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Abstract

The first closed-loop thermomagnetic hydrodynamic energy harvester, based on thermomagnetic
advection and exploiting a commercial ferrofluid, is described. The lab-scale prototype has a
toroidal geometry adopted from the well-known tokamak inertial machines. Peltier modules are
used to control the thermal gradient that is harvested and converted directly to electric energy,
while permanent magnets trigger the advection. Temperature sensors are installed along the
toroidal walls (thermistors) and are placed in contact with the rotating fluid (thermocouples). To
extract and ensure the electrical energy output, the structure is wrapped-up with coils and
connected to an impedance meter and pico-amperometer. Two coil configurations (purely poloidal
and mixed poloidal/toroidal windings) are tested, in a heterogeneous two-phase flow from the
combination of water carrier and ferrofluid packets, reaching a maximum extracted electrical
power per unit of temperature difference of 10.4 uW/°C, that is approximately 20% of the ideal
Carnot efficiency of a thermal machine working on the same temperature drop. Numerical analysis
of the system has been performed developing a Fortran™ code in a Eulerian framework, using a

mixed Fourier-Galerkin/finite difference spatial discretization.
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Introduction

Energy utilization together with sustainable processes and care for the environment are now
under the spotlight; transforming energy for the benefit and development of human society must
take into account the non-unitary efficiency of any process, and the consequent distributed
production of waste heat, playing therefore a role in global warming, whose effect has been
measured to impact severely our economy [1]. To highlight the critical aspect of energy issues,
we may recall that the world energy consumption in 2040 is expected to surpass 200,000
TWh/year, leading to heat wasted into the environment of approximately 120,000 TWh/year. Its
trend has been monotonically increasing since the beginning of the first industrial era, in 1840
[2]. The value of this incredible amount of energy, if we suppose a conversion and injection to
the electric grid with an average efficiency around 30 %, is close to 50 billion €/y. Recent
analysis about the U.S. market highlights a forecast, depending on policy scenario, that could
produce between 3 and 4 EJ of green energy using all available wastes [3]. A greatly valuable
approach to tackle this problem is to capture and reuse the waste heat, providing an attractive
opportunity for an emission-free and cost effective energy resource [4], though the cost per kW
of such solutions might be quite high and must be evaluated using sophisticated models to
quantify the IWH potential [5]. Energy harvesting can be defined as the process wherein the
sources such as mechanical load, vibrations, temperature gradients, heat, light, salinity
gradients, wind, etc., are scavenged and converted to obtain relatively small levels of power in
the nW-mW range [6]. In particular, WHP is the process of converting the heat discarded by an
existing process and using that heat to generate electricity via thermodynamic cycles,
thermoelectric, triboelectric and pyroelectric devices, or thermomagnetic hydrodynamic systems

[7]. Improving overall energy efficiency, together with the use of renewables and the increase of



energy access to populations, as listed by UN “Sustainable energy for all” policy, is also

compatible with the global warming limit of 2 °C [8].

Over the years several approaches to WHR have been developed. Thermodynamic systems based
on BC, SC, KC, CDTCC, ORC are widely employed in the industrial sector. As examples, BC
has been used in a WHR system including heat exchangers coupled to a turbocharger which
converts waste heat into enthalpy and an electric generator that converts it into electromagnetic
energy, improving the fuel efficiency by 10 % [9]. In the cement industry, KC is implemented
generating ammonia-water vapor harvesting low-grade heat, then it is expanded in a turbine,
condensed in regenerative heat exchangers, diluted and fed into a low-pressure condenser and

finally injected into the high-pressure condenser before reaching again the vapor generators [10].

Adsorption refrigeration, often used with solar collectors other than waste heat, provides direct
heat re-use [11]. TE materials [12], on the other hand, feature conversion of heat into electric
energy, but are quite far from the ideal Carnot cycle [13]. At the very small scale, in terms of
volumes (< 10 cm®) and masses (< 1 kg), several solutions have been brought to reasonable
efficiencies: MEMS enabling micro-combustors, micro-turbines, micro-fuel cells, often

combined with thermoelectric modules, are an example [14].

In table 1 the main commercially-exploited systems for WHR are compared [15-19].



LT=Low Temperature

BC ORC KC TE
HT=High Temperature
N @ LT (Tuot <250 °C)

17 6.5 13 4
[70]
N @ HT (250 < Thot <

21 13 18 6
450 °C) [%]
Typical installed power

7.8 0.35 0.4 0.012
per plant [MW]
Cost per kW [k€/kW] 1.8 0.065 2.5 3.2

Table 1: Comparison between the main commercially-exploited systems for WHR.

Other more exotic physics could be used, for example the Nernst transverse thermoelectric effect

(an electrical field that appears out of the plane formed by a thermal gradient and perpendicular

magnetic field), but involving very peculiar and dangerous materials, such as URu»Si> heavy

Fermion superconductor [20]. Another interesting, green approach, has been that of using

cellulosic membranes, infiltrated with electrolytes and submitted to a thermal gradient parallel to

the fibers, to exploit differential ionic conductivity and generate a thermally induced

electromotive force as high as 24 mV/°C and a resulting power of 5.76 uW / °C [21]. This

approach belongs to the liquid state electrochemical systems, discussed in a broader context and

reviewed in detail elsewhere [22].



The economic feasibility for WHP declines as the amount and quality of the heat decreases
[23]. For these reasons, a TORODYNA energy harvester was developed and characterized, an
apparatus that belongs to the so called CERES family, where a colloid is exploited either to store
or to harvest energy from a specific gradient [24]. The idea behind this work derives from the
awareness of unprecedented thermophysical potential of FFs [25]. FFs are suspensions of
magnetic nanoparticles dispersed in non-magnetic liquids, categorized as a class of functional
fluids whose flow and energy transport processes can be influenced and controlled by adjusting
the strength and orientation of an external magnetic field [26], although, in experiments and
theoretical investigations it is often found that the magnetically induced effects are strongly
coupled with gravitationally driven phenomena [27]. Starting from the studies and simulations of
Yang et al. [26], results exploited the thermomagnetic advection effect (thermal gradient parallel

to external magnetic field) of a FF contained in a closed loop geometry.

Typically, the principal aim is a more efficient thermal dissipation, in particular in those
applications such as laptops and high thermal density CPUs, where a passive system is more
reliable and less impacting on the batteries power availability [28]. High performance
commercial devices (CPUs and GPUs) already went above the thermal energy density of nuclear
power reactors (200 Wem™) and rocket nozzles (1 kWem™) and are approaching that of the Sun
surface (10 kWem™) [29, 30]. Some existing FF-based solutions include an active pumping
system that adsorbs energy from an external source. However, these devices are not optimized
for energy production only, but are conceived to dissipate heat and to recover a tiny portion of
the energy available as kinetic energy [31]. The energy output is typically low, 20 uV across a
1,000 turn copper-wire of 130 pm diameter (1,300 Q/km leading to around 50 Q) corresponding

to 80 fW [32]. Another interesting application is that of electromagnetic induction by FF in an



oscillating heat pipe, a device that operates harvesting the thermal gradient between a heat source
and a heat sink using a meandering closed-loop tube filled with FF, magnetized by permanent
magnets and forced to move across an extraction coil [33]. For this application, the required
thermal gradient must be high enough to induce a phase transition in the FF solvent, creating
vapor that propels the fluid in the circuit, with a resulting figure of merit of 10 pW/°C, one
million times lower than the device described in the present report. Steady oscillations are
established with rather high thermal power, above 70W, thus preventing applications in
wearable/portable devices/appliances [34]. Thermomagnetic cycles on Gd rotors have been
shown to convert waste heat starting from 2 °C of AT with the output of 52.5 uW /Kcm?® [35].
Another interesting device, again operating against 20 °C of AT, was fabricated to exploit
thermomagnetic effects (change of magnetization in a solid state material, when subjected to a
thermal cycle) and induce currents in a coil, with a remarkable output of 1 mW under certain
conditions, with the drawback of requiring exotic materials, like La-Fe-Co-Si [36]. Against a 40
°C of AT the technology of thermo-osmotic waste heat recovery promises interesting power
densities in the order of 1 Wm [37]. Much lower power could be extracted (550 fW/°C) if,
instead of using special membranes, conical holes are drilled to separate the two reservoirs [38].
Other relevant examples are the works of Zhou et al. [39] in which a thermo-magnetic based
device exploits the magnetic fluid motion to drive a mechanical rotor and of Yamaguchi et al.
[40], investigating the characteristic of a thermo-magnetic driven motor exploiting a magnetic

fluid. In both cases the devices are not able to harvest electrical energy.

Figure 1 presents an overview of the application ranges of some of the above mentioned
technologies which can be used in the whole range of low-grade waste heat. The main solutions

are put in correlation in function of the AT available and grouped according to the three main



application fields, namely portable, domestic and industrial. It is clear that thermomagnetic
hydrodynamic systems such as TORODYNA are suitable in the AT range from 1 to 100 °C

especially for portable and domestic applications.

Brayton Cycles\
Organic Rankine Cycles
Kalina Cycles

Stirling Cycles

Industrial

Carbon Dioxide TransCritical Cycles

a Adsorption refrigeration systems Solar collectors K Thermoelectric cogeneration systems><
(3)
=
a Heat pumps
=
8 Magnetocaloric devices
<Thermomagnetic hydrodynamic machines - \ /
<
-g Pyroelectric energy harvesting devices
t
(<)
C‘ Triboelectric nanogenerators

0

Figure 1: Overview of the main existing technologies for WHR/WHP, grouped according to the main application fields and as a
function of the available AT.

The TORODYNA: novelty and layout

The TORODYNA concept we propose is able to provide an output with the lowest AT ever
reported, as low as 1.25 °C, and the highest output per unit of temperature difference in the LT
range, is robust, low-cost and based on non-toxic materials. TORODYNA features: 1) a purely
liquid aggregation state of the active medium that does not require high thermal inputs since it
does not undergo phase transition; 2) the container features a toroidal shape, a choice that allows

to have a closed loop for the active medium and to easily put in thermal contact the container



walls with hot and cold reservoirs; 3) thermomagnetic advection, a physical effect that is
observed when FFs are submitted to a thermal gradient parallel to a magnetic field, which
induces a motion of the FF in transverse direction; 4) the Ludwig-Sor¢t effect, which induces
density gradients in the magnetic nanoparticles that influence the remanent magnetization of the
FF; 5) the stabilization of magnetic particle density waves known as “Hopfions” (Figure 2a),
whose layout is that of knots twisted around the toroidal cycle (i coordinate system) p times and
twisted around the poloidal cycle (j coordinate system) g times; 6) magnetic induction as
extraction principle. Combining thermal magnetic advection and Ludwig-Soret effect to induce
density waves (Hopfions [41]) moving in a closed loop (topology) is the core of the
TORODYNA technology, enabling operations with extremely small thermal gradients, as low as
1.25 °C, with unprecedented conversion efficiencies, million times higher than existing
induction-based technologies. It is noteworthy to state that, using induction coils and a
homogeneous composition of a high magnetic permeability core moving inside the coils, no
electromotive force will be measured when the magnetic flux variation is negligible with respect
to the coil volume. Therefore in a toroidal container filled with an homogeneous magnetic fluid
set in motion, we will measure no electromotive force on poloidal windings. Density waves
appear and move in the structure and self-organize into clusters from whose movement it is
possible to extract electromagnetic energy. Using a curved geometry, instead of a flat one, and
imagining to close the loop offering the FF a circular trajectory useful for electromagnetic
conversion as later described, the torus was selected as optimal choice. The torus is a void
container, thermally conductive and magnetically transparent, fabricated using carbon filled PLA
filament and 3d printed with FDM technology, featuring an internal volume of 1 L (Figure 2b).

The thermal gradient is set across the container walls, as the magnetic field does, and resulting

10



density waves accomplish integer twists along the toroidal and poloidal axes and generate a
stable helical flow of magnetically charged particles, similar to the helical plasma flow in nuclear
fusion reactors. The condition to achieve such flow is the collinearity between thermal gradient
controlled by Peltier cells and magnetic field lines, obtained by AINiCo permanent magnets. The
thermal gradient is established by the Peltier cells controlled by a PAC electronic system,
capable of PWM control of the cells and at the same time capable of measuring the temperature
from the thermocouples/thermistors with commercial 12C read-out components. The total
number of Peltier cells was selected by design: the converter was dimensioned for a total liquid
volume of 1 L, hence its inner and outer radii were calculated after fixing the container width.
Fabrication constraints given by the 3D printing of the container, about wall thickness, led us to
choose the smallest Peltier cells available in order to create a mosaic of sections around the torus
surface to change the thermal gradient and to set the magnetic field, without impacting too much
on the torus curvature. As described in Supporting Information, 32 Peltier cells were installed
with an equal number of thermocouples and thermistors for temperature monitoring. The
motherboard integrates all the AC/DC modules to power the cells and the read-out electronics,
and includes a commercial FPGA with embedded ARM A9 microprocessor. The FPGA
interfaces all the microprogrammed components on the motherboard and probes the hardware
using ad-hoc Linux drivers and a mainline Kernel (Figure 2c). The Peltier cells are installed on
the inner wall of the torus (16), as well as on the outer wall (16), plus 16 thermistors to measure
wall temperature and 16 thermocouples to measure fluid temperature (Figure 2d). When the
Peltier cells are steadily switched on, heat is brought to the inner wall and removed from the

outer one (Figure 2e and 2f).

11
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Figure 2: TORODYNA system. a) torus surface coordinate system with two Hopfions shown. b) 3D rendering of the prototype. c)
Peltier Array Controller (PAC) based on a custom design. d) overview of the TORODYNA fully connected to
powering/measurement devices. e) top view with thermal camera. f) side view with thermal camera.

12



Ferrofluid injection

Considering the smaller surface area of the inner wall and the lack of optimal airflow inside the
torus, it has been found more efficient to heat the latter while cooling down the external one.
Around the TORODYNA three separate coils are wound: one coil is used to extract energy and
monitored via impedance measurements and it has two possible configurations: a purely poloidal
one (Figure 3c) and a mixed poloidal/toroidal configuration (Figure 3f) that were tested to verify
the travelling density waves-induced electromotive force. The specific choice is as follows:
supposing that the FF motion inside the torus has a purely toroidal component, then all of its
magnetic flux can be optimally intercepted by purely poloidal coils. If, on the other case, the FF
motion inside the torus is helical (hence the velocity field has a toroidal component plus a
poloidal one), then its magnetic flux can be optimally intercepted by mixed poloidal/toroidal
coils. Other two coils (one poloidal and one toroidal) are used to induce a magneto-static field
that helps in the initial phase to obtain a net clockwise flow along the toroidal coordinate. After a
few minutes, both coils are disconnected to measure the pure harvesting component of
electromotive force. The torus is filled with water and a small amount of FF (biphasic state).
Injection of 1 mL of FF into water can be monitored as perturbation of the impedance of the
system, the FF acting as a high permeability core of a discrete inductor (Figure 3a, b, d and e),
and takes place at the time marked with a. It is possible to appreciate the increase of inductance
of 45 nH with purely poloidal coil and of 65 nH with mixed poloidal/toroidal coil. The value of
inductance with an empty tank is different in the two cases as the concatenated magnetic flux is
directly proportional to the coil area times the number of windings squared (2,976.75 cm? in the
former case and 6,037.5 cm? in the latter, same ratio of ~2 is kept in the measurements). The

difference in the measured increase of inductance is the result of a more efficient concatenation

13



with complex fluid movements. The resistive part of impedance is used to monitor the energy
output of the harvester, working on the equivalent circuit composed by the parallel between an
ideal inductor (our extracting coil) and the impedance meter. What we read as a resistance
variation, 800 uQ for purely poloidal coil and 250 pQ for mixed poloidal/toroidal coil, is due to

the electromotive force generated in the experiment.
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Figure 3. Effect of the injection of 1 mL FF in water. a) series resistance versus time of poloidal extraction coil. b) series
inductance versus time of poloidal extraction coil. c) overview of poloidal coils. d) series resistance versus time of mixed
toroidal/poloidal extraction coil. e) series inductance versus time of mixed toroidal/poloidal extraction coil. f) overview of mixed
toroidal/poloidal coils.

Steady state functioning
A steady state characterization of the TORODYNA filled with 10 ml of FF in water lasts several
hours (Figure 4a). The real AT submitted to the FF is 1.25 °C and is stable within 0.1 °C, while

temperature uniformity can be evaluated by plotting all thermocouples responses (see Supporting

Information); the Peltier cells have been switched on at t=0 (o)) and after 1h the TORODYNA

14



reached dynamically stable operation (y). In order to characterize also the thermalization back to
room temperature, after 2h the system was switched off (8) and switched on again (€). Thermal
fluctuations can be visualized plotting the difference between average temperature and any of the
16 sensors output data (Figure 4b), and Fourier analysis clearly shows how a fundamental mode
is found with a period of about 150 s (s for single mode) and several other oscillation modes are
present. Considering the winding periodicity (8 poloidal windings positioned every 10 cm) we
can evidence the period corresponding to a packet of FF travelling across the whole toroidal axis
(¢ for total mode, 360 °) and multiples of two (720°) and three (1080°) complete turns (Figure
4c). There is an excellent matching with impedance measurements, where monitoring of both the
resistance and inductance component (Figure 4d, e) and consequent Fourier analysis evidences
how all the most important spectral components (the fundamental s, the global 7 and the
multiples at 720 and 1080°) are still present. Overall we could measure an electrical output of
10.4 uW/°C exploiting 10 mL of FF, in a situation where the Carnot efficiency between
Tw=38.22 °C and T=37 °C is n=0.3918 %, with a thermal input power of 1.4 W giving a
maximum theoretical output of 5.485 mW/°C. By filling up the reactor with only FF, we can
already achieve 1.040 mW/°C or approximately 20% of the Carnot efficiency. For comparison,
the best performance recorded in an oscillating heat pipe based on the oscillation of a bulk
NdFeB permanent magnet of 3.17 mm diameter is 2.1 uW/Wm against 9.3 uW/Wrh, measured on
our liquid-enabled technology with 10 mL of FF (therefore 930 pyW/Wrp for a 1 L volume) [42].
We may compare the achieved efficiency with the two most efficient WHR systems for
industrial applications, even if suitable for higher temperature range: Peris et al. [43] were able to
reach a maximum gross electrical efficiency of 12.32 % by means of the application of an ORC

to the waste heat coming from a ceramic factory (200-300 °C), which corresponds to 37% of the
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Carnot efficiency; Wu et al. [44] proposed a novel type of CDTCC able to increase the net power
output of gas turbines up to 26.3 % operating in the range of 250-500 °C, that is about 52% of
Carnot efficiency. It should be noted, however, that such efficiencies were obtained at a much
higher temperature and those heat recovery systems would not be able to work at the temperature

used in our test, therefore the comparison done should be considered with particular care.

The system can operate continuously while the thermal gradient is kept across the tank width.
The periodicity of both inductance and thermal waves is a consequence of the movement of
density waves across solenoids, each amplitude peak corresponding to the transit of a packet in

one of the extraction sections.
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Figure 4: Steady-state operation. a) Effective AT on the fluid (dashed in red: Savitzky-Golay smoothing over 600 points). b)
Thermal waves measured in the fluid along a period of 2 min (dashed in black: Savitzky-Golay smoothing over 3 points,
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time showing oscillations in the steady state. f) Inductance fluctuations as evidenced by Short Time Fourier Transform (STFT).
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Numerical analysis

A set of numerical simulations has been carried out to understand the main fluid dynamical
phenomena occurring inside the vessel. The aim is to gain insight on how the flow develops
inside the toroidal container as a consequence of the magnetization of the magnetic particles and
the temperature difference between the walls. The opaqueness of the walls does not allow a
visualization of the flow, nor it is possible, at this stage, to introduce velocimeters. Moreover,
simulations allow to investigate if different positions of the permanent magnets would

significantly alter the flow and, as a consequence, the electrical energy output.

Given the small size and large number of the suspended particles, the system is physically
modelled as a two-phase system with an Eulerian-Eulerian approach, that is, both phases, the
solvent and the suspended colloidal particles, are treated mathematically as interpenetrating
continua. Moreover, by considering the small volume fraction of the solid phase, of the order of
1072, and the negligible inertia of the particles, particles are assumed to be in thermal equilibrium
with the surrounding flow and the model is conveniently formulated in terms of the mixture
velocity and temperature. The solid phase is described through its volume fraction ¢. The small
temperature differences, of the order of 1 °C, allow use of the Boussinesq approximation for
natural convection, so that the mixture density p(7, ¢) is approximated as p = p, +
pol—a(T —Ty) + (£ — 1) (¢ — @)], where po is the mixture density at the average temperature
of the system 7 and particle mean volume fraction ¢ , a is the thermal expansion coefficient of
the solution and ¢ = p, /pris the ratio of the density of the particles to the density of the solution.
Particles are subject to the hydrodynamic interaction with the solution, which includes the

thermophoretic force, and to the magnetophoretic force due to the externally imposed magnetic

17



field. The magnetophoretic force per unit volume of the mixture can be expressed as fir = guo”
M VH, where 1" is the magnetic permeability of vacuum, A the modulus of the magnetic field
and M the magnetization of the particles, which depends on the magnetic field and the
temperature, and is expressed by a magnetic equation of state. Since temperature variations in the
flow are small, we choose the following relation, M = yH — K(T — Ty), where y is the magnetic
susceptibility and K the pyromagnetic coefficient. Therefore, the mixture continuity and

momentum balace equation for the mixture in the Boussinesq approximation are as follows

V-u=0 (1)
po (50 +1u- Vi) = —VP + uV?u + f, — QoK (T = TVH (2

Where py is the mixture density at the average temperature of the system 7), u is the mixture

velocity, # is time, u is the dynamic viscosity of the suspension, P=p—u g yH /2
is the modified pressure, fi, is the buoyancy force, given by

fr=po[(E— D(p —po) — (T — Ty )] g, pois the particle mean volume fraction, K the
pyromagnetic coefficient, and A the modulus of the magnetic field. Notice that only buoyancy
and magnetic forces enter in the momentum equation for the mixture, because the
thermophoretic force is an internal force between the fluid and suspended particles. The model

includes the equation for the mixture temperature, that is,

Z4+v-(Tw)=xkV’T  (3)

18



where « is the thermal diffusivity, and the equation for the particle volume fraction. By
neglecting particle inertia, the slip between particles and mixture is due to the forces acting on
the particles, that is, Stokes drag, Brownian forces, thermophoretic and magnetophoretic forces,

so that, including all these effects, the equation for the volume fraction ¢ becomes
o 2 R? 2 R? 2
STV (ow) =5~ =OVe - g +5—8V-(9MVH) + 1,V + K7V - (9VT) (4)

Here R is the radius of the particles, v = w/prthe kinematic viscosity of the carrier fluid, and «,, is
the Fickian diffusion coefficient due to the brownian forces on the particles, given by the Nernst-
Einstein relation x, = kgT/(6muR) (ks is the Boltzmann constant). The last term in equation (4)
describes the particle flux induced by a temperature gradient, which produces a relative velocity
between particles and solution equal to —x7VT, where x7 is the thermophoretic diffusion
coefficient, which quantifies the strength of the colloidal thermophoresis. By assuming that the
magnetization is much weaker than the externally imposed magnetic field, due to the low volume
fraction of the suspended particles, H can be obtained by integrating the Maxwell equations in

absence of magnetic induction, which leads to

1 O)&-y)
H =Ty = -, === dyidy,dys (5)

|x

where 1 is the magnetic potential, x the vertical coordinate, y the poloidal coordinate, m is the
magnetization per unit volume of the external permanent magnets, and the integration is carried
out on the volume V, of the magnet(s). Due to the simplification of the equation for particle
magnetization, the resulting model can be considered a simplified version of the model used by

Suslov [45] in the part dealing with thermomagnetic convection.
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By neglecting the confinement in the vertical direction, and considering only the flow in the
core of the toroidal configuration, governing equations (1-2-3-4) are solved in a parallelepiped
domain between two vertical walls. A scheme of the simplified flow domain is shown in figure
5(a), together with two of the investigated magnet configurations. In this way, the topmost and
bottom most portions of the vessel, where the vertical convective flow changes direction, are
excluded by the simulation, which considers only the central portion of the vertical extent of the

system.

The resulting partial differential equations are discretized with a mixed spectral-finite
difference scheme (following the lines of Passoni et al. [46]): a Fourier-spectral discretization
has been used along both the vertical and toroidal coordinates while finite differences are used
along the poloidal axis. No-slip boundary condition for the velocity field and Dirichlet boundary
conditions are imposed on the two vertical walls, while periodic boundary conditions are used in
the other directions. A fourth order standard Runge-Kutta method has been used for time

integration.

The magnetic field is provided by a set of permanent magnets, located around the cell, arranged
in vertical strips of opposite facing magnets (Figure 5a and 5d). They are simulated by considering
them as infinite in the vertical direction so that the magnetization, computed by equation (5), is

perpendicular to the TORODYNA walls.

Convection movements along the vertical axis are a direct consequence of the temperature
gradients in the flow domain. Hotter volumes are associated to lower flux densities and the
resulting motion is upwards near the warmer wall and downwards near the colder wall. Since the

Rayleigh number is relatively small, the flow remains laminar, and the vertical component is
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always the dominating one. The other two velocity components, normal to the wall, i.e. directed
across the vessel thickness, and along the toroidal axis, are a direct consequence of
thermomagnetic force, as buoyancy does not act in such directions. Therefore, the position of the
magnets and the intensity of the magnetic field directly modulate these components of velocity,
which is important for the creation of three-dimensional cells able to generate a flux of
magnetized particles which can be intercepted by the coils. The simulations allow computation
of the magnetic flux through an arbitrary surface, so that it is possible to understand where the
extraction coils must be ideally located to increase energy extraction efficiency. It is clear that
the asymmetry between upwards and downwards movements, induced by the magnetic field,
brings a preferable configuration. In this regards, the main outcome is that, having purely
poloidal coils, the configuration that maximizes the magnetic flux, and therefore the overall
energy efficiency, corresponds to perfectly asymmetric magnets (i.e., shifted by half their pitch,
see Figure 5d, with a total phase mismatch along the toroidal direction of the magnetic fields
generated by the opposite facing magnets). Such a configuration is potentially able to increase

the magnetic flux up to 80% with respect to the basic configuration with directly opposing
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magnets. Therefore, the overall efficiency of the system could be further increased.

Figure 5: Steady-state operation. a) Simulation volume where the permanent magnets on the hot and cold wall are facing each
other. b) Solution of Laplace equation for magnetic potential, from the top: magnetic field strength, toroidal component of
magnetic field, poloidal component of magnetic field. c) Solution of thermomagnetic advection equation, from the top:
temperature, vertical component of velocity, toroidal component of magnetic flux. d) Optimized simulation volume where the
permanent magnets on the hot and cold wall are asymmetric and shifted. e) Solution of Laplace equation for magnetic potential,
from the top: magnetic field strength, toroidal component of magnetic field, poloidal component of magnetic field. f) Solution of
thermomagnetic advection equation, from the top: temperature field, vertical component of velocity, toroidal component of

magnetic flux.

Conclusions

A new family of devices conceived to impact the landscape of low enthalpy heat recovery,
based on thermomagnetic hydrodynamic effects, was designed, realized and characterized. They

use as input a thermal gradient and give as output electric energy, the active part being a
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functional liquid. The prototype is made with low cost materials and technologies, in a
responsible and sustainable manner, avoiding toxic/polluting elements. At this stage, additional
refinement and improvements are needed, especially optimizing the geometry, heat transfer
capability, configuration of magnetic field together with thermal gradient, and power extraction
systems. Furthermore, the performances have been investigated by using a water-oil based FF
mixture with a small amount of magnetic nanoparticles able to induce the electromotive force
and generate power from the waste heat. For all of these reasons, TORODYNA is not here
presented as breakthrough in competition with already existing WHR systems which are, by
contrast, optimized in the design, tested in a relevant environment, commercialized and
employed in a broad range of industries and domestic plants, but rather as the first, promising,
experimental result that could profitably be scaled up (or down) and provide a new solution for

low enthalpy WHP applications.

So far, the efficiency reached in converting a tiny thermal gradient (1.25 °C) into electrical
energy is 20% of the corresponding Carnot efficiency, representing therefore an important
milestone in the research panorama, but also leaving room for future improvements, which are
already in progress. Sources of losses are here summarized, providing the directions of

improvement of our future research:

1) we are not able to concatenate the entire magnetic flux, as highlighted by numerical
simulations; an optimal choice for the positioning of magnets, coils and fluid velocity vector

could significantly increase the conversion efficiency;

2) the biphasic nature of our experiments, where FF is injected into water, provides a sub-

optimal positioning of FF packets with respect to hot/cold zones;
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3) partial sedimentation of FF nanoparticles due to interaction with water, with a concurrent

reduction of the amount of matter able to induce an electromotive force in the extraction coils.

4) the liquid has a finite viscosity, therefore part of the work produced by the thermal gradient

is absorbed to keep it moving;

Besides these losses, we suggest several improvements that can increase the power conversion:

1) the reduction of the thermal losses would allow to transfer a higher fraction of the available
temperature difference to the fluid, increasing the temperature gradient which drives the

flow;

2) an increased saturation magnetization of the FF would induce higher electromotive forces

on the extraction coils;

3) smaller section wires would allow to position the coils closer to the device and to increase

the number of windings, thus increasing the energy extracted.

The performance achieved is 442 times higher than the most similar technology available
nowadays, known as oscillating heat pipe where, conversely to TORODYNA, the device is

based on the phase transition of a non-magnetic solvent of their FF.
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