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Abstract. Two sets of regenerators intended for application in magnetic refrigeration have been 11 

manufactured using laser beam melting. One set of regenerators was produced in 12 
La0.84Ce0.16Fe11.5Mn1.5Si1.3Hx and the other in AlSi7Mg0.6. The former are intended as regenerators for 13 
magnetocaloric devices, while the latter are intended for passive characterisation of heat transfer 14 
properties. In each set there were two regenerators with novel nature-inspired flow structures and one 15 
with straight flow channels as a reference geometry. All three magnetocaloric regenerators demonstrated 16 
excellent mechanical and functional stability under thermo-magnetic cycling, lasting for at least seven 17 
days of operation each. During the active testing as magnetocaloric regenerators, all three regenerators 18 
demonstrated a maximum temperature span between the hot and cold ends twice as high as the adiabatic 19 
temperature change of the magnetocaloric material itself. Results of the passive regenerator testing 20 
suggest that the nature-inspired flow structures have the potential to improve performance of 21 
magnetocaloric devices in terms of COP and cooling power. 22 

Nomenclature 23 
Abbreviations R Radius, [m] 
AM Additive manufacturing Re Reynolds number 
AMR Active magnetic regenerator T Temperature, [K] 
CAD Computer aided design TC Curie temperature, [K] 
DSC Differential scanning calorimeter t Time, [s] 
EAC Ellipse-based constant cross-section area U Utilisation, [-] 
EDH Ellipse-based constant hydraulic diameter v Velocity, [m/s] 
EDM Electrical discharge machining x, y, z Coordinates, [m] 
FOPT First order phase transition Δp Pressure drop, [Pa] 
LBM Laser beam melting T Temperature, [K] 
MCE Magnetocaloric effect ΔTad Adiabatic temperature change, [K] 
MCM Magnetocaloric material ΔTspan Temperature span between the hot and cold ends, [K] 
SOPT Second order phase transition Δs Entropy change, [J/(kg K)-1] 
VSM Vibrating sample magnetometer ε Porosity, [%] 
3D Three dimensional δ Wall thickness, [m] 
Variables η Effectiveness, [-] 
A Surface area, [m2] µ Dynamic viscosity, [Pa s] 
AR Aspect ratio, [-] ρ Density, [kg m-3] 
B Magnetic field, [T] 𝜏𝜏 Period time, [s] 
COP Coefficient of performance, [-] Subscripts 
cp Specific heat, [J (kg K)-1] C Curie 
D Diameter, [m] c Cross-section 
f Friction factor, [-] cold Cold 
H Magnetic field, [A m-1] f Fluid 
K Corrugation period, [m] h Hydraulic 
L Length, [m] hot Hot  
m Mass, [kg] max Maximum 
P Perimeter, [m] min Minimum 
Qcool Cooling power, [W] s Solid, surface 
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Introduction 1 
Facing a continuously increasing energy demand for cooling applications, the need for alternative 2 

energy sources has evolved [1]. Until now, the entire cooling market is nearly monopolized by 3 
conventional vapour compression technology [2] while magnetocaloric cooling is considered to be one 4 
of a few promising alternatives to vapour compression technology [2,3]. However, significant advances 5 
are required in material development, system engineering and material shaping in order to improve the 6 
efficiency of existing magnetic cooling devices [2,4–9]. Moreover, active magnetic regenerators (AMR) 7 
have to be mechanically and functionally stable in cyclical operation as well as meet requirements for 8 
surface finish, have suitably fine flow structure and be easy to mass produce [8]. 9 

Magnetic refrigeration, or magnetocaloric cooling, draws a substantial scientific interest due to its 10 
environmental benefits. The toxic or otherwise environmentally hazardous gases, used as refrigerants, 11 
are eliminated from the magnetic cooling systems [10]. A porous solid refrigerant, made of 12 
magnetocaloric material (MCM), is used instead. It is exposed to a change of magnetic field, which is 13 
usually created by a permanent magnet [5,6,11–13]. During this (de)magnetization process, MCM 14 
(absorbs) releases the heat (from) to the ambient via a heat transfer liquid. In order to harvest the 15 
generated energy and effectively use it for cooling applications, the heat transfer fluid flow should be 16 
applied timely. Therefore, a suitable thermodynamic cycle must be exploited [14]. In theory, the energy 17 
generation process in an active magnetic cooling system is fully reversible [10] as long as the MCM does 18 
not exhibit hysteresis. Thus, under cyclical operation the solid regenerator builds up a system temperature 19 
span between hot and cold reservoirs that can be exploited for cooling applications. Nevertheless, in 20 
reality, magnetic cooling is accompanied by various engineering and material-based challenges. 21 

The system performance is also limited by heat transfer effectiveness and pressure drop magnitude 22 
through the porous regenerators that are the core of the magnetocaloric device [8,15]. A significant 23 
amount of research effort has been devoted to the shaping of MCMs and optimization of flow channel 24 
geometry in solid regenerators [16–25]. While numerical studies suggest that the highest coefficient of 25 
performance, COP, at a fixed cooling power (Qcool) would be obtained with woven screens [16] or 26 
sufficiently thin parallel plates that have even spacing between them [18], experimental works have 27 
achieved best results using packed particle regenerators to this day [19,21]. This relates to the fact, that 28 
manufacturing of woven screens or sufficiently thin plates is very challenging, while production of 29 
sufficiently small spherical or crushed particles is easier. Therefore, the latter two are the most widely 30 
exploited MCM geometries [26–29]. 31 

Attempts at non-conventional MCM shaping technologies such as freeze-casting [24,30], metal 32 
powder extrusion [31] and laser beam melting (LBM) [32] have demonstrated satisfactory results. 33 
Freeze-casting allows direct formation of the porous media with microchannels that favours lower 34 
pressure drop and higher heat transfer [24] through an MCM regenerator achieving flow channel size of 35 
approximately 15 µm and overall regenerator porosity up to 49 % [24]. The LBM technique, on the other 36 
hand, allows production of monolithic blocks with otherwise unobtainable geometries, e.g. corrugated 37 
flow channels [32,33]. Moreover, LBM enables manufacturing of regenerators with high surface area to 38 
volume ratio [32], which is desirable for enhanced heat transfer. Experimental results on the effectiveness 39 
of passive regenerators manufactured using the LBM technique have been reported [22]. There, the size 40 
of flow microchannels was between 200 µm and 300 µm. The regenerator material was stainless steel 41 
and the porosity was up to 78 % [22]. 42 

One additional way to improve the efficiency of magnetic cooling devices is by building nature-43 
inspired flow structures in porous solid regenerators [25]. These structures allow to obtain the same or 44 
higher COP at fixed cooling power compared to regenerators with packed spherical particles, while using 45 
significantly less MCM. Moreover, the nature-inspired flow geometry has an advantage over a cylindrical 46 
microchannel matrix. The previous geometry allows to obtain higher cooling power even with larger 47 
hydraulic diameter (Dh) of the flow channels [25], which makes it attractive from a manufacturing point 48 
of view as well. As it was demonstrated in Ref. [32], it is possible to produce corrugated flow channels 49 
using the LBM technique. Furthermore, it was recently demonstrated that MCM regenerators with 50 
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microchannel sizes as low as 300 µm have been successfully manufactured using the LBM technique 1 
followed by a heat treatment and hydrogenation step to adjust the Curie-temperature to near-room 2 
temperature [34]. 3 

In this study, we present the full-scale experimental results obtained with regenerators produced using 4 
the LBM technique. Therefore, it is briefly introduced here. LBM is an additive manufacturing (AM) 5 
technology, where metal powder is spread in thin layers and selectively melted based on the part [35,36]. 6 
Important process parameters are, amongst others, the powder layer thickness, the laser power and the 7 
laser scan speed. Those define the energy density achieved in the material, and hence if stable parts of 8 
high density can be produced [40]. These parameters, in combination with the properties of the base 9 
powder and the part orientation, also influence the surface roughness [40]. After melting using the laser, 10 
the material solidifies with high cooling rates resulting in a refined microstructure and internal stresses. 11 
While the refined microstructure is advantages for processing La(Fe,Si)13 alloys since it allows a short-12 
time heat treatment to form the magnetocaloric 1:13 phase, the internal stresses can be detrimental for 13 
brittle materials. 14 

In total, three magnetocaloric and three non-magnetocaloric, passive, regenerators have been 15 
constructed. Two regenerators in each group have been designed with nature-inspired flow channels as 16 
described in Refs. [25,37]. In each group, there was one reference regenerator, which was constructed 17 
with a straight microchannel flow structure. All six regenerators have been manufactured keeping the 18 
same geometrical constraints, i.e. regenerator length (L) and diameter (D), wall thickness between 19 
microchannels (δ) as well as their hydraulic diameter (Dh). The regenerators have been tested in a passive 20 
test rig, previously reported in Ref. [20] and in a small scale testing device, previously reported in Refs. 21 
[38,39]. 22 

1. Nature-inspired geometry 23 
The nature-inspired flow channel geometry is fully described in Refs. [37,40]. It consists of double 24 

corrugated tube walls that mimic a single blood vessel of a vascular counter-flow heat exchanger found 25 
in several fish species that developed regional or whole body endothermy [41,42]. A double corrugation 26 
of a blood vessel prevents thermal stratification of the blood flow, which contributes to increased heat 27 
transfer through the blood vessel walls. This allows specific body parts of the fish to maintain 28 
temperatures slightly higher than the rest of the body and the ambient temperature [41]. The 29 
corresponding increase in pressure drop, is sufficiently low and does not overstress the heart. It is difficult 30 
to tell a priori whether these blood vessels have a constant cross-section area, Ac, or constant hydraulic 31 
diameter, Dh. Thus, two sets of equations have been derived to describe the surface of double corrugated 32 
tubes. Eq. 1 describes the double corrugated tubes with a constant hydraulic diameter Dh (hereafter EDH) 33 
and Eq. 2 describes the double corrugated tubes with a constant cross-section area Ac (hereafter EAC). 34 
Both types of the double corrugated tubes, used in this study, are illustrated in Figure 1. In this work, the 35 
geometry is implemented as a flow passage rather than a tube. The flow passages are arranged in a 36 
repeating cell structure that yields a porous regenerator. Note that both double corrugated flow passages 37 
have been constructed using the same AR and K values of 1.6 and 1.4 mm, respectively. 38 
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Eq. 2 

where R is the radius of an equivalent straight flow passage, AR is the aspect ratio of x and y axes, z 39 
is the longitudinal position, and K is the corrugation period. 40 
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 1 
Figure 1. On the left-hand side is a side view and on the right-hand side is a top/bottom view of double corrugated flow 2 

passage used for constructing the tested regenerators. The EAC tube is red and the EDH tube is blue. Both flow passages 3 
have been designed with the same R, K and AR values of 0.175 mm, 1.6 mm and 1.4, respectively. 4 

Figure 1 emphasises the main geometrical differences between EDH and EAC tubes. One can note 5 
that using the same geometrical constrains, i.e. R, AR and K, Eq. 1 provides a slightly more squeezed 6 
double corrugated tube design, i.e. the value of xmax/ymax is larger compared to the product of Eq. 2. 7 

Results of numerical characterization of AR and K influence on the thermo-hydraulic performance of 8 
double corrugated tubes have been presented in Ref. [40]. It is worth mentioning that when increasing K 9 
the thermal efficiency of the double corrugated tubes becomes negligible, especially at low AR values. 10 
Finally, it was demonstrated that the more intense the double corrugation, i.e. high AR value combined 11 
with small K value, the more effective the corrugation for a low velocity flow. 12 

2. Regenerator construction 13 
2. 1. Passive regenerators 14 
In Figure 2 the inner construction of a regenerator with nature-inspired flow structure are shown (Figure 15 
2 (a)) and a regenerator with straight flow channels (Figure 2 (b)). One can note that the nature-inspired 16 
flow channels are constructed so that at a constant height z between two neighbouring channels would 17 
subsequently have xmin and xmax (ymax and ymin) values. In this way, the wall thickness of approximately 18 
δ = 0.3 mm is maintained through the entire regenerator height. 19 

  
(a) (b) 

Figure 2. A quarter section of a 4.2 mm high segment of a regenerator with (a) nature-inspired and (b) straight flow 20 
channels. Blue denotes flow channels and grey marks solid material. 21 

The passive, non-magnetocaloric, regenerators have been manufactured using AlSi7Mg0.6 powder. 22 
Since the surface quality of aluminium parts, produced using the LBM technique, is rather good and 23 
enables easy powder removal, these regenerators have been produced full size. The CAD geometries 24 
have been prepared for the LBM process using the commercial software Materialise Magics. Manually 25 
generated 4 mm high tree-like support structures have been used to attach each regenerator to the build-26 
platform and efficiently dissipate heat from the constructed parts [43]. Note that the tool for generating 27 
supports is implemented in the software. The parts were manually cut off from the build-platform. The 28 
LBM process parameters are listed in Table 1. 29 
  30 
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Table 1. LBM process parameters. 1 
Material Laser focal, mm Scan speed, mm/s Laser power, W Powder layer 

thickness, µm 
Powder particle 
size, µm 

AlSi7Mg0.6 0.1 900 195 30 20 – 60 
LaCe(FeSiMn) 0.1 350 190 50 10 – 60 

After the LBM process, the passive regenerators were cleaned in an ultrasonic bath filled with water. 2 
Then they were cleaned using compressed air. Later, the regenerators were mounted into a heat shrinking 3 
sleeve and their housings. The housings for the regenerators were 3D printed in standard nylon-12. The 4 
height of the housings was 46 mm and the inner diameter 30 mm. The heat shrinking sleeve prevented 5 
epoxy glue, used for gluing the regenerators into their housings, from getting into the microchannels. 6 
The passive regenerators were manufactured with insignificant geometrical deviation from the CAD 7 
geometry and fit well into their housings. The passive regenerators are shown in Figure 3. 8 

   
(a-1) (b-1) (c-1) 

   
(a-2) (b-2) (c-2) 

Figure 3. The side (1) and top (2) view of the passive regenerators with (a) straight, (b) EDH and (c) EAC microchannels. 9 
2. 2. Magnetocaloric regenerators 10 

In order to enable easier removal of excess powder and assure complete hydrogenation of the 11 
magnetocaloric parts, the regenerator geometry was sliced into 11 equally-sized discs. The CAD 12 
geometries have been prepared for the LBM process in the same way as the aluminium parts. The 13 
manually generated supports were 1 mm in height. After the LBM process the parts have been cut off 14 
from the build-platform using electro-discharged machining (EDM) wire erosion technique. It enabled 15 
careful removal of support structures from the manufactured part surface avoiding damage on actual flow 16 
geometry and clogging of flow channels. 17 

In order to stack the manufactured discs into regenerators without disturbing the periodic change of 18 
the flow pattern and permanently clogging the flow channels, each disc had a small wedge that fits into 19 
its counterpart constructed on a subsequent disc as shown in Figure 4. Wedges “C” and “H” denote discs 20 
with straight and EDH flow channels, respectively, and small pins were used for discs with EAC flow 21 
channels. 22 
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(a) (b) (c) 

Figure 4. Side and top views of discs with (a) cylindrical microchannels, (b) EDH and (c) EAC flow pattern. 1 
Magnetocaloric regenerators have been manufactured from La0.84Ce0.16Fe11.5Mn1.5Si1.3 alloy, referred 2 

to here as LaCe(FeSiMn) before hydrogenation and as LaCe(FeSiMn)H after hydrogenation. It is 3 
important to note that the composition La0.84Ce0.16Fe11.5Mn1.5Si1.3 was achieved by mixing a Ce- and Mn-4 
containing and a Ce- and Mn-free La(Fe,Si)13-base powder. Preliminary studies have shown that the 5 
composition can be homogenized during the LBM process and heat treatment and hence varying the 6 
powder mixing ratio is a simple and efficient way to achieve different Curie-temperatures. 7 

The 3D printed parts were cleaned in an ultrasonic bath in ethanol and dried with compressed air 8 
afterwards. Then, all discs were heat treated in argon atmosphere for 2 hours at 1423 K to form the 9 
magnetocaloric 1:13 phase and hydrogenated at 573 K for 10 hours in hydrogen atmosphere at 850 mbar 10 
to shift the Curie temperature to room temperature. It was demonstrated in Ref. [44] that the activation 11 
energy of the hydrogenation reaction of LaCe(FeSiMn) is low, thus it does not require high hydrogen 12 
pressure. Later the discs were stacked together into a heat shrinking sleeve to form the regenerators and 13 
subsequently mounted into their housings. The pucks of the regenerators before and after they were 14 
mounted into the housings are shown in Figure 5. 15 

   
(a-1) (b-1) (c-1) 

   
(a-2) (b-2) (c-2) 

Figure 5. The pucks of the regenerator discs before (1) and after (2) mounting into the nylon housing. The discs of the 16 
regenerator with (a) straight, (b) EDH and (c) EAC microchannels. 17 

As one can note in Figure 5 (a-2), (b-2) and (c-2), the stacked regenerators are slightly higher than the 18 
housings. This is caused by geometrical inaccuracies of LaCe(FeSiMn) parts, produced using the LBM 19 
technique and imperfectly cut support structures, these led to an increase in regenerator height and mass. 20 

3. Regenerator testing 21 
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3. 1. Passive testing 1 
In Figure 6 one can see a schematic drawing of the passive test rig used for characterising both the 2 

magnetocaloric and the non-magnetocaloric regenerators in terms of thermal effectiveness and pressure 3 
drop. The passive test rig has been previously reported in Ref. [20]. 4 

 5 
Figure 6. A schematic of the passive test rig. The double-sided arrow shows the directions of piston motion. The solid 6 

single sided arrow indicates the fluid flow direction during cold-hot blow. The dashed single sided arrow indicates the fluid 7 
flow direction during hot-cold blow. Four check valves maintain unidirectional flow in the piping system. 8 

The motor rotation frequency is controlled via LabView software. The fluid flow rate pushed through 9 
the regenerator is controlled by the displacement of pistons, which are connected to the motor via a 10 
crankshaft. The full oscillating flow test cycle takes place as following: 1) a piston on the hot side pushes 11 
out the heat transfer fluid through the electric heater towards the regenerator as denoted by dashed arrows. 12 
The heated fluid goes through the regenerator and is stored at the piston on a cold side; 2) during the 13 
second half of the cycle, the heat transfer fluid is pushed out by the cold side piston through the cold side 14 
heat exchanger. Then, cooled fluid passes the regenerator and goes to the hot side piston as denoted by 15 
solid arrows. The check valves on the inlet and outlet of the regenerator assure a unidirectional flow in 16 
the piping system. The heat exchangers on the hot and cold sides are set to maintain a constant 17 
temperature difference in the system, which is close to ambient temperature in order to minimize heat 18 
loss. After several cycles the system establishes a periodic steady state condition. The temperature and 19 
pressure readings are recorded for further data analysis. The uncertainties for temperature and pressure 20 
measurements are less than 3 % as reported in [45]. 21 

The definition of effectiveness, η, is introduced using Eqs. 3 and 4. The effectiveness of the cold to 22 
hot blow is referred as ηcold and the effectiveness of the hot to cold blow is referred as ηhot. The latter one 23 
is assumed to be a characteristic heat transfer performance, analogous to AMR performance in a cooling 24 
cycle. 25 

 
𝜂𝜂ℎ𝑜𝑜𝑜𝑜 =

𝑇𝑇ℎ𝑜𝑜𝑜𝑜 − 2 𝜏𝜏⁄ ∫ 𝑇𝑇𝑓𝑓,𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑
𝜏𝜏
𝜏𝜏 2⁄

𝑇𝑇ℎ𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐
 Eq. 3 

 
𝜂𝜂𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 =

2 𝜏𝜏⁄ ∫ 𝑇𝑇𝑓𝑓,ℎ𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑
𝜏𝜏 2⁄
0 − 𝑇𝑇𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐
𝑇𝑇ℎ𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐

 
Eq. 4 

where T is the temperature, t is the time, and τ is the cycle period. Subscripts hot and cold stand for hot 26 
side and cold side of the regenerator, respectively and f denotes fluid. Note that the experimental 27 
temperature data is averaged over 20 cycles at the same phase position before integration. 28 

The friction factor, f, based on the maximum pressure drop, Δpmax, and maximum pore velocity, vf,max, 29 
are adopted for flow resistance characterization as derived in Eq. 5. Accordingly, the Reynolds number, 30 
Re, is based on hydraulic diameter and pore velocity as expressed in Eq. 6. 31 
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Eq. 6 

where f is the friction factor, Δp is the pressure drop, L is the regenerator length, 𝜌𝜌f is the fluid density, 1 
νf,max is the pore velocity, Dh is the hydraulic diameter, defined in Eq. 7, Re is Reynolds number, µf is 2 
the dynamic fluid viscosity, ε is the regenerator porosity. Subscript max stands for maximum. 3 

 
𝐷𝐷ℎ =

4 𝐴𝐴𝑐𝑐
𝑃𝑃

 
Eq. 7 

Where Ac is the cross-section area of the flow channel and P is the perimeter of the flow channel. 4 
3. 2. Active testing 5 

The magnetocaloric regenerators have been tested in a small-scale versatile testing device, which has 6 
been previously reported in Refs. [38,39]. In Figure 7 one can see a schematic drawing of the device, 7 
which is mounted inside a temperature-controlled cabinet. A Halbach array magnet is mounted in a fixed 8 
position and the MCM regenerator is moved by a stepper motor in and out of the magnetic field. The 9 
maximum magnetic flux density inside the magnet bore is 1.1 T. The heat transfer fluid is timely pushed 10 
through the porous MCM regenerator by a displacer. The hot end temperature is maintained by a forced 11 
convection heat exchanger, which is in thermal equilibrium with the ambient. The temperature at the 12 
cold and hot ends is measured with calibrated E-type thermocouples. The measurement error is ± 0.5 K. 13 
Software written in LabView is used for data logging and hardware control. 14 

 15 
Figure 7. A schematic of the small-scale versatile testing device. 16 

The hot end temperature is controlled by adjusting the set value of the cabinet temperature. The cycle 17 
frequency and utilisation, U, can be controlled via settings in the LabView software. 18 

The utilisation is defined in Eq. 8.  19 
 U=

𝑚𝑚𝑓𝑓𝑐𝑐𝑝𝑝,𝑓𝑓

𝑚𝑚𝑠𝑠𝑐𝑐𝑝𝑝,𝑠𝑠
 Eq. 8 
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where mf is the fluid mass pushed through the regenerator during one full piston stroke, ms is the mass of 1 
the solid regenerator, cp,f is the specific heat of the fluid and cp,s is the specific heat of MCM away from 2 
the peak. 3 

4. Results 4 
4. 1. Regenerators and the materials 5 

From Table 2, one can see that the geometrical characteristics of the MCM and AlSi7Mg0.6 6 
regenerators as they have been prepared in the CAD software and manufactured using the LBM process. 7 
It is clear that the geometrical deviation of the passive regenerators from the CAD models is significantly 8 
lower than for the MCM regenerators. One can also notice that the mass of passive regenerators is rather 9 
similar and varies within the limit of 1 g. The variation of mass of the MCM regenerators, on the other 10 
hand, is significant. The maximum difference is 10.15 g between the lightest (straight) and the heaviest 11 
(EAC) regenerators. This could be attributed to the significant difference in the regenerator length, which 12 
is ΔL = 3.3 mm and the particles clogging the flow channel as can be seen from Figure 8. 13 

Table 2. Geometrical parameters of the regenerators prepared in CAD software and manufactured using LBM. 14 
Name Calculated from CAD data Measured on manufactured parts 

Channel 
size, Dh, 
mm 

Wall 
thickness, 
δ mm 

Reg. 
diameter, 
D, mm 

Total reg. 
length, L, 
mm 

Heat transfer 
surface area, 
As, cm2 

Reg. 
diameter, 
D, mm 

Reg. 
length, 
L, mm 

Reg. 
mass, 
m, g 

Porosity, 
ε, %  

Material AlSi7Mg0.6 
EDH 0.35 0.30 28.5 46.2 775.6 28.4 46.7 65.4 16.6 
EAC 0.35 0.30 28.5 46.2 830.4 28.3 46.8 66.2 15.5 
Straight 0.35 0.30 28.5 46.2 748.6 28.4 47.0 66.1 16.5 
Material LaCe(FeSiMn)H 
EDH 0.35 0.30 28.5 46.2 775.6 28.7 50.5 189.9 16.5 
EAC 0.35 0.30 28.5 46.2 830.4 28.7 53.8 199.1 18.0 
Straight 0.35 0.30 28.5 46.2 748.6 28.7 50.5 189.0 17.1 

The depth of the flow channels has been investigated using a Keyence VK-9700 digital microscope. 15 
The microscope calibration value is 688 nm/pixel in the xy plane and 1 nm per decimal point in the z 16 
direction. Note that the maximum measurement depth was approx. 600 µm, thus 0 µm on the colour bar 17 
does not mean that the end of the channel was reached, it only signifies the limit of the measuring 18 
equipment. The microscopy was done on two randomly selected flow channels on one randomly selected 19 
regenerator disc before heat treatment and hydrogenation. The goal of this analysis was to identify 20 
potential channel clogging due to partially melted powder particles [46] that could not be removed from 21 
the channels during the cleaning steps. 22 

Figure 8 shows that indeed channels of MCM regenerators have a very high flow channel clogging 23 
due to powder particles that could not be removed from the channel walls. One can also see that the least 24 
clogged flow channels was observed for the EDH regenerator. Moreover, the length of the widest 25 
distance between the channel walls has the smallest deviation from the CAD geometry for the EDH 26 
regenerator as well. On the other hand, the EAC regenerator has the most clogged channels as shown in 27 
Figure 8 (c). It is worth to point out that the surface quality of the MCM parts on the bottom surface, 28 
where they were cut from the support structures using the EDM wire erosion technique, is somewhat 29 
better than on the top surface. Thus, in the future, it is worth investigating the channel surface quality 30 
when a slice with a width of few powder layers is removed from a top surface of 3D printed parts by 31 
EDM wire erosion technique. 32 
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(a) (b) (c) 

Figure 8. Flow channel depth for a single channel of the regenerator before heat treatment and hydrogenation of the MCM 1 
regenerators with (a) straight, (b) EDH and (c) EAC flow channels. 2 

Magnetocaloric properties of the MCM material have been evaluated after active and passive testing. 3 
In order to perform adiabatic temperature change measurements one of the discs was broken in four 4 
pieces and two quarters of it were glued together on top of each other. Between them an E-type 5 
thermocouple was mounted using a small amount of thermal epoxy. The assembly was mounted into a 6 
thermally insulated plastic tube and sealed from the top and bottom in order to prevent any air flow 7 
through the sample that would enable forced convection. The sample was cooled down to 273 K. After 8 
the sample reached the desired temperature it was cycled in and out of the magnetic field of B = 1.1 T 9 
until it reached thermal equilibrium with the cabinet, which was set to 302 K. The adiabatic temperature 10 
change measurement protocol used in this study is in agreement with those reported in Refs. [47,48]. 11 
Figure 9 shows the experimental results of the ΔTad measurements. One can see that the peak ΔTad of 1.4 12 
K was reached between 297 K and 299 K when the sample was magnetized. The offset between 13 
magnetization and demagnetization curves on the sample temperature axis, where the peak ΔTad was 14 
observed is very close to the peak ΔTad itself. This verifies that the sample was well insulated and the 15 
temperature change during the (de)magnetization process can be considered adiabatic and attributed to 16 
magnetocaloric properties of the material only. 17 

 18 
Figure 9. Adiabatic temperature change ΔTad of LaCe(FeSiMn)H in a magnetic field change of ΔB = 1.1 T. 19 
Isothermal entropy change, Δs, was measured using a LakeShore 7407 vibrating sample 20 

magnetometer (VSM) on a sample with a mass of 65 mg and length of 5.78 mm, height of 2.15 mm and 21 
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width of 1.58 mm, containing a full flow channel. The experimental error, caused mainly by inaccuracies 1 
of the mass of the sample and calibration, is up to 5 %. 2 

Figure 10 (a) shows the magnetization of the sample. One can notice that even at the highest 3 
temperatures the sample exhibits a rather high magnetic susceptibility. LaCe(FeSiMn)H is known to 4 
contain a certain amount of iron (α-Fe) even after heat treatment [31]. Assuming a saturation 5 
magnetisation of the α-Fe of 2.2 T it was calculated that the tested MCM material contained approx. 25 6 
% α-Fe. It is assumed that this is due to the heat treatment conditions not being optimized. 7 

The isothermal entropy change, Δs, was calculated from the magnetization data as presented in Figure 8 
10 (b). One can see that the Δs peak was observed between 290 K and 300 K. This broad temperature 9 
interval of phase transition as well as the continuous change of magnetization around TC indicates a 10 
SOPT character of the material. On the other hand, it could also be an indication that the composition of 11 
the two base powders was not completely homogenized during the heat treatment, resulting in slight 12 
compositional and respectively TC variations which broaden the transition temperature and reduce the 13 
peak value. Same as for the reduction of α-Fe, the heat treatment conditions should be optimized to avoid 14 
this effect. 15 

  
(a) (b) 

Figure 10. Results of VSM: (a) isothermal magnetization as a function of magnetic field in the temperature range from 16 
252 K to 318 K and (b) derived isothermal entropy change as a function of temperature. 17 

The specific heat capacity, cp, was measured using a home-built differential scanning calorimeter 18 
(DSC) with the measurement error of up to 7.5 % [49,50]. Characteristic parts of the regenerators were 19 
measured before and after AMR testing, and three samples were measured. A piece of the regenerator 20 
that was not tested in the AMR cycle had a mass of 12.3 mg, and a flake of the broken MCM disc used 21 
for AMR experiments had a mass of 16.2 mg. Note that the part that was not tested in AMR cycle was 22 
taken from the disc, which was not used for constructing the regenerators. From Figure 11, one can see 23 
that the peak value of cp of parts produced using the LBM technique was observed at the same interval 24 
as peak values of ΔTad and Δs, showing that all the measurements are consistent. It is noticeable that the 25 
peak values of cp before and after AMR experiments are effectively the same, however the interval where 26 
peak is observed became broader after the AMR cycling. This could be attributed to the slight 27 
compositional inhomogeneities of the powder mixture. 28 
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 1 
Figure 11. Results of DSC measurements of heat treated and hydrogenated raw powder and parts that were 2 

manufactured using the LBM technique. The measurements were done at a heating rate of 1 K/min and 0 T magnetic field. 3 
The magnetocaloric properties of the material used in this study are listed in Table 3 and compared to 4 

other SOPT materials. From there it is seen that the magnetocaloric properties possessed by the 5 
LaCe(FeSiMn)H alloy, processed with LBM, are relatively high. In other words, a fairly high value of 6 
ΔTad coupled with rather low specific heat demonstrated material’s capability of efficient heat transfer 7 
from MCM to the heat transfer fluid [13,14,51]. Usually MCM with high isothermal entropy change are 8 
desirable, since it is related to high increase in temperature [13]. However, it was demonstrated 9 
numerically that MCM with higher ΔTad on account of smaller entropy change are preferred especially 10 
at lower fluid flow rates [52]. 11 

Table 3. Magnetocaloric properties of common SOPT materials, measured at ΔB = 1.0 T if not stated otherwise. 12 
Material ΔTad, K |Δs|, J/(kg K) cp, J/(kg K) Ref. 

LaCe(FeSiMn)H 1.4 4.4 400 This study 
La0.7Ce0.3(FeMnSi)13 - 11 - [31] 
LaCe(FeSiMn)H - ~ 7.5 - [31] 
Gd 3.2 - 260 [53] 
La0.67Ca0.2925Sr0.0375Mn1.05O3 and 
La0.67Ca0.2850Sr0.0450Mn1.05O3 

1.17 – 1.3 3.5 – 3.7 750 – 780 [54] 

La0.67Ca0.26Sr0.07Mn1.05O3 1.0 - 600 [53] 
La(FeCoSi)13 1.8 - 450 [53] 
La(FeCoSi)13 1.6 (at ΔB = 1.9 T) 3.2 (at ΔB = 1.9 T) ~ 740 (at ΔB = 1.4 

T) 
[32,55] 

4. 2. Active and passive testing 13 
The MCM regenerators have been tested in the small-scale versatile testing device in order to 14 

investigate the performance of the structures, manufactured using the LBM technique, during thermo-15 
magnetic cycling. All of the regenerators have been tested using 2 % wt. ENTEK FN in a water solution, 16 
to protect against corrosion. The testing routine consisted of three steps. First, the optimal utilisation, U, 17 
was found varying displacer stroke while keeping its velocity and the hot end temperature, Thot, constant. 18 
Second, the fluid flow velocity was varied keeping utilisation and Thot constant. Third, the no-load peak 19 
performance was determined while fluid flow velocity, v, and U were kept constant and Thot was varied. 20 

The surface roughness of the flow channels (Figure 8) as well as remaining support structures on the 21 
MCM discs made it impossible to associate differences in the performance to different geometrical 22 
features. In other words, high surface roughness and the remaining support structures disturbed fluid flow 23 
passages creating unintended fluid flow mixing and likely affected the flow distribution across flow 24 
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channels. Due to these distortions, the flow channels can no longer be treated as purely straight or double 1 
corrugated, instead the flow channels have undefined geometries. Moreover, the dead volume inside the 2 
regenerators was increased because of constructing them from separate slices. It was shown in [56], that 3 
the dead volume inside the regenerator geometry has a strong negative effect on cooling power and COP. 4 
Nevertheless, the potential of these regenerators to operate under thermo-magnetic cycling was 5 
investigated. 6 

It was found that for all the regenerators the optimal U value was approximately 0.25 and the optimal 7 
fluid flow velocity was v ≈ 17 mm/s. This is a rather high fluid flow velocity compared to v = 7 mm/s 8 
and v = 8.2 mm/s, found to be optimal for the parallel plate [17] and two-layer packed irregular particle 9 
regenerators [57], respectively. On the other hand, the fluid flow velocity of v = 22 – 23 mm/s was found 10 
to be optimal for the regenerators with five and nine layers of irregular particles. The variation of optimal 11 
fluid flow velocity inside the regenerator bed can be attributed to differences in regenerators mass and 12 
porosity. One can see from Figure 12 (a) that only the straight and EDH regenerators were tested against 13 
the utilisation. This is because of all of the regenerators had similar mass and effectively the same 14 
porosity. Moreover, it is seen in Figure 12 (a) that the temperature span between the hold and hot ends, 15 
ΔTspan, slightly increases at U = 0.5 compared to U = 0.35. This is attributed to flow maldistributions 16 
inside the channels due to the surface roughness and dead volume. Figure 12 (b) shows that the maximum 17 
temperature span ΔTspan of 3.3 K was observed for the EDH regenerator at Thot = 295.3 K. It is interesting 18 
to note that the peak performance for each regenerator was observed at different Thot temperatures. This 19 
is attributed to slight compositional inhomogeneities due to insufficient mixing and compositional 20 
homogenization of the base powders mentioned before. It is also noticeable that the EDH regenerator 21 
outperformed the EAC regenerator by 0.8 K. This is attributed to a potential flow maldistribution due to 22 
clogged flow channels rather than an effect of geometrical features. This is somewhat confirmed by the 23 
results of passive testing. One can see from Figure 14 (a) that the friction factor, f, of the EDH regenerator 24 
is only two thirds of the friction factor of the EAC regenerator. Interestingly, the friction factor of the 25 
regenerator with the straight flow channels falls somewhere in between the EAC and EDH regenerators, 26 
which is in agreement with the findings presented in Figure 8. Moreover, it was experimentally 27 
demonstrated that the heat exchangers with the EDH channels outperform ones with the EAC channels 28 
[33]. 29 

 

 

 
(a) (b) 

Figure 12. Results of the AMR testing presented as (a) no-load temperature span between the hot and cold ends as a 30 
function of utilisation (b) no-load temperature span between the hot and cold ends as a function of hot end temperature. 31 
One can see from Figure 14 (a) and (b) that the friction factor for the MCM regenerators is 32 

significantly higher than for the passive regenerators at Re < 40. A quantitative comparison of the friction 33 
factor between the active and passive regenerators at higher Re was not possible due to limitations of the 34 
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pressure drop measurements on active regenerators. Moreover, the friction factor for the passive EDH 1 
and EAC regenerators is higher than for the regenerator with straight flow channels, which is expected. 2 
It must be noted that a possibility that fluid flow could break some loosely attached particles out of the 3 
flow channels was investigated. Thus, the EAC regenerator was tested in the passive rig both before and 4 
after the AMR testing. One can see from Figure 14 (a) that no significant difference in friction factor 5 
measurements was observed. Moreover, no loose particles were found in the test rig. 6 

 
(a) (b) 

Figure 13. Friction factor as a function of Reynolds number for (a) MCM regenerators and (b) passive regenerators. 7 
The effectiveness of MCM and passive regenerators is presented in Figure 15. In the top row, the 8 

results on MCM regenerators are presented. Due to the limitations of the pressure drop measurements, 9 
the data on MCM regenerators are presented for limited values of frequency and utilisation. 10 

 11 
Figure 14. Thermal effectiveness of the (top row) MCM and (bottom row) passive regenerators as a function of operational 12 

frequency at various utilisations. 13 
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It is interesting to observe that the effectiveness of the EAC regenerator produced in aluminium alloy 1 
is the lowest independently on the testing conditions, while its magnetocaloric counterpart demonstrates 2 
up to 10 % increased effectiveness, which is the highest among the MCM regenerators. This is attributed 3 
to the surface quality of the flow channels that effectively narrowed their size. It is also interesting to 4 
note that the passive EDH regenerator demonstrated increasing effectiveness at higher utilisation values 5 
with increasing frequency. The regenerator with the straight flow channels, on the other hand, shows 6 
decreasing effectiveness with increasing frequency at utilisation of U = 0.6. The effectiveness of the 7 
passive EAC regenerator is independent on the operational frequency at U = 0.6. The increase in thermal 8 
effectiveness with increasing operational frequency at high utilisation values was also observed in Ref. 9 
[22]. One of the possible explanations is that in the passive EDH regenerator, with increasing operational 10 
frequency at U = 0.6, the fluid flow becomes sufficiently tortuous to induce the heat transfer between 11 
fluid and solid, resulting in increased thermal effectiveness. 12 

Most of the rotary magnetocaloric devices operate at a frequency of 1 Hz or higher [14]. Thus, the 13 
EDH type regenerators, with high surface quality, could improve the thermal efficiency of an AMR 14 
system. This means that EDH type regenerators would enable the system to obtain higher cooling powers. 15 
Moreover, as can be seen from Figure 14 (b) at Reynolds numbers above 50, which effectively results in 16 
higher utilisations, the friction factor for the EDH regenerator and the one with the straight flow channels 17 
is of comparable magnitude. That implies that the energy input to overcome the pressure drop in the 18 
hydraulic circuit would be of comparable magnitude using the EDH type regenerators as for the 19 
regenerators with the straight channels. This means that AMRs with nature-inspired flow structures 20 
demonstrate potential to provide higher cooling power at the comparable or higher COP value. These 21 
findings qualitatively agrees to the modelling results presented in Ref. [25], where it was reported that 22 
the regenerators with the nature-inspired flow structures significantly outperform regenerators with the 23 
straight flow channels that have the same hydraulic diameter [25]. 24 

5. Conclusions 25 
Experimental results of active and passive characterization of regenerators produced in 26 

LaCe(FeSiMn)H and AlSi7Mg0.6 using laser beam melting have been presented in this study. It was 27 
demonstrated that 3D printed magnetocaloric regenerators can withstand extensive testing under thermal 28 
and thermo-magnetic cycling. None of the tested regenerators showed signs of mechanical or functional 29 
degradation after the testing, which lasted at least seven days for each regenerator. Thus, mechanical an 30 
functional stability as well as good magnetocaloric properties of LaCe(FeSiMn)H make this material a 31 
good candidate to be used in magnetocaloric cooling devices. 32 

Even though excellent stability and satisfactory performance results have been obtained during the 33 
experiments, there is room for improvements. Firstly, the homogeneity of the magnetocaloric material 34 
should be improved. This would improve performance of the material and encourage construction of 35 
multi-layered 3D printed regenerators. The heat treatment step should be optimized in order to lower the 36 
content of α–Fe in the fabricated parts. This would also contribute to an increase in performance, since 37 
less inactive material would occupy valuable space in the magnetised bore of the magnetic circuit. 38 
Finally, the laser parameters should be optimized in order to improve surface quality of the flow channels. 39 
As it can be seen from the experimental results on passive regenerators, the nature-inspired flow 40 
structures show potential to improve performance of magnetocaloric devices in terms cooling power at 41 
comparable COP values. In order to achieve this, the surface quality of magnetocaloric regenerators must 42 
be improved to the level that the surface roughness of MCM parts is of similar value as for passive 43 
regenerators. Investigations to improve the surface quality of the MCM parts by varying the laser scan 44 
parameters during LBM are ongoing. 45 
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