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a b s t r a c t 

We present an experimental and numerical comparison of epoxy bonded multi-layered La(Fe,Si,Mn) 13 H y 

active magnetic regenerators. First, no-load tests were performed on four regenerators with two layers 

of material and varying amounts of epoxy (from 1 wt% to 4 wt%) in order to find the amount of epoxy 

necessary to maintain the mechanical integrity of the regenerators. As the second part of the study, ex- 

perimental results of two regenerators with five and nine layers are compared to predictions from the 

one-dimensional numerical model. A maximum temperature span, �T span , over 20 K was measured and 

it is effectively equal for both regenerators. The numerical modelling was generally in good agreement 

with experimental results. 

© 2017 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

Magnetic refrigeration (MR) is a promising alternative to con-

ventional vapour compression technology, and an active research

topic for magnetocaloric materials and system performance. It is

an appealing technology since the theoretical energy efficiency of a

well-designed system is equal or even larger than that of conven-

tional refrigeration ( Gschneidner and Pecharsky, 2008 ). Moreover,

MR uses no greenhouse or ozone-depleting gases ( Jacobs et al.,

2014 ), as solid magnetocaloric materials (MCM) are used as the re-

frigerant. MCMs exhibit changes in temperature and entropy upon

a change in external magnetic field. 

According to the phase transition, MCMs can either undergo a

first order phase transition (FOPT) or a second order phase tran-

sition (SOPT). A SOPT between the non-magnetic and magnetic

phase results in a continuous entropy change across a broad tem-

perature range. A first order phase transition (FOPT) results in a

very narrow and sharp entropy change as a function of tempera-

ture. Although most FOPT materials exhibit a large magnetocaloric

effect, other challenges to implementing them in a high perfor-

mance MR system accompany them. In addition to the magne-
∗ Corresponding author. 
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ocaloric effect being large over only a narrow temperature range,

hey often exhibit thermal and magnetic hysteresis. Furthermore,

OPT materials are accompanied by a change either in the crystal

olume or crystal structure, which can lead to cracking and me-

hanical instability ( Bez Neves et al., 2016; Brück et al., 2004 ). 

The La(Fe,Mn,Si) 13 H y intermetallic material family has attracted

ignificant attention as a FOPT material and is the subject of this

tudy. The Curie temperature, T C , of this compound can be tuned

y substituting Fe with Mn. The T C of an La(Fe,Mn,Si) 13 H y ma-

erial decreases monotonically with increased Mn concentration

 Basso et al., 2015; Bratko et al., 2016 ). At a certain concentration

f Mn, the phase transition becomes second order with no hystere-

is. Thus, it was suggested that by using Mn it is possible to pre-

are weakly first order materials, which would provide high mag-

etocaloric properties without hysteresis even at a low magnetic

eld of about 0.5 T ( Basso et al., 2015 ). 

La(Fe,Mn,Si) 13 H y exhibits changes in volume during the phase

ransition, causing brittleness when the material is cycled magnet-

cally. Thus, porosity was introduced as a tool to avoid cracking

f the material over the (de)magnetization cycles, as suggested by

yubina et al. (2010) . The porosity, which was obtained by crushing

nd re-pressing dense bricks of the material, leads to the removal

f grain boundaries. Subsequently the volume expansion that ap-

ears at the phase transition can take place more freely without

amaging the material. However, induced porosity did not prevent
 under the CC BY-NC-ND license. 
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Nomenclature 

Abbreviations 

AMR active magnetic regenerator 

COP coefficient of performance 

FOPT first order phase transition 

Fe iron 

Gd gadolinium 

HEX hot heat exchanger 

MCE magnetocaloric effect 

MCM magnetocaloric material 

Mn manganese 

MR magnetic refrigeration 

SOPT second order phase transition 

VSM vibration sample magnetometer 

Variables 

a c cross section area 

a specific area 

c specific heat 

d h hydraulic diameter 

H magnetic field 

k thermal conductivity 

m Mass 

˙ m mass flow rate 

Nu Nusselt number 

P pressure drop 

S specific entropy 

�S entropy change 

T temperature 

T C Curie temperature 

�T ad adiabatic temperature change 

�T span temperature span 

t time 

U utilisation 

V h total volume of the housing 

v Velocity 

x axial position 

Greek letters 

ε porosity 

ρ density 

Subscripts 

e epoxy 

disp dispersion 

f fluid 

H magnetic field 

reg regenerator 

s solid 

stat static 

he material from disintegrating during extended operation in an

ctive magnetic regenerator (AMR). A compound of MCM and ther-

oplastic (epoxy) was tested as a further possible solution in order

o prevent regenerators from fragmenting and at the same time to

hape the material ( Lanzarini et al., 2015 ). Once the MCM and the

poxy are cured together, there is no chemical interaction between

hem. Thus, the epoxy itself does not change the magnetocaloric

roperties or T C of the MCE. 

One of the major challenges to deal with for FOPT materials is

he narrow temperature range over which a significant MCE ap-

ears. Literature shows that it might be solved by constructing re-

enerators with successive layers each with a different T C ( Richard

t al., 2004; Zimm et al., 2005 ) . The T C of each layer is chosen

ccording to the temperature gradient desired in the regenerator.
odelling results show the effect of layering MCM with differ-

nt T C and how important the accuracy of the T C distribution is

long a regenerator ( Lei et al., 2015 ). Here the authors showed that

he optimal temperature span between two neighbouring layers is

round 2.5 K for materials such as La(Fe,Mn,Si) 13 H y . This spacing

roduces 90% of the cooling power that would be obtained in an

nfinitely layered bed. It is also shown that an uneven distribution

f T C along the regenerator may lead to at least a 17% performance

eduction when the standard deviation of T C is 0.6 K. Moreover,

onfared and Palm (2015) emphasized the difference in T C selec-

ion for each layer when a regenerator is designed either for maxi-

um temperature span and/or seeking to maximise the Carnot ef-

ciency. 

Although the majority of AMR devices in the literature use

OPT materials ( Kitanovski et al., 2015 ), some experimental stud-

es using FOPT materials have been reported. Regenerators based

n La(Fe,Si) 13 H y or MnFePAs have been tested in both reciprocating

nd rotary devices ( Bahl et al., 2017; Bez Neves et al., 2016; Govin-

appa et al., 2017; Jacobs et al., 2014; Lei et al., 2018 ). Notably a

arge-scale rotary device developed by Astronautics Corporation of

merica ( Jacobs et al., 2014 ) used six layers of FOPT La(Fe,Si) 13 H y 

pheres with T C ranging from 303.6 to 316.2 K. With a total mass

f the MCM 1.52 kg the device provided 2.5 kW cooling power at a

emperature span of 11 K and coefficient of performance (COP) of

.9. The operating frequency of the machine was 4 Hz. 

In this paper, we present a comparison between experimen-

al and numerical results of the performance of multi-layered

a(Fe,Si,Mn) 13 H y regenerators having two, five and nine layers. The

odel has been presented previously and verified against SOPT

xperimental results ( Lei et al., 2017 ). AMR modelling is an ac-

ive research topic and many models have been reported in the

iterature. Models using a 1D porous approach have been widely

eported, including Plaznik et al. (2013), Vuarnoz and Kawanami

2013), Trevizoli et al. (2016) , and Mugica Guerrero et al. (2017) .

D AMR models have been presented using a porous construction

iu and Yu (2010) , by directly modelling a regenerator geometry

hat emulates spheres ( Aprea et al., 2015 ) and by directly mod-

lling flow between MCM plates ( Tura et al., 2012 ). A detailed 3D

odel that directly models the regenerator geometry has also been

eported by Bouchard et al. (2009) . The vast majority of model re-

ults, especially those that are compared directly to experiments,

ave been generated for SOPT materials, and those are almost ex-

lusively based on Gd and its alloys. Jacobs et al. (2014) presented

ood agreement between a 1D porous model and FOPT LaFeSiH

aterials. In this paper, the porous 1D model is used as a check of

xperimental results that the behaviour is as expected and there

re no large discrepancies between expected results and experi-

ents. 

All investigated regenerators were made of epoxy bonded irreg-

lar particles. The total height of all the tested regenerators was

he same, resulting in varying layer thicknesses. We also investi-

ated the optimal amount of epoxy necessary to maintain the me-

hanical integrity of the regenerators. The results of no-load exper-

ments showed that the temperature spans reported in this paper

re the largest ever obtained in this small-scale test machine, em-

hasising the potential of La(Fe,Mn,Si) 13 H y materials. 

. Experimental procedure 

Vacuumschmelze GmbH provided six regenerators made of

a(Fe,Si,Mn) 13 H y irregularly shaped particles with a particle size

etween 250 μm and 500 μm. The particles were bonded into plas-

ic housings having a height of 40 mm and an inner diameter of

0 mm and 34 mm for the two-layered beds and for five- and nine-

ayer beds, respectively, using epoxy ( Fig. 1 ). Four of the tested re-

enerators were constructed in two layers ( Fig. 2 ) and each of the
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Fig. 1. The regenerators tested in the versatile machine: a) the sample with five layers of MCM before the tests (the housing is fully filled with the MCM until the top) and 

b) the sample with five layers of MCM after the no-load tests. The small gap on the top of the regenerator shows significant losses of MCM during the experiments. 

Table 1 

The properties of the tested regenerators. 

Inner dimensions, 

(diameter x height) (mm) 

Overall mass 

of MCM (g) 

Porosity 

(vol%) 

Mass fraction 

of epoxy (wt%) 

Regenerators with two layers 30 × 40 94.1 50 1 

93.1 48 2 

93.0 45 3 

91.2 43 4 

Regenerators with five layers 34 × 40 122.9 47 2 

Regenerators with nine layers 126.0 45 

Fig. 2. Schematic drawings of a) two-layered, b) five-layered and c) nine-layered 

regenerator with T c of each layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. T C distribution over a regenerator bed. The colour guidelines represent layer 

thickness in each bed. 
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regenerators had a different amount of epoxy varying from 1 wt%

to 4 wt%. Two other regenerators were fabricated after the experi-

mental investigation to determine the necessary amount of epoxy

was conducted. They were constructed with the same amount of

epoxy as the best performing two-layer regenerator, but with more

layers ( Fig. 2 ). The T C distribution along the regenerators is pre-

sented in Figs. 2 and 3 . The T C of each material was measured

in a Lake Shore 7407 Vibrating Sample Magnetometer (VSM) us-

ing a sample mass of each material of approximately 10 mg. The

applied field for the measurements was 10 mT and the Curie tem-

perature was defined as an inflection point of the magnetisation in

that field. The Curie temperature defined in this way will be lower

than the temperature at which �S or �T ad have their maximum

( Smith et al., 2012 ). 

The regenerators are described in more detail elsewhere ( Bez

Neves et al., 2016 ). The porosity ε was estimated for each regener-
tor using Eq. (1 ) and is shown in Table 1 . 

 = 1 −
m s 

ρs 
+ 

m e 

ρe 

V h 

(1)

here V h is the total inner volume of the housing, m s and m e are

he masses of the solid and epoxy, respectively, and ρs and ρe are

he densities of the solid and epoxy, respectively. The values for ρs 

nd ρe are 70 0 0 kg m 

−3 and 1250 kg m 

−3 , respectively. 
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Fig. 4. The schematic drawing of the testing device. 
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The regenerators were tested in a versatile small-scale recip-

ocating device described previously in Bahl et al. (2008 ). Fig. 4

hows the schematic drawing of the test machine, which is placed

nside a commercial refrigerator with a temperature-control sys-

em. The test machine consists of a Halbach array permanent mag-

et that is placed at a fixed position. The average generated mag-

etic field inside the magnet bore (ø 40 mm) is 1.1 T. A regenerator

s moved in and out of the magnetic field by a stepper motor, and

 displacer, placed at the cold side of the regenerator, provides re-

iprocating flow of the heat transfer fluid timed to the changes in

agnetic field. The design of the device enables testing of a rel-

tively small amount of MCM for varying operational parameters,

uch as the cycle frequency, utilisation and hot side temperature.

 wire heater ( Fig. 4 ) is used as a heating load at the cold side

f the regenerator. The applied heating power is controlled via an

im TT i EL302P power supply varying voltage and registering cur-

ent. The stated power accuracy is ± 0.9%. Temperatures are mea-

ured by calibrated E-type thermocouples placed at the hot and

old sides of the test setup and inside the temperature controlling

abinet. The measurement error is ± 0.5 K. 

The temperature at the hot side of the setup is maintained by

 forced convection heat exchanger, which is placed in the cabinet.

ote that the heat transfer fluid, which is in thermal connection

ith the solid, is hydraulically independent from the fluid circulat-

ng in the heat exchanger loop. Thus, we control the hot end tem-

erature when controlling ambient temperature. The flow charac-

eristics such as velocity and flow rate are changed by modifying

he speed and the amplitude of the displacer movement, respec-

ively. One of the most important parameters for testing regener-

tors is utilisation. It is a dimensionless parameter describing the

atio between the thermal mass of the fluid pushed through the

egenerator per one cycle and the thermal mass of the solid. The

tilisation U is defined here as: 

 = 

m f c f 
m reg c s 

(2) 

m

here m f is the mass of the fluid pushed through the regenerator

n one direction, c f the specific heat of the fluid, m reg the mass of

he regenerator and c s is the specific heat of the regenerator ma-

erial ( Kitanovski et al., 2015 ). The values used for c f and c s are

210 J kg −1 K 

−1 and 501 J kg −1 K 

−1 ( Basso et al., 2015 ), respec-

ively. Note that the utilisation is defined using the background

alue of c s rather than the peak value. 

. Numerical modelling 

Numerical modelling is a powerful tool to study the AMR per-

ormance. In this paper, a 1D numerical model is used to inves-

igate and predict the theoretical performance of the presented

egenerators. The model was developed and presented elsewhere

 Lei et al., 2015 ), and has previously been validated against SOPT

aterials. However, it has not been verified against multi-material

OPT materials and here it is used to check that model predictions

re in general agreement with experimental results. The modelling

s used to verify that the regenerators are constructed properly

nd that the MCM is behaving as expected. The model is based on

wo energy equations for the solid refrigerant and fluid ( Lei et al.,

015 ), as shown in Eqs. (3 ) and ( 4 ). It is assumed that the fluid is

ncompressible and the regenerator housing is adiabatic. 

∂ 

∂x 

(
k stat A c 

∂ T s 
∂x 

)
+ 

Nu k f 
d h 

a s A c ( T f − T s ) 

 A c ( 1 − ε ) ρs 

[
c H 

∂ T s 
∂t 

+ T s 

(
∂ s s 
∂H 

)
T s 

∂H 

∂t 

]
(3) 

∂ 

∂x 

(
k disp A c 

∂ T f 
∂x 

)
− ˙ m f c f 

∂ T f 
∂x 

− Nu k f 
d h 

a s A c ( T f − T s ) + 

∣∣∣∣∂P 

∂x 

˙ m f 

ρf 

∣∣∣∣
 A c ε ρf c f 

∂ T f 
∂t 

(4) 

here: k, T, ρ , c , and s are the thermal conductivity, temperature,

ensity, specific heat, and specific entropy; A c , d h , a s , and ε are

he cross section area, hydraulic diameter, specific area, and poros-

ty, which reflect the geometry characteristics of a regenerator; x,

 , ˙ m , and H are the axial position, time, mass flow rate, and in-

ernal magnetic field. The subscripts f and s represents fluid and

olid refrigerant, respectively, ∂P 
∂x 

is pressure drop, and Nu is Nus-

elt number. 

The two terms on the left hand side of Eq. (3 ) represent the

hermal conduction through the regenerator bed and the heat

ransfer between the fluid and MCM. The term on the right hand

ide determines the energy storage and magnetic work of the solid.

rom the left hand side the thermal conduction (the first term),

nthalpy flow (the second term), heat transfer with the solid (the

hird term), viscous dissipation (the fourth term) and energy stor-

ge for the fluid (the right hand side) are described by Eq. (4 ).

ielsen and Engelbrecht (2012) gives explicit explanation for the

tatic thermal conductivity and due to the fluid dispersion, Nusselt

umber and pressure drop. One can note that both equations are

oupled by the heat transfer term, and they are solved numerically

y discretising in time and spatial domains. More details about the

odel and related expressions of each term are given in Lei et al.

2016) . 

It should be noted that the effect of epoxy was not included in

he model. This is because the mass of epoxy is small in compar-

son to the mass of fluid and solid. In the results section below, it

s shown that there is a noticeable effect due to the presence of

poxy, but the difference is similar to the expected level of uncer-

ainty in the modelling due to uncertainties in the geometry and

aterial properties. 
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Fig. 5. The steady state temperature span between the hot and the cold side as a 

function of hot side temperature at different epoxy ratios in the tested two-layer 

regenerators. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The steady state temperature span between the hot and the cold side as a 

function of the utilisation at no-load at hot side temperature 30 °C and best-case 

flow velocity. 
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4. Results and discussion 

A water-based solution with 2 wt% of the corrosion inhibitor

Entek FNE was used as the heat transfer fluid. Even though the

MCM is epoxy bonded into regenerators, it is susceptible to corro-

sion in aquatic systems because parts of the MCM are directly ex-

posed to the fluid. Firstly, the best operational point for the regen-

erators was determined by a series of experiments at constant hot

end temperature. The optimal fluid velocity, v f , was found while

holding the utilisation constant. The optimal utilisation was found

while holding the fluid velocity constant at the optimum and vary-

ing the fluid displacement. Note that the cycling speed changed

when the utilisation or fluid velocity was changed. The optimal

operational point at which the performance of the two-layer re-

generators at no-load experiments were tested was U = 0.45 and

v f = 8.2 mm s −1 . The cycling speed at the operational point was ap-

proximately 0.15 Hz. 

The two-layer regenerators were tested to determine the ef-

fects of varying epoxy amounts. Fig. 5 gives the no-load temper-

ature span across each regenerator for a range of hot side tem-

peratures. One can see that the maximum temperature spans are

�T span = 13.6 K, 12.8 K and 12.2 K for the samples with 2 wt%, 3 wt%

and 4 wt% of epoxy, respectively. The regenerator with 1 wt% epoxy

could not withstand the forces during the test and disintegrated

before adequate results could be obtained. Thus, the test could not

be finished. 

The first series of experiments showed that the epoxy itself

does affect the performance of the regenerators negatively when

the amount is increased. This is because the epoxy is a passive

material, which is also a poor thermal conductor. The larger mass

fraction of epoxy leads to a reduction in both the mass fraction

of active material and the heat transfer in the bed. Summarising

the first series of experiments, it is concluded that 2 wt% of epoxy

is the optimum for the two-layer regenerators. Based on these re-

sults, two more regenerators with more layers were constructed

with 2 wt% epoxy ( Figs. 1 and 2 ). 

The two, five and nine-layer regenerators with 2 wt% epoxy

were then tested at no-load conditions varying the utilisation. The
ptimal operational flow velocity v f for five and nine-layer beds

ere 21.7 mm s −1 and 22.7 mm s −1 , respectively. The no-load tem-

erature span of each bed at the reported optimal flow velocity as

 function of utilisation is shown in Fig. 6 . One can see that even

t similar utilisations of 0.45, 0.43 and 0.42 for two, five and nine

ayer regenerators, respectively, the temperature is more than 8 K

igher for the five- and nine-layer regenerators than for the two-

ayer regenerator. It is noticeable from Fig. 6 that utilisation does

ot have a strong influence on the no-load performance of regen-

rators with five and nine layers in a range from 0.3 to 0.9, but

t relatively low or high values of the utilisation performance de-

reases drastically. This weak dependence of the temperature span

n utilisation was also reported by Bez Neves et al. (2016 ) for sim-

lar regenerators with one and two layers. In comparison, a Gd-

ased single layer AMR showed stronger dependency of perfor-

ance on utilisation ( Engelbrecht et al., 2013; Tušek et al., 2014 ). 

Later, the regenerators were characterised varying the hot side

emperature. As it is shown in Fig. 7 , the maximum temperature

pan established by a two-layer regenerator is much lower than

he maximum temperature of five and nine-layer regenerators. This

s a consequence of the five- and nine-layer regenerators having a

arger range of Curie temperatures than the regenerator with two

ayers ( Fig. 2 ). 

One could note that the utilisation of the five-layer regenera-

or is approximately two times bigger than of two- and nine-layer

egenerators. This is due to initially chosen operational tempera-

ure point. Firstly the five- and nine-layer regenerator were tested

t 305.5 K hot side temperature to define the optimal utilisation.

btained results (not presented in this paper) showed that the op-

imal utilisations for five- and nine-layer regenerators are 0.93 and

.42, respectively. Further experiments showed that the optimal

orking temperature for both regenerators is approximately 303 K.

herefore, we can conclude the more layers a regenerator has the

ore sensible it is to any changes in operational point, especially

ot side temperature changes. 

Numerical studies predict that the more layers a regenerator

as, the better the performance is and a higher specific cool-

ng power is obtained, although there is a diminishing gain in
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Fig. 7. The steady state no-load temperature span between the hot and the cold 

side as a function of hot side temperature for two-, five- and nine-layer regenera- 

tors. 
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Fig. 8. The cooling power of the material with five layers as a function of temper- 

ature span obtained at several different utilisations at the constant hot side tem- 

perature of 303 K. The maximum applied cooling power for this regenerator was 

3.5 W. 

Fig. 9. The cooling power of the material with nine layers as a function of temper- 

ature span obtained at several different utilisations at the constant hot side tem- 

perature of 303 K. The maximum applied cooling power for this regenerator was 

3.5 W. 
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erformance as the number of layers increases above a certain

evel ( Lei et al., 2015 ). The same study concludes that in order to

et 90% of cooling power at maximum field of 1.2 T the tempera-

ure gap between two neighbouring layers should be around 2.5 K.

t is noticeable that FOPT materials require 4–6 times more layers

han SOPT to achieve the maximum temperature span ( Lei et al.,

016 ). From Fig. 3 it is evident that the distribution in T C of the

ested regenerators is close to but not completely even. This may

e the reason that the nine-layer regenerator did not perform bet-

er than the five-layer one. Another possible explanation is that the

ayer thickness of the nine-layer regenerator was too small. There-

ore, it cannot successfully establish larger temperature span than

he five-layer regenerator ( Govindappa et al., 2017 ). 

Cooling load tests were performed at different utilisations for

oth the five-layer and nine-layer regenerators (see Figs. 8 and 9 ).

oth regenerators showed similar results and established a temper-

ture span up to �T = 18 K under a specific heat load of 5 W kg −1 .

ote that the blown fluid mass through both regenerators was the

ame for all the corresponding experiments. The slight difference

n utilisation and the applied specific power is due to a slight

ifference in the regenerator mass, used for calculations. Jacobs

2009, 2013) and Tušek et al. (2014) reported that the cooling

ower drops drastically as soon as the span exceeds the range of

urie temperatures in the bed, as is also observed in Figs. 8 and 9 .

eyber et al. (2016) showed that cooling power of SOPT material

wo-layer regenerators highly depends on the transitional temper-

ture between layers. We found that the highest cooling capacity is

chieved at utilisations of around 0.75. This effect is a combination

f magnetocaloric and heat transfer properties of the beds. There-

ore, at this utilisation point, enough fluid was pushed through to

aintain a high cooling power and it was small enough not to de-

troy the temperature span. In other words, the operational tem-

erature of each layer was close enough to its transitional temper-

ture. 

The temperature of the thermal reservoir at HEX was set to be

onstant for all the experiments. However, the measured value of

he hot side temperature increased from 303.5 K to 304.4 K for the

ve-layer regenerator and from 303.3 K to 303.9 K for the nine-
ayer regenerator when the specific cooling power was increased.

his change in the hot side temperature is a combination of sev-

ral processes behind the tests. The first reason is that the sensitiv-

ty of the temperature-control cabinet is ± 0.5 K. Secondly, the fluid

ow rate in the HEX was slightly too low to effectively remove

he generated heat from the hot side during the cooling load tests.

his began to be a concern only at tests with the specific cooling

ower above 10 W kg −1 when the utilisation factor was above 0.6.

t means that the flow rate of the fluid in the HEX circuit was too
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Fig. 10. Comparison of initial and repeated cooling power tests at U = 0.75 with 

five-layer regenerator at the constant hot side temperature of 303 K. The maximum 

applied cooling power for this regenerator was 3.5 W. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. The experimental steady state no-load temperature span between the hot 

and the cold side as a function of a constant hot side temperature and the mod- 

elling results. 
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low and could not remove the generated heat effectively at higher

mass flow rates through the regenerator and higher applied cool-

ing power. 

Fig. 10 shows that the performance of the five-layer regenera-

tor decreased after the initial test at utilisation of 0.75. In order

to analyse the phenomenon, the cooling load test was repeated at

U = 0.75 twice in the period of two weeks ( Fig. 10 ). One can ob-

serve that the system performance at the latest test was the low-

est. One month later, we found that the regenerator could not es-

tablish the initial temperature span at no-load tests and the system

could not be drained. The blockage of the flow paths was possibly

caused by mechanical breakdown of particles inside the bed. Thus,

it was concluded that the regenerator disintegrated. The test on

the nine-layer regenerator was also conducted in order to inves-

tigate its disintegration after three months. The regenerator could

not reach steady state conditions and system could not be drained

as well as the five-layer regenerator. However, a similar five-layer

regenerator made of the La(Fe,Si,Mn) 13 H y spherical particles, which

was used for another study, showed no signs of mechanical degra-

dation after a long term experiment ( Lei et al., 2018 ). The regener-

ators were periodically tested for six months. Each time they were

dried and stored at room temperature after a set of experiment

was finished. One could note from Fig. 10 that the cooling power

decreases while the temperature difference nearly does not change.

This phenomenon could happen due to reduction of the utilisation

during the cycle. The blockage of the flow paths caused maldistri-

bution or reduction of the fluid mass flow, even though it was set

to be the same. 

We also investigated the possibility that regenerators lost their

magnetocaloric properties after long-term experiments. VSM mea-

surements were conducted for this purpose. No changes of magne-

tocaloric properties were found. 

One also can observe that the decrease in performance is rather

systematic. Figs. 8 and 10 show that five-layer regenerator perfor-

mance after 12 days of testing at utilisation of 0.75 has similar

trend as the initial performance at utilisation of 0.31. The mechan-

ical breakdown of particles caused unfavourable changes in actual

utilisation of the cycle. 
It is evident from Fig. 1 , that the five-layer regenerator lost a

ignificant amount of mass from its top layer during the tests, as it

as filled to the top of the housing before testing. This also hap-

ened to the nine-layer bed. Both regenerators were weighed after

rying with pressurised air in the direction from the hot to cold

ide. The reason of this was to ensure that the regenerators were

lways dried in the same direction as well as secure that particles

ould not be removed from top layer by pressurised airflow. Note

hat all the regenerators were constructed from the cold side to

he hot side allowing gravitational epoxy distribution. The five- and

ine-layer regenerators lost 3.4% and 1.7% of their mass, respec-

ively after testing. It is meaningful to emphasise that the temper-

ture span in the regenerators are different for the beds with two

ayers and ones with five and nine layers. This is also linked to the

ncreased magnetic forces due to increased mass of the used MCM

nd a larger T C span over the beds. Thus, increasing the amount

f epoxy in regenerators where the MCM must withstand larger

agnetic forces should be considered. 

Fig. 11 shows the modelling results compared with the experi-

ental data set at no-load conditions. In general, good agreement

s observed for all of the regenerators. 

Even though the simulation results predicted an approximately

 K broader working temperature range for both the five- and nine-

ayer regenerators, the overall prediction follows the trend and the

aximum temperature span is well captured. From Fig. 11 it is

vident that the model slightly under predicts the working tem-

erature range for the regenerators with two layers. The maxi-

um temperature span and the shape of the simulation curve fit

he experimental data well, though. The slight shift in the perfor-

ance curve might occur due to imperfections of the tested beds.

t is widely discussed that the FOPT materials are very susceptible

o variation in temperature range, Curie temperature distribution,

r unevenness of the magnetocaloric properties in the MCM, etc.

 Barcza et al., 2011; Lei et al., 2016, 2015; Lyubina et al., 2010 ). Nu-

erical models are limited in predicting possible imperfections of

 physical regenerator, such as uneven epoxy distribution, actual

CM particle size deviation, etc. 

In this study, we showed that effectively using the layering

echnique, the FOPT materials could establish high performance

nder both no-load and cooling load conditions performance.

oreover, we presented the FOPT material, which established
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he highest temperature span at no-load experiments and demon-

trated the highest specific cooling power ever obtained using this

mall-scale testing device. 

. Conclusions 

Six irregular particle La(Fe,Mn,Si) 13 H y regenerators were tested

n order to investigate the optimal amount of epoxy necessary

o bond the MCM particles without compromising the perfor-

ance and the effect of having multi-layered MCM regenerators.

irstly, four regenerators with two layers of MCM and a varying

mount of epoxy were tested. It was concluded that 2 wt% gave the

est trade-off between mechanical integrity and MCM/heat trans-

er performance. However, the regenerators with five and nine lay-

rs with 2 wt% of epoxy showed some mechanical degradation. 

In this study, we show that layering the MCM does increase the

erformance of regenerators with FOPT materials. The two-layer

egenerator showed a no-load temperature span of �T span = 12.7 K,

hile the five- and nine-layer regenerators showed no-load tem-

erature spans of �T span = 20.9 K and �T span = 20.7 K, respectively.

owever, regenerators must be layered accurately and precisely in

rder to achieve the full benefits of the concept. 

Experiments presented here show that La(Fe,Mn,Si) 13 H y is a

romising material for magnetic refrigeration. The material used in

his study shows the highest temperature span of �T span = 20.9 K

or no-load tests in comparison with other materials used in

his small-scale device and also it exhibits the highest temper-

ture span for a given cooling load �T span = 19.8 K at a heat

oad of 12.4 W kg −1 . This shows the significant potential for

a(Fe,Mn,Si) 13 H y to be used as regenerative material. However,

he functional problems still exist when the material is used for

ong-term experiments. It is crucially important to overcome these

roblems in order to make La(Fe,Mn,Si) 13 H y applicable in commer-

ial devices. 

Finally, the modelling results showed a good agreement with

he experimental data with a slight offset in the range of work-

ng temperatures. The uncertainties between the experimental and

odelling results are mainly due to inaccuracies in physical regen-

rators that the model cannot capture. However, generally good

greement between modelling and experimental data indicates

hat the regenerators generally functioned as expected and encour-

ges using modelling as a beforehand tool to predict performance

f materials. 
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