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Abstract. Thermomagnetic motors are based on the effect of heat on the magnetic properties of magnetic materials. They
are interesting if the heat source is a low-grade waste heat, in cogeneration systems, even though they present low Carnot
Efficiency when operating in temperature ranges from 25°C (heat sink) up to 200°C (heat source). The present work
proposes the evaluation and comparison of the Ericsson and Brayton cycles applied to thermomagnetic motors.
Gadolinium is considered as the magnetic material and its temperature-entropy diagram, as well magnetization data,
were obtained from WDS theory. The analyses are based on the specific work, and the first law and second laws of
thermodynamics efficiencies.
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1. INTRODUCTION

The global energy demand is currently increasing. According to the World Energy Council (2016), using more
efficient energy conversion systems is a way to supply the increasing demand but do not increasing the energy production.
One mean to do that, is to recover heat wasted through industrial processes and convert it to a more useful type of energy,
such as mechanical or electrical (Forman et al., 2016). The waste of heat can be divided according to its temperature.
High-grade correspond to temperatures higher than 650°C; medium-grade from 230°C to 650°C; and low-grade for lower
temperatures than 230°C. However, recovering low-grade heat waste is a low efficiency process, and mostly made from
solid state thermal energy harvesters (Kishore and Priya, 2020). Among those, thermomagnetic motors and generators
can be applied as thermal energy harvesters.

Thermomagnetic motors were initially patented by Nikola Tesla in 1889, but they came back into attention more than
a century later, after the discovery of the giant magnetocaloric effect by Pecharsky and Gschneidner (1997). This kind of
motors use the effect of heat on the magnetic properties of magnetic materials around their magnetic order transition
temperature, or Curie Temperature (T, ;) (Kishore and Priya, 2018). Thus, if the material presents Curie Temperature
in a range from 20 to 100°C, it can be applied in a system to recover energy from low-grade waste heat (Kishore and
Priya, 2017).

There are different motors concepts which converts heat into mechanical energy: with linear or rotary motion; coupled
to gravity force, or elastic (spring) force, or magnetic force balance to close the cycle loop (Kitanovski, 2020). Several
prototypes according to these concepts have been developed and experimentally tested (Kishore and Priya, 2018). In
general, according to the current state-of-the-art, thermomagnetic motors are able to produce high torques, but low powers
due to the low operating frequencies. For instance, Takashi et al. (2006) built and tested a rotary motor, with three high
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field regions, and achieved a maximum power of 3,7 W at a frequency of 0,4 Hz; while Kaneko (2019) built and tested a
linear apparatus, and measured of 0,44 W at 0,5 Hz. These motors are among the reported ones with higher powers and
frequencies.

Fig. 1 shows schematically the working principle a linear motor coupled to a spring (Kaneko et al., 2019). Initially,
Fig. 1(a), the magnetic material (MM) is placed in a low field region (but, higher than 0 T) and it is cooled down by a
cold fluid stream from the cold reservoir at T.. When the MM achieves a temperature lower than T, the
ferromagnetism is observed and the MM is attracted to the high field region (Fig. 1(b)). The displacement of the MM
only happens if the magnetic force gets higher than the spring elastic force. At this position, Fig. 1(c), the MM is heated
by a hot fluid stream from a hot reservoir at Ty (which could be supplied from a low-grade heat waste). Now, when the
MM achieves a temperature higher than T, (i.e, a non-magnetic phase) and the magnetic force is lower than the spring
elastic force, the MM is moved back to the low field region (Fig. 1(d)), restarting the cycle. Thus, it is possible to convert
heat into mechanical work.

c) Hot reservoir | _ (d)

(

Figure 1. Schematic diagram of the working principle of a linear thermomagnetic motor coupled to a spring system.
Adapted from Kaneko et al (2019).

All the concepts of thermomagnetic motors are based on a thermodynamic cycle, mainly Ericsson and Brayton cycles.
When compared to the conventional Ericsson and Brayton cycles, thermomagnetic motors replace the gas to a magnetic
material (this is why it is called solid state systems), and the isobaric processes to isomagnetic field process. Fig. 2(a) and
(b) presents the T-s diagrams for Ericson and Brayton cycle, respectively.
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Figure 2. (a) Ericsson Cycle; (b) Brayton Cycle.

The Ericsson cycle is composed by the following steps:
* 1-2: isomagnetic field cooling (corresponds to Fig. 1(a)), the MM is cooled down until T < T,,,,-;. (heat out);
*  2-3:isothermal magnetization (corresponds to Fig. 1(b)), the MM is moved to the high field region;
*  2-3:isomagnetic field heating (corresponds to Fig. 1(c)), the MM is heated up until T > T, (heat in);
*  3-4: isothermal demagnetization (corresponds to Fig. 1(d)), the MM is moved back to the low field region;
while the Brayton cycle has the following steps:
* 1-2: isomagnetic field cooling (corresponds to Fig. 1(a)), the MM is cooled down until T < T,,,,-;. (heat out);
*  2-3: adiabatic magnetization (corresponds to Fig. 1(b)), the MM is moved to the high field region;
*  2-3:isomagnetic field heating (corresponds to Fig. 1(c)), the MM is heated up until T > T, (heat in);
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*  3-4: adiabatic demagnetization (corresponds to Fig. 1(d)), the MM is moved back to the low field region;

Therefore, the differences between the cycles are the processes where the external field is changed: steps 2-3 and 3-
4. During these processes the magnetocaloric effect (MCE) is verified (Pecharsku and Gschneidner, 1999; Smith 2013).
When the external magnetic field is changed keeping the MM under isothermal conditions, the variation on the magnetic
contribution to the total entropy (AS = ASy,) represents the MCE; while if the field is changed when the MM is kept under
adiabatic conditions, a temperature variation — called adiabatic temperature change (AT,,) — represents the MCE.

The main objective of the present work is to evaluate and compare the thermodynamic performance of a
thermomagnetic motor operating according to Ericsson and Brayton cycles. The theoretical investigation is developed
considering Gadolinium (Gd) as magnetic material. The Curie temperature of Gd is around 20°C, and it was selected in
this study due to the availability of its thermophysical and magnetic properties, read total entropy, magnetization, specific
heat and magnetocaloric effect. The Gd properties are evaluated via the Weiss, Debye and Sommerfeld theory. The
thermodynamics analyses are based on the specific work, and the first and second laws of thermodynamics efficiencies.
Previous works published by Kishore and Priya (2017) and Bessa et al. (2018) proposed the thermodynamic evaluation
of the Ericsson and Brayton cycles, respectively, but they not performed a comparison between these cycles. Also, Kishore
and Priya (2017) evaluated the performance of the motor using different magnetic materials, while Bessa et al. (2018)
only considered Gd.

2. MODELING

Based on the motor operation and thermodynamics cycles presented in Fig. 1 and 2, the energy interactions along the
cycles are: the specific work (wy;4), and the specific amount of heat in (g;,) and heat out (q,y,) during the heating and
cooling periods. According to the first law of thermodynamics (Moran et al., 2018):

Wiig = 9in — Qout (1)

In the present theoretical model wy;g, i, and g, are evaluated based on the entropy-temperature (s-7) diagram of
Gd. The total entropy of a magnetic solid can be decomposed into three contributions, the magnetic (Spq4), the lattice
(S1qt) and the electronic (S,;.) entropies.

S(H: T) = Smag (H, T) + Slat(T) + Sele (T) (2)

where Sp,q4 is dependent on the temperature (T) and external magnetic field (H), while s;,; and s, are only temperature

dependent. Each contribution to the total entropy can be calculated using the Weiss, Debye and Sommerfeld (WDS)
Theory (Morrish, 1965; Petersen, 2007).
The Weiss theory, also known as mean field theory, compute the magnetic contribution to the total entropy, given by:

sinh (2]2-; 1)()

sinh (ﬁ )()

Ny
Smag(H,T) = ——kg |In

0 - 1B, ®)

where N, is the Avogadro number, M), the Gd molar mass, kg is the Boltzman constant and ] is the total angular
momentum. Bj is the Brillouin function, defines as:

B, =2 2}’ ! coth (2] ZJ]“ ! x)- L coth (i ) @

and y:

_ g]”B”OH 3TCurie]
T kT +T(]+1)B](X) ®

therefore, B; and y must be solved iteratively, assuming a residual error. Also, g is the Landé factor, g is the Bohr
magneton, [, is the vacuum permeability.
Another important magnetic property that is calculated from the mean field theory is the magnetization M:

M(H,T) = psNsgJugB; () (6)
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where pg is the density and Ny is the number of magnetic spins per unit of mass.
The Debye theory compute the lattice contribution to the total entropy, given by:

0
N, o T\? (T 3
S (1) = ks 77 —3zn(1—e T)+12(—) f dx @)
0

TD ex_l

where 0}, is the Debye temperature.
Finally, the Sommerfeld theory compute the electronic contribution to the total entropy, given by:

Sete(T) = ¥eT ®

where ¥, is the Sommerfeld constant.
Table 1 shows all the constants and properties respective to gadolinium (Petersen, 2007).

Table 1 — Constant and Gd properties used in the WDS theory.
Property Value SI units

Teurie 293 K
My, 0.157 kg-mol!
g 2 -
J 3.5 h
N, 3.83-10% kg
op 169 K
Vo 6.93-102 J-kg'.K>2
ky 138102  Jkg!
Lo 47107 N-A?

Mg 927-10%  A-m?
N, 6.02-10% mol!

Fig. 3 presents the T-s diagram of Gd for different magnetic fields, and Fig. 4 the magnetization as a function of the
temperature and the magnetic field. Both results are obtained via the WDS Theory.

200 220 240 260 280 300 320 340
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Figure 3. s-T diagram of Gd for different magnetic fields.
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Figure 4. Magnetization of Gd as a function of temperature and magnetic field.

To evaluate q;,, and q,,; it was implemented a numerical procedure to calculate the areas stablished under the s-T
diagram as in Fig. 5(a) and (b) for Ericsson and Brayton cycles. Setting the values for the hot and cold reservoirs (Ty and
T¢) as well the high and low field intensities (Hp;gp, and Hy,,, ), the areas under the s-7 diagram are identified and numerical
integrations are performed, as explained next:

Ericsson Cycle Brayton Cycle
A TJL
4 ,H..:
T ,'Hhigh HlOW Tl high
¢ H
4 ’KS(Hh:gh = Hiow)?
Ty
A 1 I,_' low
2 .
Ay
3
Tc |« A3
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A4 Tc
S S
(@) (b)
Figure 5. Schematic diagram presenting the areas stablished under the s-7 diagram: (a) Ericsson cycle; (b) Brayton
cycle.

. —((TH . —((TH
Areal: Ay = ( [N Tds)Hhigh (9.1) | Areal: 4, = ( I Tds)Hhigh (10.1)
Area2: A; = TyAs(Hpign = Hiow) 9.2)

. _((TH . _((TH
Area3: A, = ( [N Tds)mow 93) | Area2: A, = ( I Tds)Hlow (10.2)
Aread: Ay = TcAs(Hyow = Hyign) 9.4)

Gin = A1 T A (9.5) Qin = A; (10.3)
Gout = Az + 4, (9.6) Qout = A2 (10.4)

Evaluating the Ericsson cycle, ones can see that the heat in (g;,) is the sum of the areas A; (orange) and 4, (red),
where the area A, is respective to the heat absorption from the hot reservoir, while the A, is due to the magnetocaloric
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effect resultant from the field variation at a fixed temperature Ty (AS(Hpign = Hiow)). The heat out (qgy,) is the sum of
As (green) and A, (blue), where the A3 is respective to the heat rejection to the cold reservoir, and A4, is due to the
magnetocaloric effect resultant from the field variation at a fixed temperature T¢ (AS(Hoy = Hpign)). Notice that A,
overlays A4, as well A; overlays A,. Another important characteristic is that in a real cycle, respecting the scales and
ranges for entropy and temperature, A, > A, and A3 > A,.

Next, the Brayton cycle only have two areas, and thus, q;, = A, is the amount of heat absorbed from the hot reservoir,
and q,,; = 4, is the amount of heat rejected to the cold reservoir. Again, 4, overlays A;. In Brayton cycle, it is assumed
that Ty = T, and T = T,, which means that the MM reaches, ideally, the thermal equilibrium with the thermal reservoirs.

The liquid amount of work produced to both cycles can be further calculated from Eq. (1). Finally, the fist (;5;) and
second (17,,4) law efficiencies can be evaluated by (Moran et al., 2018):

wy;
Mist = — (11)
qin
]
Nong = — (12)
Nc
where the Carnot heat engine efficiency is:
_q1-le (13)
Nec = T,

The theoretical evaluation presented in this work assumed fixed values for the applied fields: H;,,, = 0.5 T and
Hp;ign = 1.5 T. The reservoirs temperatures, on the other hand, can vary from 230 K to 330 K, but always imposing a
minimum temperature difference (AT = Ty — T¢) of 1 K up to 100 K. In this analysis, demagnetization losses are
disregard.

The mathematical model was implemented in Spyder3 software, utilizing the Python programming language. As
explained before, numerical integration methods where used to evaluate the areas. Each numerical integration used 50,000
discrete values of the ordinated pair s-7 to calculate a respective area. An evaluation based on the error’s resultant from
the numerical integration methods was performed, and the use of 50,000 discrete points guaranteed errors lower than 1%
to any simulated condition.

3. RESULTS

Fig. 6 presents the results for Ericsson cycle. The x-axis is the hot reservoir temperature, and the y-axis is (AT = Ty —
T, where Ty and T¢ can vary from 230 to 330 K. Fig. 6(a) shows the results for the heat input; Fig. 6(b) for the specific
work produced; Fig. 6(c) for the first law efficiency; and Fig. 6(d) for the second law efficiency. Again, demagnetization
losses are not considered in this study. The results here presented for Ericsson cycle are in agreement with Kishore and
Priya (2017). Analyzing them, and ones can observe:

» the specific work achieves maximum values from 120 J/kg up to 140 J/kg for Ty > 300 K and AT > 60 K;

* however, the heat inputs are quite high, achieving values higher than 15000 J/kg for T;; > 300 K and AT >
60 K;

* asaresult, the first law efficiency is small, with maximum values of 0.7%, at 290 < Ty < 320 K and 10 <
AT <50K;

» the second law efficiencies can reach 30% as AT decreases.

Fig. 7 presents the results for Brayton cycle. Again, the x-axis is the hot reservoir temperature, and the y-axis is (AT =
Ty — T¢, where Ty and T, can vary from 230 to 330 K, and: (a) shows the results for the heat input; (b) for the specific
work produced; (c) for the first law efficiency; and (d) for the second law efficiency. For Brayton cycle, the results are in
agreement with Bessa ef al. (2018), and they show that:

» the specific work achieves maximum values from 120 J/kg up to 140 J/kg for Ty > 300 K and AT > 60 K;;

e again, the heat inputs are quite high;

e asaresult, the first law efficiency is small, with maximum values of 0.8%, at 290 < Ty < 320 K and AT <
40 K;

e the second law efficiencies can reach 30% as AT decreases.



100

(CY

80

60

AT (K)

40

20

qin

isolines

nonn

24

100

0 260 280 300
Hot Reservoir Temperature (K)

320

(c)

80

60

AT (K)

40

20

st

isolines

24

0 260 280 300
Hot Reservoir Temperature (K)

320

1

100

80

60

AT (K)

40

20

100

80

60

AT (K)

40

20

8™ Brazilian Congress of Thermal Sciences and Engineering
November 16-20, 2020 (Online)

(b)
Wiiq
isolines ¢ =~
240 260 280 300 3%
Hot Reservoir Temperature (K)
(d)
M2nd
isolines

240 260 280 300 320

Hot Reservoir Temperature (K)

Figure 6: Results for Ericsson cycle as a function of the temperature difference between the thermal reservoirs (AT) and
hot reservoir temperature: (a) heat input; (b) specific work; (c) first law efficiency; (d) second law efficiency.
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Figure 7: Results for Brayton cycle as a function of the temperature difference between the thermal reservoirs (AT) and
hot reservoir temperature: (a) heat input; (b) specific work; (c) first law efficiency; (d) second law efficiency.
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Comparing the cycles, ones can observe:
* 1) the specific work values are similar to both cycles, with maximum values around 140 J/kg;
» i) the first law efficiency is very low to both cycles, with maximum values around 1%;
» iii) Ericsson cycle presented a more interesting result because, at efficiency values around 1%, the specific
work was 50 J/kg, while it was 20 J/kg to Brayton cycle;

4. CONCLUSIONS

This work presented a thermodynamic evaluation of thermomagnetic motors operating according to Ericsson and
Brayton cycles. A theoretical model was developed combining the first and second laws of thermodynamics with
numerical integration methods applied to s-T diagrams of gadolinium to calculate the amount of heat absorbed and
rejected along a cycle. The proposed methodology was verified with previously reported results, and a good agreement
was found. Thus, further comparisons between the results for Ericsson and Brayton cycles were performed. Ericsson cycle
presented a more interesting performance. However both, first and second law efficiencies for the motor using Gd are
quite low. Therefore, it is possible to conclude that thermomagnetic motors are interesting when used to recover wasted
heat, only if the necessary power input to operate the motor (for instance, pumping power) is much smaller than the power
produced by the motor. Future works will include different losses, such as demagnetization losses and non-isothermal or
non-adiabatic conditions. Also, different magnetocaloric materials will be studied following the same protocols.
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