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HIGHLIGHTS

® We presented the thermodynamics of thermomagnetic motors.

® We verified how temperature, applied magnetic field and demagnetizing factor change the performance of thermomagnetic motors.

® We discussed how to improve the performance of thermomagnetic motors.
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Thermomagnetic motors are devices capable of converting heat into work with high efficiency relative to the
Carnot efficiency. This work reports how the temperature, applied magnetic field, and demagnetizing factor,
change the performance of thermomagnetic motors, using a thermodynamic approach. Results show that these
systems present high efficiency related to the Carnot efficiency for small temperature differences and better
correlation between work produced by cycle and relative efficiency when the magnetic transition occurs. The

relation of work and relative efficiency can also be improved by increasing the applied magnetic field change
and reducing the demagnetizing factor. For some special temperature conditions, a lower magnetic field change
can result in higher work production. Also the decrease of the demagnetization factor acts as an increase of the
magnetic field change applied to the motor magnetic material.

1. Introduction

Thermomagnetic motors are devices that convert heat into kinetic
energy through the thermomagnetic effect [1-5], i.e., the influence of
temperature on the magnetic material magnetization M [6,7], in a way
that if a material that is in a ferromagnetic state is heated its M is re-
duced. When the material temperature T approaches the Curie tem-
perature (Tc), a small change in T causes a broad change in M [8].
When T surpass the T, the material reaches the paramagnetic state [9].
If the material is cooled to a T below T, it then returns to the initial
ferromagnetic state [7].

Thermomagnetic motors present high efficiency related to the
Carnot efficiency 7, for small temperature differences around the Curie
temperature T¢ [10-12]. Therefore thermomagnetic motors are a pro-
mising technology for the conversion of low-grade waste heat from
sources close to room temperature into work [7]. These machines are
suggested for conversion of solar and geothermal energies [13,14] and
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for energy harvesting applications [15-17], being a very good alter-
native to the conversion of renewable energy sources [18].

Using a thermodynamic approach, we have previously shown how
the magnetic transition order and the thermal hysteresis change the
performance of a thermomagnetic motor [12]. However, other para-
meters can change the behavior of these machines. This study in-
vestigates the influence of the operating temperatures, the applied
magnetic field and the demagnetizing factor in the specific work and 7,
of a thermomagnetic motor by thermodynamic analysis.

2. Thermodynamics of thermomagnetic motors

One of the most relevant thermomagnetic motors was that patented
by Tesla [19], and Fig. 1 shows a thermomagnetic motor design
working on the same principle as Tesla’s patent. The system has two
parts made of the same magnetic material labeled MM1 and MM2, with
the same mass, form, and dimensions. Note that when MM1 is
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Fig. 1. Thermomagnetic motor based on the Tesla’s patent [19]. (a) MM1 is exchanging heat with the heat sink, while MM2 exchanges heat with the heat source. (b)
MM1 is exchanging heat with the heat source, while MM2 exchanges heat with the heat sink. (c) “Out of phase” Brayton magnetic cycles developed by MM1 and

MM2. 1, 2, 3 and 4 are the thermodynamic states.

exchanging heat with the heat sink, MM2 is exchanging heat with the
heat source, as shown in Fig. 1(a). While MM1 is receiving heat from
the heat source, MM2 is rejecting heat for the heat sink, as shown in
Fig. 1(b). When the high field region attracts MM1, MM2 is moved to
the low field region and vice-versa. That happens because Tesla type
thermomagnetic motors operate in a Brayton magnetic cycle [12], and
MM1 and MM2 both follow Brayton cycles “out of phase”, meaning that
when one magnetic material part is heating, the other part is cooling.
This way, describing what happens with MM1 defines what is also
happening with MM2. Fig. 1(c) presents the “out of phase” Brayton
magnetic cycles in the temperature-entropy diagram developed by
MM1 and MM2.

At the beginning, MM1 is cold, at temperature T;, under a low ap-
plied magnetic field H;, having a magnetization M; and a specific en-
tropy sj, that is the thermodynamic state 1. The resultant magnetic
force acting in the system moves MM1 to the region of high applied
magnetic field H,, making the system displace for the position shown in
Fig. 1(b). During the displacement, MM1 does not exchange heat, un-
dergoing a reversible adiabatic process, consequently s, = s;. Due to
the magnetocaloric effect, i.e., the magnetic material temperature
change DT, due to a magnetic field change in an adiabatic process
[20,21], MM1 temperature increases to T, resulting in a magnetization
M3, that is the thermodynamic state 2. In the new position, MM1 begin
to exchange heat with the heat source, warming up under a constant
applied magnetic field, H, = H3, reaching a magnetization M3 and a
specific entropy s3 when at the temperature T3, and this is the ther-
modynamic state 3. Considering that MM2 undergoes a reverse process
of MM1, if MM1 is on the state 3, MM2 is on the state 1, as shown in
Fig. 1(c). This way, the high field region attracts MM2, pushing MM1 to
the low field region. The system displaces again, returning to the initial
position shown in Fig. 1(a). The displacement happens in a reversible
adiabatic process, and due to the magnetocaloric effect the MM1 tem-
perature decreases to T, when the applied magnetic field decreases to
H,, having a magnetization M, and a specific entropy s4 = s3, that is the
thermodynamic state 4. The position of MM1 is the same for states 1
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and 4, this way H; = Hy. At this position, MM1 rejects heat to the heat
sink under a constant applied magnetic field H;, and completes the
Brayton magnetic cycle when MM1 reaches temperature T;, returning
to state 1.

In the Brayton magnetic cycle developed by a thermomagnetic
motor, the process 1 — 2 is the reversible adiabatic process where the
magnetic material (MM) produces work. The process 2 — 3 is the iso-
field heating process of the MM. The process 3 — 4 is the reversible
adiabatic process where it is necessary to provide work to remove the
MM from the high magnetic field region. Then the process 4 — 1 is the
isofield process where the MM rejects heat to the heat sink. In the motor
shown in Fig. 1, when MM1 goes from 1 — 2, then MM2 goes from 3 —
4; while MM1 executes 2 — 3, MM2 executes 4 — 1; if MM1 is in 3 — 4,
MM2 is in 1 — 2; and when MM1 is in 4 — 1, MM2 is in 2 — 3. This
way, during an entire cycle of the motor, each MM develops a Brayton
cycle. The total work (W) produced in each cycle of the motor in Fig. 1
is equal to the sum of the work performed by MM1 and MM2, as shown
in Eq. (1).

W = Wi + Wauma (€9)

Wann is the useful work produced by MM1 and Wy is the useful
work produced by MM2. In which, Wy is the difference between the
work produced by the magnetic force acting on MM1 during the process
1 — 2 and the work necessary to overcome the magnetic force acting on
MM1 during the process 3 — 4. The magnetic force acting on an MM is
equal to VupMVH, where V is the MM volume and iy is the vacuum
magnetic permeability [22]. Appling the definition of work, the integral
of the force in the direction of the displacement, the work produced by
a magnetic force (Wyqg) is defined by Eq. (2a), where H, is the applied
magnetic field in the initial position, and Hy is the applied magnetic
field in the MM final position. By definition, m is equal the product of
the V and the MM density p, this way, the Eq. (2a) can be rewritten as
Eq. (2b). By applying Eq. (2b), the difference between the work pro-
duced by MM1 during the process 1 — 2 and the required by MM1
during the process 3 — 4 can be calculated by Eq. (3).
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