APPENDIX B : Magnetic Circuit Experimental Characteri-

zation Results

As mentioned in Sec. 4.3.3, the magnetic flux density distribution was evaluated along a series
of concentric circles plotted on a cross-sectional plane at the center of the air gap (plane z —y at
z = 0). The measurement circumferences are illustrated by the blue circles in Fig. B.1, where the
angular position corresponding to 0° is also indicated. The comparison between the experimental
and simulated magnetic flux density values, obtained along the angular position at these cir-
cumferences are presented in Fig. 4.5. The parameter R denotes the radial distance between the
inner concentrator’s edge and the measurement circumference. The results for the circumference

corresponding to R = 30 mm are not illustrated as they have already been presented in Fig. 5.4.

It is noted that the good agreement between the experimental results and the simulated values,
previously observed at the center of the air gap, is also achieved at other radial positions. Addi-
tionally, the similarity between the results for R values ranging from 15 mm to 50 mm indicates

that the desired uniform magnetic field distribution was attained.

Figure B.1 — Magnetic flux dentisty along the angular position at the center of the air gap: comparison
between the experimental and numerical results.
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