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Abstract. Active magnetic regenerators are the central part of magnetocaloric refrigerators, being responsible for housing
the solid refrigerant and generating cooling capacity through cyclic changes in flow direction and applied magnetic field.
Gadolinium is one of the most consolidated refrigerants, but La-Fe-Si alloys have gained prominence in recent years. In
this study, an active regenerator numerical model was adapted to simulate multi-material (hybrid) regenerators through
adjustments in its mesh generation. A real hybrid regenerator was then assembled with one layer of Gd and ten layers
of La-Fe-Si alloys with different Curie temperatures. It was then experimentally tested in an existing regenerator testing
apparatus and the results were compared with the ones obtained by the model, aiming to validate it. The model showed
good agreement with the experimental data in regards to the behavior of the cooling capacity and the maximum tempera-
ture span, but showed limitations with precisely predicting the cooling capacity values. The difference in cooling capacity,
however, did not exceed 8.2 W and was fairly low in most cases. The results also indicated that hybrid regenerators might
be able to reach higher temperature spans than their single-material counterparts.

Keywords: Magnetic Refrigeration, Hybrid Active Magnetic Regenerator, Numerical Modeling.
1. INTRODUCTION

Magnetic refrigeration systems are an alternative cooling technology based on the Magnetocaloric Effect (MCE) that
have seen a rise in prominence for room temperature applications in the last decades. This rise is seen as a response to
some of the several limitations presented by conventional refrigeration systems, which utilize mechanical compression
of volatile fluids, such as low-efficiency and the use of potentially harmful refrigerants that may be flammable, toxic or
dangerous for the environment. Magnetic refrigeration systems solve or mitigate these problems through their potential
for high efficiency due to the reversible nature of the magnetocaloric effect, and the use of recyclable, solid refrigerants,
which are more environmentally friendly and do not present the risk of leakage (Smith et al., 2012).

The magnetocaloric effect is characterized as a thermal response that all magnetic materials present when submitted
to a change in magnetic field, usually translated into a temperature change (if the process is isentropic) or heat absorp-
tion/rejection (if the process is isothermal) (Smith et al., 2012). One of the ways to utilize this effect in refrigeration
applications is through the use of Active Magnetic Regenerators (AMRs), which consist of a porous medium comprised
of a solid refrigerant, known as the Magnetocaloric Material (MCM). The most common MCMs are Gadolinium (Gd)
and Lanthanum-Iron-Silicon (La-Fe-Si) alloys, mainly due to their fairly good magnetocaloric properties, which include
a Curie temperature (the temperature in which the MCE is maximum) near room temperature, and that may be tuned
through changes in the composition of the materials (Bjgrk er al., 2010; Hansen et al., 2010; Kitanovski et al., 2015;
Vieira et al., 2021).

The AMR is one of the main components of most magnetic refrigeration systems and operates under the AMR cycle,
a Brayton thermo-magnetic cycle comprised of two adiabatic and two iso-field processes, with the MCM acting as both
refrigerant and heat storage (Kitanovski et al., 2015; Vieira et al., 2023). The first step of the cycle is the adiabatic
magnetization, in which a magnetic field is applied to the AMR and the material within it increases its temperature
through the MCE. This is followed by the cold blow, in which fluid from the cold reservoir flows through the regenerator
while the magnetic field is high, absorbing heat from the material and rejecting it to the hot reservoir. This is followed by
the adiabatic demagnetization, which further decreases the temperature of the material, allowing it to reach temperatures
below that of the surrounding ambient. Lastly, fluid from the hot reservoir enters the regenerator, losing heat to the MCM,
lowering its temperature and allowing it to absorb heat from the cold reservoir, finishing the cycle. This operation results
in a complex system involving heat transfer, fluid mechanics, materials sciences and magnetism in which several aspects
of the design of the AMR and the synchronization between each step of the cycle needs to be taken into account in order
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to obtain the best performance possible (Vieira et al., 2023).

An important factor that also affects the performance is the temperature profile along the regenerator since, as men-
tioned above, the MCE is maximized near the Curie temperature of the material and thus, ideally, the material would only
operate near this temperature. The relevance of this profile may be higher or lower depending on the type of material:
first-order materials, like La-Fe-Si alloys, have a very large magnetocaloric effect near the Curie temperature, but almost
none when not close enough to it, while second-order materials, like Gd, do not have a magnetocaloric effect as large as
their counterpart, but present a considerable MCE even at temperatures relatively far from their Curie temperature (Smith
et al., 2012; Bez, 2016). Because of this, it is common practice to divide first-order AMRSs into several layers with differ-
ent Curie temperatures that try to follow the expected temperature profile during operation. However, because the layers
are normally designed with the final temperature span in mind, the layering of the material may hinder the pull-down
process in which the whole regenerator starts at a constant temperature and most of it can be expected to underperform
before the final temperature span is reached. If this underperformance is severe enough, the system may never reach the
desired temperature span.

A possible solution for this problem is the use of hybrid regenerators, i.e., regenerators comprised of both Gd and
La-Fe-Si alloys. Ideally, in this configuration, the Gd layer(s) would allow the system to reach the desired span during
pull-down due to the characteristics of second-order materials while also allowing the AMR to reach the higher cooling
capacities usually associated with first-order materials. The first step to achieve this would be to develop an accurate
model of hybrid regenerators which could then be used to determine some of the important design parameters of the
AMR for its given operating conditions, including the amount of Gd that should be added to it. In this work, an attempt
to take this first step was made by adapting the numerical model developed by Trevizoli (2015) and further modified by
Lang (2018) and Vieira (2020) to be able to simulate hybrid regenerators. This new model was then used to simulate a
hybrid regenerator that was tested in a well-established AMR testing apparatus and the results were compared in order to
validate the model.

A total of three frequencies, two blow fractions and four different mass flow rates were tested, with the numerical and
experimental results showing good agreement in most cases. The highest frequency cases had the worst agreement of all,
with the difference being attributed to limitations of the experimental apparatus to operate under these conditions. Some
experimental results showed an inconsistent behaviour attributed to possible corrosion of the material due to extended
idle periods. The model was, however, able to generally predict the shape of the cooling capacity curves and maximum
temperature span reached by the regenerator. The absolute agreement was generally better for higher mass flow rates and
never exceeded 8.2 W in terms of cooling capacity.

2. Numerical Model

The numerical model employed is an improved version of the numerical model developed by Trevizoli (2015) and
further modified by Lang (2018) and Vieira (2020). It utilizes an unidimensional porous medium approach to solve the
fluid momentum equation and the coupled energy equations for each phase. For the momentum equation, the flow is
assumed to be laminar and incompressible, flowing in a low porosity medium and with negligible body forces, resulting
in the simplified equation:

pr (Ou\ _ OP qpr ~ cepr
Eoft \ Ot or K K1/2

|u|u (1

where the terms represent, from left to right, the macroscopic inertia of the flow, the pressure gradient, the microscopic
viscous shear stress and the microscopic inertial force. pr is the fluid density, u is the Darcy velocity, ¢ is the time, P is
the pressure, x is the axial position, ps is the fluid viscosity, K is the permeability of the porous medium and cg is the
Ergun constant. In this equation, instead of the regular definition of porosity, an effective porosity, ., is used, which is
adjusted through experimental pressure drop data to better predict the hydraulic behaviour of the regenerator.

The fluid phase energy equation is given by:
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where the terms represent, from left to right, the thermal capacity, the longitudinal advection, the interstitial heat transfer,
the viscous dissipation and the axial diffusion and porous medium dispersion. ¢ is the fluid specific heat capacity, 1t is
the fluid temperature, h is the interstitial heat transfer coefficient, g is the interstitial heat transfer area density, T} is the
solid temperature, ki is the fluid thermal conductivity and D) is the longitudinal thermal dispersion. Note that, in this
case, the regular porosity, ¢, is used.

Finally, the solid phase energy equation is given by:
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where the terms represent, from left to right, the thermal capacity, the interstitial heat transfer, the axial diffusion and the
magnetocaloric effect. ¢ is the solid specific heat capacity and kj is the solid thermal conductivity. Note that, in this case,
the magnetocaloric effect is represented by a heat generation term through the so-called built-in approach (Trevizoli et al.,
2016), being given by:
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where s is the solid specific entropy and B is the magnetic flux density.

The fluid phase properties were assumed to be those of deionized water given that, as will be discussed in the following
section, the mixture was mostly comprised of water. The solid phase properties were interpolated from the data obtained
by Vieira et al. (2021). Several Nusselt number correlations were tested to determine interstitial heat transfer coefficient,
including the ones developed by Gunn (1978), Wakao and Kaguei (1982), and Kuwahara et al. (2001), but the one that
had the best agreement with previous experimental tests was the one developed by Pallares and Grau (2010), which was
used in all simulations presented in this work. Other closure relationships used in the model, including the one for the
demagnetization factor, can be found in Trevizoli et al. (2016), Vieira (2020) and Vieira et al. (2021).

The model used in this work solves the conservation equations presented above through the finite volume method,
using the regenerator geometry and mass flow rate as inputs and returning, among other things, the pressure drop and tem-
perature profiles, which can then be used to determine performance parameters of interest, like the cooling capacity. The
main improvement made to the model in this work when compared to the original one mentioned in the beginning of this
section is that, while generating the unidimensional mesh, the improved model is capable of associating a different value
of porosity, interstitial heat transfer coefficient, demagnetization factor, type of material and magnetocaloric properties to
each volume, allowing it to simulate an AMR with layers comprised of completely different materials, instead of only the
same material with different Curie temperatures.

3. Experimental Apparatus
3.1 Regenerator

The AMR employed in the validation consisted of a 24.2 mm diameter stainless steel case filled with ten layers of
magnetocaloric material with different Curie temperatures ranging from 290.00 K to 314.55 K. The first layer on the cold
side of the regenerator and largest layer overall was comprised of pure Gd, while the other nine layers were comprised
of La-Fe-Si alloys supplied by Vacuumschmelze with Curie temperatures ranging from 290.65 K next to the Gd layer to
314.55 K on the other end of the regenerator, arranged in ascending order. The length, mass and Curie temperature of
each layer in order from the cold side to the hot side can be found in Table 1.

Table 1. Composition, Curie temperature, layer length and mass of all layers in the test regenerator.

Composition Curie temperature  Length Mass

Gd 290.00 K 28.57mm 6533 ¢g
La(Fe,Mn,Si);3H, 290.65 K 714mm 11.50¢g
La(Fe,Mn,Si),3H., 294.05 K 7.14mm 1221¢g
La(Fe,Mn,Si);3H., 297.55 K 7.14mm 1221¢g
La(Fe,Mn,Si);3H, 300.55 K 7.14mm 11.50¢g
La(Fe,Mn,Si);3H, 303.15K 714mm 1221¢g
La(Fe,Mn,Si);3H, 306.65 K 7.14mm 1291¢g
La(Fe,Mn,Si),3H., 309.65 K 715mm 1197¢g
La(Fe,Mn,Si);3H, 31095 K 7.15mm 11.99¢g
La(Fe,Mn,Si);3H, 31245 K 715mm 12.22¢
La(Fe,Mn,Si);3H, 31455K 715mm 12.17¢g

3.2 AMR testing

A schematic representation of the AMR experimental apparatus is presented in Fig 1. This apparatus was first devel-
oped by Trevizoli et al. (2016), and later improved by Nakashima et al. (2017), Hoffmann (2020) and Teza et al. (2021).
The apparatus may be divided into four sub-systems: (i) a magnetic circuit comprised of two concentric Halbach cylin-
ders which yield a maximum magnetic flux density of 1.69 T in the gap where the AMR is placed, (ii) two thermal baths
capable of emulating ideal heat exchangers, (iii) a gear pump and two pairs of solenoid valves responsible for generating
and directing the flow, and (iv) a control system capable of setting the mass flow rate, the AMR operation frequency and
the blow fractions (i.e., the percentage of the total cycle period in which a blow is actually happening). Within the control
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system, there are two Coriolis mass flow meters responsible for measuring the mass flow rate of each blow, pressure trans-
ducers responsible for measuring the pressure drop within the AMR and thermocouples at both ends of the regenerator
responsible for measuring the inlet and outlet temperature profiles. This experimental data can then be used to determine
important performance parameters such as the cooling capacity, the rejected heat and the pumping power. The fluid used
in all tests was a mixture consisting of 95% vol. of water and 5% vol. of a commercial anti-corrosive substance called
ME-1.

The testing procedure consisted of initially specifying a cold side temperature (290 K, matching the Curie temperature
of the Gd layer) and then setting the other relevant operating parameters: mass flow rate, frequency and blow fraction.
Initially, the temperature span was 0 K and thus the hot side temperature is equal to the cold side’s. The regenerator
was then submitted to the AMR cycle until cyclic equilibrium was reached, after which the experimental data started
being recorded for 20 cycles. The results were then processed in order to determine, among other parameters, the average
cooling capacity of the 20 cycles. The hot side temperature (and, consequently, the temperature span) was then increased
by 4 K and the same procedure was done in order to determine the new cooling capacity. This procedure was repeated
until the cooling capacity reached zero.

In this work, a total of 16 different operating conditions were tested from span 0 K until the cooling capacity was
depleted: 4 tests had a frequency of 0.5 Hz and a blow fraction of 50 % with the mass flow rate ranging from 20 kg/h to
80 kg/h in steps of 20 kg/h, 4 tests had a frequency of 0.75 Hz and a blow fraction of 50 % with the same mass flow rates
mentioned before, and 4 tests had a frequency of 0.5 Hz and a blow fraction of 37.5 % with yet again the same mass flow

rates mentioned.
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Figure 1. Schematic representation of the apparatus employed in the experimental characterization (Vieira et al., 2021)

4. Results

In order to validate the model described in Section 2, all experimental test conditions were also run in the model in
order to compare the cooling capacities given by each approach. The final results are shown in Figures 2 to 5. It can be
seen that, regardless of the other operating conditions, in cases with low mass flow rate, especially 20 kg/h, the model has
a clear tendency to overestimate the experimental results. This discrepancy was also observed in other tests of non-hybrid
regenerators and so is believed to be an inherent behaviour of the model itself and not specifically of the hybrid approach.

Regarding the tests at 0.5 Hz with a blow fraction of 50%, the model showed considerable accuracy for average to
high mass flow rates, accurately predicting the maximum temperature span reached in all cases and the general shape of
the cooling capacity curve for the cases at 40 kg/h and 60 kg/h. The maximum deviation was approximately 6.0 W for 20
kg/h, 7.0 W for 40 kg/h, 3.0 W for 60 kg/h and 8.0 W for 80 kg/h.

The tests at 0.25 Hz with a blow fraction of 50%, while overall worse regarding the performance of the regenerator,
had an even better agreement between the model and the experiments. In all cases the model was able to follow the



27th ABCM International Congress of Mechanical Engineering (COBEM 2023)
December 4-8, 2023, Florianépolis, SC, Brazil

performance curve and, when this point was reached, predict the maximum temperature span reached by the regenerator.
The maximum deviation was approximately 4.6 W for 20 kg/h, 5.3 W for 40 kg/h, 2.6 W for 60 kg/h and 5.6 W for 80
kg/h.

The tests at he tests at 0.75 Hz with a blow fraction of 50% had the worst agreement of all, with only the results
at 80 kg/h showing a relatively good correspondence. Nevertheless, the model was still able to predict the shape of the
curve and the maximum temperature span. The reason for the worse correspondence in this case may not be related to the
model, but to the apparatus itself, which had previously shown irregularities in measurement at higher frequencies, like
0.75 Hz.

Finally, the tests at 0.25 Hz and blow fraction of 37.5% showed a good agreement once again, with the model cap-
turing the shape of the curve, maximum temperature span and cooling capacity values. The maximum deviation was
approximately 4.2 W for 20 kg/h, 8.2 W for 40 kg/h, 3.8 W for 60 kg/h and 5.4 W for 80 kg/h. The large deviation for the
40 kg/h scenario is a byproduct of a phenomenon only observed in these tests, where some experimental points presented
a large deviation from their expected curve. This is believed to have been caused by corrosion of the material, which
had to stay idle for approximately 2 months due to complications with the apparatus. For reference, Table 2 shows the
beginning and end dates of all experiments, with all other tests taking less than a week to be completed. If these devia-
tions are indeed caused by corrosion of the material, making these outlier results not-representative of the regenerator, the
maximum deviation for the 40 kg/h test was of 4.5 W.

It is also important to highlight the temperature spans that the regenerator was able to reach both experimentally and
numerically. In general, first-order regenerators are expected to reach temperature spans roughly equal to the difference
between their largest and smallest Curie temperatures, which would be around 24.5 K in this case. The results, however,
were regularly capable of reaching temperature spans over 30 K at different operating conditions. This is an indication that
the addition of a Gd layer does in fact help the regenerator to operate even under less than optimal temperature conditions,
which is the main goal of this configuration. More tests, however, are needed to confirm that this configuration also
improves the pull-down performance of magnetic refrigeration systems.
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Figure 2. Numerical and experimental results for and AMR frequency of 0.5 Hz with a blow fraction of 50% and a mass
flow rate of (a) 20 kg/h, (b) 40 kg/h (c) 60 kg/h and (d) 80 kg/h.

5. Conclusion

In this work, an AMR numerical model was adapted to allow for the simulation of hybrid regenerators, i.e., regener-
ators comprised of more than one kind of magnetocaloric material. This was achieved by allowing each control volume
on the mesh to have its own physical and geometrical properties. This model was then used to simulate an existing hybrid
regenerator comprised of one large layer of Gd and 10 layer of La-Fe-Si alloys which was then experimentally tested in
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Figure 3. Numerical and experimental results for an AMR frequency of 0.25 Hz with a blow fraction of 50% and mass
flow rate of (a) 20 kg/h, (b) 40 kg/h (c) 60 kg/h and (d) 80 kg/h.
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Figure 4. Numerical and experimental results for an AMR frequency of 0.75 Hz with a blow fraction of 50% and mass
flow rate of (a) 20 kg/h, (b) 40 kg/h (c) 60 kg/h and (d) 80 kg/h.

a pre-existing AMR testing apparatus. The results were then compared, presented and discussed. The model was very
accurate regarding the behaviour, i.e., shape of the cooling capacity curve and the maximum temperature span, but was
not always able to accurately predict the precise value of the cooling capacity, especially for low mass flow rates. High
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Figure 5. Numerical and experimental results for an AMR frequency of 0.25 Hz with a blow fraction of 37.5% and mass
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flow rate of (a) 20 kg/h, (b) 40 kg/h (c) 60 kg/h and (d) 80 kg/h.

Table 2. Beginning and final dates of the experimental tests.

Corresponding figure Frequency  BF MFR Start date Final date
2 (a) 0.50 50% 20kg/h 14 0ct2022 20 oct 2022
2 (b) 0.50 50% 40kg/h 14 0ct2022 20 oct 2022
2(c) 0.50 50% 60kg/h 14 0ct2022 20 oct 2022
2(d) 0.50 50% 80kg/h 14 0ct2022 18 oct 2022
3(a) 0.25 50% 20kg/h 200ct2022 24 oct 2022
3(b) 0.25 50% 40kg/h 200ct2022 24 oct 2022
3(c) 0.25 50% 60kg/h 200ct2022 24 oct 2022
3 () 0.25 50% 80kg/h 200ct2022 21 oct 2022
4 (a) 0.75 50% 20kg/h 250ct2022 04 nov 2022
4 (b) 0.75 50% 40kg/h 250ct2022 04 nov 2022
4 (c) 0.75 50% 60kg/h 250ct2022 04 nov 2022
4 (d) 0.75 50% 80kg/h 250ct2022 27 oct 2022
5(a) 0.25 37.5% 20kg/h 11nov2022 09 jan 2023
5(b) 0.25 37.5% 40kg/h 11nov2022 09 jan 2023
5(c) 0.25 37.5% 60kg/h 11nov2022 09 jan 2023
5(d) 0.25 37.5% 80kg/h 08 dec2022 16 dec 2022

frequency cases also had a worse agreement than others, a behaviour that was attributed to limitations of the apparatus
when operating under these conditions. Some results were also hindered by possible corrosion associated with long idle
times due to complications with the testing apparatus. Despite these challenges, however, the agreement between model
and experiment was considered promising, never surpassing 8.2 W with maximum cooling capacities reaching values of
up to 25 W. The experiments also showed that the hybrid regenerator was able to reach higher temperature spans than the
ones expected from their regular first-order counterpart, a promising result for the application of this technology in new

magnetic refrigeration applications.
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