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Abstract

A primary motivation underlying the research on room-temperature magnetic refrigeration is reaching
energy efficiency levels beyond what is achievable with vapor-compression technology. However, the goal
of building commercially viable magnetic refrigeration systems with high performance and competitive
price has not been achieved yet. One of the obstacles to reach this goal is the inadequate properties of the
currently existing magnetocaloric materials. In this article, the needed improvements in the properties of
the magnetocaloric materials is investigated. Two existing vapor-compression refrigerators are used as
reference for the required performance, and magnetic refrigerators are simulated using a numerical model.
Apart from the requirements such as uniformity of transition temperature for each layer, small increment
in transition temperature in adjacent layers, and mechanical strength of the materials, the study shows that
for the investigated cases materials with adiabatic entropy change 2.35 times larger than the existing
materials are needed to outperform vapor-compression systems.
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Nomenclature:

a specific surface area, ratio of surface area of particles to volume of bed (m™)
a; field-dependent parameter in Eq. 16 (J kg™ K)

az field-dependent parameter in Eq. 16 (J kg™ K™)

Ae cross section area of packed bed (m?)

b, field-dependent parameter in Eq. 16 (K)

b> field-dependent parameter in Eq. 16 (K)

cr field-dependent parameter in Eq. 16 (K)

c2 field-dependent parameter in Eq. 16 (K)

cH heat capacity at constant magnetic field and pressure (J kg™ K™)
cp heat capacity at pressure (J kg K™

COP coefficient of performance (dimensionless)

dp particle diameter (m)

Exo exergetic cooling power (W)

FWHM; full width at half-maximum of As,, -T curve (K)

H magnetic field strength (A m™)

h convective heat transfer coefficient (W m? K™")

specific enthalpy (J kg™)

~.

thermal conductivity (W m™ K™)

length of the regenerator (m)

= =~ =

magnetization (A m™)



7 mass flow rate (kg s™)

demagnetizing factor of a packed bed of particles (dimensionless)

Nr number of regenerators

P power (W) or (kWh (24h)™)

P pressure (Pa)

Po, P1, P2 coefficients of polynomial Egs. 17 and 18

Pr Prandtl number (dimensionless)

Oc cooling capacity or total cooling load (W)

On heating capacity or rate of rejected heat (W)

R’ coefficient of determination, showing closeness of data to fitted line
RCPs relative cooling power (J kg™)

Rey Reynolds, p/Vpd, / 11y (dimensionless)

s entropy (J kg' K™

T temperature (K)

t time (s)

UA product of overall heat transfer coefficient and heat transfer surface area (W K')
Vair volumetric flow rate of airm® s™!

Vb superficial velocity (m s™)

/4 mechanical power (W)

X position along regenerator (m)

Greek symbols

Asnm absolute value of isentropic entropy change (magnetocaloric effect) (J kg K™)
AT adiabatic temperature change (magnetocaloric effect) (K)

& porosity (void fraction) of packed bed (dimensionless)

€ effectiveness (of heat exchanger) (dimensionless)

n efficiency (dimensionless)

u dynamic viscosity (Pa s)

p density (kg m™)

T cycle period (s)
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Abbreviations
CHX

EEI

HHX

HTF

mat

MCE

MCM

NTU

cold reservoir

condenser

corrected

effective

evaporator

external

fluid

warm reservoir

internal

fluid leaving the regenerator
magnetic

maximum

fluid returning from heat exchanger
solid

solid-fluid interface

cold heat exchanger (of magnetic refrigeration system)
energy efficiency index

hot heat exchanger (of magnetic refrigeration system)
heat transfer fluid

material

magnetocaloric effect

magnetocaloric material(s)

number of transfer units (dimensionless)

1 Introduction

The research work on magnetic refrigeration with room-temperature applications has increased
significantly since Brown (1976) proved the possibility of producing significant cooling power and
temperature lift using a continuous magnetic refrigeration cycle working near room-temperature. The main
drives for the research in this field have been elimination of the gaseous refrigerants leaking into the ambient
and reaching higher energy efficiency. In addition to these two, other aspects such as cost, environmental
impacts, weight, compactness, and reliability are also important in the path of commercialization of this

technology.



Regarding the works done on improving the performance of the room-temperature magnetic refrigeration
systems, the numerous built prototypes are reviewed by Balli et al. (2017) and Kitanovski et al. (2015) and
efforts on modeling such systems are reviewed by Nielsen et al. (2011). The currently existing
magnetocaloric materials used for room-temperature magnetic refrigeration are reviewed by Balli et al.
(2017), Briick et al. (2008), Franco et al. (2012), and Gutfleisch et al. (2011).

As some researchers have mentioned, the magnetocaloric materials (MCM) for room temperature magnetic
refrigeration applications need to be improved further, so that magnetic refrigeration can compete with
vapor-compression technology (Bjerk et al. 2016, Dung et al. 2011, Lei et al. 2017, Tura and Rowe 2011).
This study is done as a response, as requested by one of the pioneering companies active in materials sector,
to the question “how much do the magnetocaloric materials need to be improved so that magnetic
refrigeration can compete with vapor-compression in terms of performance?” This is a broad question
which can be interpreted variously and our response is formulated through the assumptions and
considerations explained in this article.

Niknia et al. (2017) have reviewed the metrics for ranking the magnetocaloric materials. In their study,
active magnetic regenerators with one layer of magnetocaloric materials are modeled and the operating
parameters are optimized to maximize exergetic cooling power for each of the material used as refrigerant.
Then, the metrics are correlated with the maximum energetic cooling power obtained from each single-
layer regenerator. Despite the lower isothermal entropy change in materials going through second order
phase transition, they are ranked higher than materials showing first order phase transition because of the
wider curves of their magnetocaloric effect (MCE) versus temperature. However, in applications with
considerable temperature difference between the cold and warm reservoirs, a number of layers of
magnetocaloric materials with different transition temperatures are used to compensate for the narrow width
of the magnetocaloric effect. Therefore, Niknia et al. (2017) have differentiated between metrics suitable
for single-layered regenerators and metrics for multi-layered regenerators.

In this study performance of magnetic refrigerators with multi-layered regenerators is compared with the
performance of vapor-compression refrigerators working at the same conditions. In the cases that the
currently existing magnetocaloric materials are not adequate to have the same or better cooling capacity
and efficiency, it is investigated how much the properties of MCM should be improved. However, it should
be noted that the suggested improvements in the material properties do not substantiate the claim that such
materials with improved properties are necessarily possible to make. There are many potential, room-
temperature applications for magnetic refrigeration with different working temperatures (temperature
spans) and cooling or heating capacities. Among different applications two refrigerators, one with rather
high cooling capacity and low efficiency, case 1, and another one with low cooling capacity and high
efficiency, case 2, are chosen for this study. The specifications of the vapor-compression version of these
two refrigerators are provided by Electrolux AB. The evaluation of the performance of the vapor-
compression refrigerators is done by Electrolux AB according to the standards EN-153- 2006 and IEC-
62552-2007. It implies that the given cooling loads are essentially the heat leakage to the refrigerated
compartment without food inside and door openings during steady state cycling. In case of the display
cabinet, the power of lighting inside the cabinet is added to the cooling load. The tool used to evaluate the
performance of the magnetic refrigerators is a numerical simulation model of active magnetic regeneration,
validated and presented in details by Monfared (2018a) with some modifications explained in section 2.4.

2 Method

In this section, the assumptions, the simulation model and optimization process, the method of modeling
magnetocaloric materials and altering their properties, and the two cases for which the performance of the



existing vapor-compression systems (cooling capacity and COPiyq) is compared with the simulated
magnetic refrigeration systems are presented. What is meant by COPs 1s the cooling capacity divided by
the total electric power input to the system.

2.1 Material requirements which are assumed unfulfilled

Although a disadvantage with packed beds as regenerators is their high pressure drop, which increases both
pumping power consumption and viscous dissipation loss, most of the best performing built magnetic
refrigeration prototypes use them as regenerators since they are more practical (Monfared 2018a, Lei et al.
2017). The reasons that alternative geometries such as parallel plates or minichannels cannot easily replace
the packed beds are: the low thermal conductivity of the magnetocaloric materials necessitating very thin
structures for the regenerators to facilitate heat transfer from the inner parts of the material to their surfaces;
low mechanical strength and manufacturability of the promising magnetocaloric materials for making thin
structures; manufacturing precision lower than the required tolerance in creating the regenerators’ geometry
(Lei et al. 2017, Nielsen et al. 2014, Tusek et al. 2014).

In this study, it is not assumed that all these problems are solved and the focus is still on packed beds as
regenerators.

2.2 Material requirements which are assumed fulfilled

With increased number of layers of MCM, the transition temperatures of the magnetocaloric materials,
about which the magnetocaloric effect is maximum, match the working temperatures better. With higher
number of layers the increment between the transition temperatures of the consecutive layers should
decrease. The decrease in the increment of the transition temperature from layer to layer is, however, limited
by the difficulties in manufacturing magnetocaloric materials. For example, the layers of La(Fe,Mn,Si)3H,
supplied by one of the main manufacturers of MCM are minimum 2 K different in their nominal transient
temperature. However, with some manual separation techniques it is possible to get 1 K increment in the
transition temperature of the consecutive layers (Monfared and Palm 2016). Assuming that a similar
separation method can be automated, the 1 K increment in the transition temperature of the consecutive
layers is considered in this study. Although smaller increments can increase the cooling capacity, the gain
is not considerable after a certain number of layers (Lei et al. 2015, Monfared 2018a). In addition, it is
assumed that each layer of the magnetocaloric materials is not thinner than 1 mm and the particles are
spherical with uniform size.

A problem with some of the magnetocaloric materials, as supplied by the manufacturers, is the spread in
their transition temperature. That is, the particles supplied for each layer do not have exactly the same
transition temperature (the nominal transition temperature for that layer), but the transition temperature is
distributed over a range (Monfared and Palm 2016, Neves Bez et al. 2016, Radulov et al. 2015). Methods
such as separation of the particles similar to the process explained by Monfared and Palm (2016) resolves,
at least to some extent, this problem. In this study it is assumed that this problem is solved and within each
layer all the particles have the same transition temperature.

Another shortcoming of some of the currently existing materials, such as La(Fe,Mn,Si)13H,, is their low
mechanical strength and pulverization in magnetic refrigeration cycle. The practical solution for this
problem is bonding particles by an epoxy structure; nevertheless, the epoxy reduces the performance by
increasing the pressure drop and hindering heat transfer from the solid particles to the heat transfer fluid
(HTF) as discussed by Monfared (2018a). In this study it is assumed that the problem of mechanical stability
of the materials is solved and no binding agent is needed.

Furthermore, it is assumed that the magnetocaloric materials show negligibly small hysteresis.



2.3 Assumptions about the rest of the system

To get the best design for different parts of the magnetocaloric refrigeration systems (optimum design of
the magnetic circuit, geometry of the regenerators, layers, flow distribution system, and the heat
exchangers) is one of the ultimate goals of the magnetic refrigeration community. Since this hypothetical,
best design is not known to us for the time being, we cannot base this study on that. In addition, there would
be different best designs depending on the parameters for which the system was optimized. Another
difficulty with working with such hypothetical best design would be that the whole system should be
redesigned and optimized for every individual simulation for the parametric studies done in this work,
which is not practical. For example, it is not practical to redesign and optimize the magnetic circuit each
time the aspect ratio of the regenerators changes in the simulations or to redesign the heat exchangers for
each flow rate. Therefore, to conduct this study, the actual, detailed design of the system is not considered
and the study is simplified by making well-described, reasonable assumptions.

A difficulty with choosing the magnitude and temporal variations of the magnetic field is that this choice
changes the answer to the question asked by the industrial partner. For example if huge magnets, regardless
of their cost and environmental impacts, are used to create a large magnetic field, lower requirements for
the magnetocaloric materials are needed to compete with vapor-compression systems. This difficulty is
resolved by choosing a magnet design using magnet materials sparingly and estimating the magnetic field
based on such a design. The reason for this choice is that, although economic and environmental aspects
are not directly mentioned in the question by the industrial partner, the high cost and environmental impacts
of magnet materials make designs with large amount of magnets (creating large fields) impractical.

Another aspect, although not emphasized in the question by the industrial partner but meaningful to
consider, is the physical size of the magnetic refrigeration system. In principle, when cooling capacity of a
unit is not enough, it can be scaled up or multiple units can be used in parallel; however, in practice usually
the available space is not unlimited. The magnetic refrigeration prototype at KTH Royal Institute of
Technology, described by Monfared (2018a), is originally designed to occupy the same space that the
vapor-compression system considered in case 1 does. Therefore, considering its rather compact design, the
total volume of the regenerators in the prototype is used as the basis for the maximum allowed volume of
the regenerators in this study. The volume of the magnetocaloric materials (together with the maximum
strength of the magnetic field) indirectly affect the volume of the magnet material as well. The reason is
that the amount of magnet material should be enough to create the desired field in the volume occupied by
the magnetocaloric materials.

The chosen upper limit for the total volume of the regenerators (altogether), determining the amount of
MCM used, is 360 cm®. This regenerator volume is equal to that of the prototype reported by Jacobs et al.
(2014), one of the best performing prototypes reported in the open literature with large cooling capacity,
and is almost equal to the regenerator volume of the prototype at KTH (Monfared 2018a). The number of
regenerators among which the total amount of magnetocaloric material is distributed is assumed four with
two magnet poles. However, this assumption does not affect the results as long as the number of magnet
poles and regenerators vary proportionally so that the pattern for magnetic field change shown in Figure 1
is maintained. If, for example, the number of regenerators are doubled, their cross section area is halved to
keep the same total volume of the regenerators. Then with halved flow rate of HTF in each regenerator, the
velocity, which is flow rate divided by cross section area, is the same, and therefore, the simulation model
gives the same output.

The assumed pattern for the change of magnetic field and flow rate over time is shown in Figure 1. With
thicker regenerators the demagnetizing factor reduces which is in favor of having larger internal magnetic
field. However, to create the magnetic field in thicker regenerators more magnet material per unit length is

7



needed. To avoid such complications, implying designing the magnetic circuit for each single simulation,
which are not the main interest of this work, the same internal field is assumed for all the simulations. In
addition, the conversion from the external, applied magnetic field to the effective, internal field requires the
knowledge of the demagnetizing factor, which depends on the actual shape of the regenerators, whereas the
actual shape of the regenerators is not designed in this study for each single simulation as explained before.
The magnitude of the internal field is chosen based on the KTH prototype which has a compact design,
using magnet material sparingly, as described by Monfared (2018a). The assumption of the same internal
field means that the amount of magnet needed in practice is not necessarily exactly the same for different

simulations.
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Figure 1: Assumed variation in magnetic field and flow during one cycle. The maximum flow rate can be different in the simulations.

Initially, only for calculating parasitic heat transfer as heat flux to the regenerators, it was assumed that the
. . . Perimet ’A . .
perimeter of the bed varies according to en:lle = ;067(1. That is, only for parasitic heat transfer the
shape of the regenerators used in KTH prototype (with perimeter of 61 mm and cross section area of 207
mm?) was preserved, but it was scaled. The correlations used for estimating the parasitic heat transfer to the
regenerator were derived using a similar method explained by Monfared (2018a). Since the exact final
design of the modeled systems in each simulation is not known it was a rough estimation. However, since
the estimated parasitic heat transfer was negligible compared to the cooling load of the simulated cases, it

is ignored in the final simulations presented here.




It is assumed that the fan energy consumption of the heat exchangers of the magnetic refrigeration systems
during 24 hours are equal to those of the corresponding vapor-compression refrigerators with which they
are compared. However, unlike the actual vapor-compression systems, which have on-off control, it is
assumed that the magnetic refrigeration systems work continuously; therefore, the fan power is lower to
have the same energy consumption during 24 hours of operation. The air flow rate over the heat exchangers
of the magnetic refrigerators is adjusted using Eq. 1 according to the affinity laws. The assumption that the
heat transfer coefficient on the air-side dominates the UA-values of the heat exchangers (as the heat transfer
on the liquid side is considerably higher) and the assumption that the flow is turbulent on the air-side give
Eq. 2. Combining Eq. 1 and Eq. 2 results in Eq. 3, by which U4 is estimated for magnetic refrigerators.

1
Vair Pfan /3 (D)
UA « VaiTO.B (2)
0.8
UA  Proy /3 3)

The assumption that the equivalent magnetic refrigerators work continuously while the actual vapor-
compression systems have on-off cycles favors the magnetic refrigeration systems since the cycling losses
are avoided. However, this assumption is made to make the simulations simpler and doable in reasonable
time.

The highest operation frequency considered for the simulations is 4 Hz, which is the highest frequency
achieved or considered in the prototypes or studies presented, among others, by Eriksen et al. (2015), Jacobs
et al. (2014), Tomc et al. (2014), Trevizoli and Barbosa (2015), Tura and Rowe (2011), Tusek et al. (2010),
and Zimm et al. (2006). In the studies reported by Engelbrecht et al. (2012) and Lozano et al. (2014) higher
frequencies are tried but the performance has not been better than what is achieved at 4 Hz or lower
frequencies. In an early report on constructing a rotary magnetic refrigeration device, Buchelnikov et al.
(2007) have mentioned that the rotary part of their device can rotate at speeds up to 10 Hz without
publishing the results on the performance of the device with the test conditions. Although frequencies an
order of magnitude higher than 4 Hz may (or may not) be viable in the future according to Kuz’min (2007),
such frequencies are not considered since the focus of this work is on developing the materials not
improving the design of the devices. In addition at higher frequencies friction losses in flow distribution
system (e.g. rotary valve) and the moving part of the magnetic circuit becomes more important, but these
losses are not included in the model.

The heat transfer fluid is aqueous ethanol solution. The concentration needed to prevent freezing is 25% by
volume for all the simulations. The corrosion inhibitors, usually mixed with HTF in small concentrations,
are assumed not affecting the thermophysical properties of HTF. In the magnetic refrigerators, the total
efficiency of the motor and power transmission system driving the magnet assembly is assumed 90% and
the total efficiency of the pump circulating HTF is assumed 70%. The porosity of the beds in the simulations
is 0.36. The pressure drop outside the regenerators is neglected.

2.4 Simulation model and optimization process

The regenerators of the magnetic refrigeration systems are modeled using the 1-dimentional set of partial
differential equations below, Eq. (4) (Engelbrecht 2008).
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The solid-fluid convective heat transfer coefficient, corrected for the internal conductive resistance of the
solid phase in absence of any binding agent, is calculated using the Eqgs. (5), suggested by Wakao and
Kaguei (1982), and (6), suggested by Dixon and Cresswell (1979) and Nield and Bejan (2013). This heat
transfer coefficient couples the equations for the fluid phase and the solid phase in Eq. (4).

k 1
hey = é (2 + 1.1Pr'/3Reg*) (5)
1 _ i dp
hsf,corr B hsf + 10ks (6)

The effective thermal conductivities, considering dispersion effect, are given by Eqs. (7) and (8) for the
fluid and solid phases (Amiri and Vafai 1998). For discussion about these equations and comparison to the
similar equations used for the same purpose see the work by Monfared (2018Db).

kef,f = kf(g + O.SRedPT) (7)

kef,s = (1 - S)ks (8)
The pressure gradient is calculated using Eq. (9) (Macdonald et al. 1979).

dp  180(1-¢)%u 1.8p¢(1—¢)
-2 Ly, + d’;gs V2 9)

2.3
dx dps

The heat exchangers are modeled using e-NTU method for cross-flow, air-liquid heat exchangers, as
explained in details by Monfared (2018b). The model of the heat exchangers is coupled to the model of the
regenerators. For example, the input temperature on the fluid side of the cold heat exchanger is equal to the
fluid temperature leaving the cold end of the regenerators, and the temperature of the fluid entering the cold
end of the regenerators is equal to the temperature of the liquid leaving the cold heat exchanger. The warm
heat exchanger is coupled to the regenerators’ model in a similar way. The air-side inlet temperatures of
the heat exchangers are fed as constant inputs to the simulation model of the magnetic refrigeration system.

The cooling capacity and heating capacity are calculated by Egs. (10) and (11). The pumping power is
calculated by Eq. (12).

Qc ="Z(J"° thyicpdt — [Py i dt) (10)

T

Qu =" (72 ringiy pdt — [P |ring iy it (11)

T
Wpump = Nr (fOL fOTWD
The magnetic work is deduced from Eq. (13).

Win = Qn — Q¢ — Wopump (13)

COP:o1q 1s calculated by Eq. (14) using the pump and magnet drive efficiencies given in section 2.3.

¢ |5 at dx) /2 (12)
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For more details of the simulation model and its validation see the complete description of the model
presented by Monfared (2018a). However, note that in the present study:

— The external magnetic field is not considered and all of the calculations are done for the internal
field, as explained in section 2.3.

— The parasitic heat flux to the regenerators is neglected (see section 2.3).

— The heat source and heat sink are modeled as heat exchangers with limited UA values as explained
by Monfared (2018b).

Optimization of the parameters to maximize the cooling capacity or efficiency is done through iterative
parametric studies. That is, one parameter is varied at a time and the new optimum found for this parameter
is used in other studies in which other parameters vary. This process is repeated until none of the parametric
studies suggest a new, better value as the optimum. The parameters varied during the optimization process
are: flow rate of HTF, length of regenerator (determining ratio of length to cross sectional area) while the
volume is fixed, diameter of particles, operation frequency, and deviation of the transition temperature of
each layer from its average operating temperature.

The exergetic cooling power, which is referred to several times in this article, is calculated according to Eq.
15 (Rowe 2011).

Fxq = 0 (femes 1) 09
2.5 Modeling MCM and altering the properties

La(Fe,Mn,Si)i3H, is one of the most promising materials available today for room-temperature magnetic
refrigeration because of its large 4s,, and negligible hysteresis (Gutfleisch et al. 2016, Morrison et al. 2012).
The field-dependent properties of the magnetocaloric materials are modeled based on the measured
properties of LaFe;38aMng3s56S1126H1.52 published by Morrison et al. (2012). As the properties given by
Morrison et al. (2012) are reported for external magnetic fields, they are evaluated at the corresponding
internal fields by taking the demagnetizing factor of the measurement sample and magnetization into
account (H;,=H.-NM). To facilitate modifying the properties to create materials giving better performance,
variations of heat capacity with temperature are modeled as functions with the general form shown by Eq.
16.

- 2 _ 2
CH — ale_(TCfl) + aze_(TCsz)

(16)

The parameters ay, b, ci, az, bz, and ¢, are not constants, but, to include the dependency of heat capacity of
MCM on magnetic field, they are polynomial functions of the magnetic field with the general forms given
by Eq. 17 and Eq. 18. Please note that for each of the parameters a; to ¢; the values py, p;, and p., determined
through curve fitting, are different.

ay, by, az,0r by = p1Hip + po (17)
¢ 07 €3 = paHE + p1Hiy + Do (18)

Using Eq. 19, entropy, and thereby ds/dH;,, can be derived from heat capacity curves (Pecharsky and
Gschneidner Jr 1999).
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ds = drT (19)

To have different transition temperatures at different positions along the regenerators, the temperature-
dependent properties of MCM are shifted and heat capacity is adjusted, as explained by Monfared and Palm
(2015) so that the thermodynamic relations between the properties hold after the shift.

Figure 2 shows entropy as a function of temperature at two internal fields of 0 (the upper curve) and 400
k Am’ (the lower curve) and magnetocaloric effect in terms of adiabatic temperature change, AT,4, and
isothermal entropy change, Asy.

70 T T T T T T T T T

20 1 1 1 L 1 1

285 286 287 288 289 290 291 292 293 294 295
T(K)

Figure 2: Entropy lines at 0 and 400 k A m™ internal field and magnetocaloric effect at an arbitrary point

Altering the magnetocaloric effect (Asn or A7) is done mainly using the following two methods or their
combination.

Method 1: To increase the isothermal entropy change, Asy, the slope of the curves in the vicinity of the
transition temperature (where the two curves have larger distance) can be increased. It can be done by
increasing either parameter a; or a» (while the coefficient to H;, in it is increased to a lesser extent). Two
arbitrarily altered materials are shown in blue and red in addition to the base material shown in black in
Figure 3. With this method, together with As,,, heat capacity has also changed considerably, which is not
unexpected since entropy and heat capacity are related tightly according to Eq. 19. Therefore, some of the
change in the performance of the magnetic refrigerator simulated with such altered As,, is due to the change
in the heat capacity. Although increasing the AT,q is not the main purpose, it does not remain absolutely
untouched with this method, but the change is not comparable to the increase in As,,. It should be noted that
increasing the distance between the curves by simply shifting one of them vertically is not a proper solution
since far from the transition temperature the two curves should get very close.
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Figure 3: Altering materials to get higher Asm. The blue and red curves are for materials for which the cu has been altered by
modifying ai or az in Eq. 16.

Method 2: To increase the AT4q, the horizontal distance shown in Figure 2 between the curves in the vicinity
of the transition temperature should be increased while far from that temperature the curves related to
different magnetic fields should remain close. To do that, the coefficient of H;, in either b; or b, can be
altered. Figure 4 shows the results of such an alteration with the curves in black color showing the base
material and the curves in blue and red for altered materials. Here, unlike for increasing As, the magnitude
of the heat capacity remains virtually unchanged while the transition temperature becomes more sensitive
to the magnetic field. That is, AT,q s increased by shifting the transition temperature of the materials further
for the same change in the internal field, which is in accordance with what Pecharsky et al. (2001) have
suggested. The unintended change in As is much smaller in this method compared to what is depicted in
Figure 3 for Method 1.
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Figure 4: Altering materials to get higher ATu. The blue and red curves are for materials for which the cu has been altered by
modifying by or bz in Eq. 16. The lefimost cu and s curves are common between the three materials when Hin=0

The plateaus appearing in As,, and AT,q curves which are shown in red in Figure 4 are simply because of
the shape of the s curves as their distance in the vicinity of the transition temperature remain almost constant
when this distance becomes large.

When simultaneous increase in magnetocaloric effect and decrease in heat capacity is desired, in addition
to the above methods, parameters a; and a; are further manipulated.

The altered materials used in this study are listed in Table 1 with their properties shown in Figure 5. The
properties of gadolinium, as reported by Lozano et al. (2014), are also added to the list as a reference for
comparison. The first material, mat;, which is also referred to as base material in the text, has the properties
similar to the currently available La(Fe,Mn,Si)13H; group of materials. The relative cooling power (RCP)
of each material is calculated using Eq. 20. This metric shows the potential of the materials well as single
layers, while its calculation is simple (Niknia et al. 2017). FWHM, is width of As,, curve versus temperature
where As,, has half of its maximum value.

RCP, = —ASyy max FWHM, (20)

Table 1: List of materials the properties of which are shown in Figure 5. MCE and RCPs are calculated for internal field change
of 0to 300 k A m™

Material Color RCP; AT.i Asw  CHmax@or
black 17.6 1.2 5.61 1550
blue 27.7 1.6 6.68 1550
red 32.0 1.5 10.7 2470
cyan 39.2 1.6 13.2 2930
yellow  46.4 1.7 157 3390
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Figure 5: The materials used in the study shown in different colors according to Table 1.
The density of MCM is 7100 kg m™ in the simulation model as given by Radulov et al. (2015). For thermal

conductivity of MCM the constant value of 8 W m™ K™ is used based on what is reported for similar
materials by Fujieda et al. (2004) and Fukamichi et al. (2006).

2.6 Casel

The first case is a display cabinet (professional refrigerated storage cabinet) with rather high cooling
capacity compared to case 2 but lower efficiency. The performance of the display cabinet, cooled by a
vapor-compression system, at two working conditions is summarized in Table 2. These data are provided
by Electrolux AB.
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Table 2: Performance of the display cabinet at two different working conditions (case 1)

Moderate  Warm

ambient ambient Unit
T cabinet 2 2 °C
T ambient 2 5 43 OC
cabinet load 92 165 W
Exo 10 28.8 W
Lights 28 28 W
total load 120 193 W
Peompressor 1.54 3.64 kWh (24h)‘1
Plans, evap & cond 0.4 0.8  kWh (24h)’
Pelectric board & light 0.68 0.68 kWh (24]”1)_1
COP o1l 1.1 0.9
H Carnot 0.16 0.19

As the lights are always on in the display cabinet, their power is added to the cooling load on the cabinet to
calculate the total needed cooling capacity. It should be noted that the rather low energy efficiency rating
of this refrigerator is partly due to the lights power consumption. The fan power of the evaporator is
included in the cabinet load.

For the given data, the energy efficiency class for this display cabinet for the ambient temperature of 25 °C
(climate class 3) is D with energy efficiency index (EEI) of 66.7, according to Commission Delegated
Regulation (EU) 2015/1094 of 5 May 2015.

The same total cooling load and fan energy consumption over 24 hours is considered for the equivalent
magnetic refrigeration system. However, since continuous operation, instead of the on-off cycles with
vapor-compression system, is assumed for the magnetic refrigeration system, the air flow rate and UA-
values of the heat exchangers are estimated as explained in section 2.3. Those estimated values are given
in Table 3.

Table 3: Mass flow rate of air and UA-values for the heat exchangers of magnetic refrigerator at two working conditions (case 1)

Moderate  Warm

ambient ambient Unit
Tcahinet 2 2 °C
Tambiem 25 43 OC
Pﬁm, evap 2 8 8 w
Pfan, cond a 40 40 w
run time * 35 70 %
UAevap * (running fan) 35 35 W K!
UAcona® (running fan) 27 27 W K!
UAcnx 26.4 31.8 WK
UAnnx 20.3 24.5 \%Y K!
Mair, CHX 0.035 0.044 kgs
Mair, HHX 0.06 0.076  kgs

a . . .
For the corresponding vapor-compression refrigerator
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2.7 Case?2

The second case is a household refrigerator with lower cooling load but higher efficiency. The performance
of the refrigerator, cooled by a vapor-compression system, is summarized in Table 4. These data are
provided by Electrolux. The fan power of the evaporator is included in the cabinet load.

Table 4. Performance of the vapor-compression household refrigerator (case 2)

Unit
T cabinet 5 °C
T ambient 25 °C
cabinet load 29.1 A
Exg 2.1 w
Lights 0 W
total load 29.1 Y
Peompressor 017 kWh (24h)"
Plan, evap 0.013 kWh (24h)"
Pelectric board 0.017 kWh (24h)—1
COP o1l 3.54
Y Carnot 03

For the given data, the energy efficiency class for this household refrigerator (temperate climate class) is
A+++ with energy efficiency index (EEI) of 21.9, according to Commission Delegated Regulation (EU)
1060/2010 of 28 September 2010.

The same total cooling load and fan energy consumption over 24 hours is considered for the equivalent
magnetic refrigeration system. However, since continuous operation, instead of the on-off cycles with
vapor-compression system, is assumed for the magnetic refrigeration system, the air flow rate and UA-
values of the cold heat exchanger are estimated as explained in section 2.3. Those estimated values are
given in Table 5. The condenser, and accordingly the hot heat exchanger of the magnetic refrigeration
system, are not equipped with fan.

Table 5: Mass flow rate of air and UA-values for the cold heat exchanger of magnetic refrigerator (case 2)

Unit

Pfan, evap a 1.3 A\
run time * 41 %
UAevap * (running fan) 6 W K!
UAcrx 473 WK
Hair, CHX 0.02 kgs’'
# The corresponding vapor-compression refrigerator

3 Results

3.1 Casel

As the needed cooling capacity is rather high for case 1, the maximum volume of regenerators, 360 cm’, is
used. The performance of the magnetic refrigeration system is evaluated for the two working conditions
indicated in Table 2.

18



3.1.1 Ambient temperature of 25 °C

For the ambient temperature of 25 °C the base material, mat,, satisfies the requirements for the performance
of the magnetic refrigeration system to compete with the vapor-compression system. To provide at least
120 W cooling capacity with COP;.; of 1.1 or more, the magnetic refrigeration system can be run with
41.7 cm® s maximum flow rate, 125 pm particles, 0.04 m regenerator length, frequency of 4 Hz, and
transition temperature of each layer 0.7 K higher than the average temperature of that layer during a cycle
according to Figure 6, Figure 7, Figure 8, Figure 9, and Figure 10. These are the final results, showing the
variation of one parameter while the rest are at their optimum values.
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Figure 6: Effect of maximum flow rate on cooling capacity and COPioral

—@— capacity —&— COP

140 T T T T T T T 1.6

120 114
£ 100 | 2
2 =
2 s
& 80F 11 =
S O
) ]
=
e 60F 1 0.8
o]
Q

40 F 1 0.6

20 ] ] i ] i ] ] 0.4

0 0.01  0.02 0.03 004 0.05 0.06 0.07 0.08
length (m)

Figure 7: Effect of length of the regenerators (with constant total volume) on cooling capacity and COPiotal
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3.1.2 Ambient temperature of 43 °C

With ambient temperature of 43 °C the base material, mat;, which has field-dependent properties similar to
the currently available La(Fe,Mn,Si);3H, material, could not provide the required cooling capacity (193 W),
while COP;o11 is over 0.9. Therefore, materials with enhanced properties, including mat,, mats;, and mat,
are tried. With maty the target performance is achieved and there is no need for further enhancement of the
properties.

The magnetic refrigeration system with mats, 50 cm’® s maximum flow rate, 100 pm particles, 0.06 m
regenerator length, frequency of 4 Hz, and transition temperature of each layer 1 K higher than the average
temperature of that layer during a cycle can provide 199 W cooling capacity with COP;psr of 0.91. The
highest cooling capacities with other materials and the corresponding COP,; for the conditions giving the
highest cooling capacity are summarized in Table 6. The optimized performance for each material is
calculated using a parametric study similar to what is presented in section 3.1.1.

Table 6: Performance of materials providing insufficient cooling capacity

Highest cooling cop
total

Material capacity (W)

mat; 106 0.60

mat; 167 0.99

mats 182 0.79
3.2 Case?2

Compared to case 1, the temperature difference between the heat reservoirs and needed cooling capacity is
smaller in case 2. Accordingly, the magnetic refrigeration system is expected to be more compact with less
magnetocaloric material. For case 2 the total size of the regenerator is reduced proportional to the exergetic
cooling power. If compared to case 1 with ambient temperature of 25 °C, the total volume of regenerators
in case 2 becomes 75 cm’. If compared to case 1 with ambient temperature of 43 °C, the total volume of
regenerators in case 2 becomes 26.2 cm’.
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With 75 cm? total volume of the regenerators, mat;, can supply 30 W cooling capacity with COP o 0f 4.32.
The rest of the parameters are 8.3 cm®s™' maximum flow rate, 75 pm particles, 0.02 m regenerator length,
frequency of 4 Hz, and transition temperature of each layer 0.3 K higher than the average temperature of
that layer during a cycle. The particle diameter found through the optimization process is smaller than what
is typically used in magnetic refrigeration prototypes. Since the smaller particle size increases the pressure
drop per unit length, the optimum length of the regenerator is also short.

With 26.2 cm® total volume of the regenerators, the materials mat;, mat,, and mats; do not have the required
properties to supply 29.1 W cooling capacity with COP,ou of 3.54 or higher. However, with mats, 5.6 cm®
s maximum flow rate, 75 um particles, 0.017 m regenerator length, frequency of 4 Hz, and transition
temperature of each layer 0.3 K higher than the average temperature of that layer during a cycle, COPa
of 3.56 is achieved. By comparing As,,, AT, RCPs, and cy of the materials given in Table 1, it is observed
that materials with higher As,, and lower cy could help increasing COPyyar. Therefore, the ratio of the
maxima of these two parameters, a dimensionless number, is tabulated in Table 7 and COPya is plotted
against this ratio in Figure 11. Since mat; cannot supply the required cooling capacity, it is not included in
Table 7 and Figure 11.

Table 7: Highest achieved COP ol for materials tried with 26.2 ¢cm? total regenerator volume for case 2

Material ASm,max CH,max@0field ASm,max/cH,max@Ofiela’ RCPS ASmmaxA Tad,max ngheSt COPtotal

mat; 6.68 1550 0.0043 27.7  10.7 1.63
mat; 10.7 2470 0.0043 32.0 16.1 1.90
maty 13.2 2930 0.0045 392  21.1 3.56
mats 18.9 3390 0.0056 464 26.7 4.62
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Figure 11: COPiowi versus the ratio of the maxima of Asm and cr, RCPs, and Asm for materials tried with 26.2 cm? total regenerator
volume for case 2

As shown in Figure 11, COPy increases with the ratio of the maxima of As,, and cy linearly in the range
where properties of the studied materials lie. To see if the linear trend holds for a material with higher ratio
of the maxima of As,, and cy, mats is also tried. Smaller ¢y value can be associated with larger adiabatic
temperature change; however, cy is not the only factor determining the magnitude of adiabatic temperature
change (Pecharsky and Gschneidner Jr 1999). Therefore, such a linear relationship is not observed between
the product of As,, and A T,.s and COPprr. TWwo other parameters' showing linear relation with COPos within

! In another study reported by Monfared (2018b), where a different system is investigated with wider range of
materials, only the ratio of the maxima of As,, and ¢y showed a linear relationship with COP;y not the two parameters
RCP; and Asy,.
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the range of the material properties tried in this study, although with less precision compared to the ratio of
the maxima of As,, and c, are RCP; and As,,. The lack of increasing, linear relationship between 47, and
COP o1 1 this study should not be interpreted as unimportance of 47,4, since with too low 47,4 there is not
enough driving force for heat transfer between the solid and fluid in the regenerator.

To examine whether the ratio of the maxima of As,, and ¢y, RCP; and As,, are helpful in predicting the
performance when the family of materials modeled in this study are compared with a different family of
materials, case 2 with 26.2 cm® total volume of the regenerators is simulated with gadolinium and its alloys
as MCM. The alloys of gadolinium with different phase transition temperatures are modeled as explained
by Monfared and Palm (2015). With gadolinium and its alloys neither the ratio of the maxima of As,, and
cn nor RCP; proved helpful, since their values for gadolinium, 0.0056 and 43.1 J kg™', are comparable to
those of the materials in Table 7, but the maximum obtained cooling capacity of 12.8 W (with COPssar Of
0.74) is lower than the required capacity of case 2 fulfilled by the materials listed in that table. Accordingly,
only Asy, at least qualitatively, can be helpful when two family of materials are compared in layered beds
with enough number of layers to diminish the importance of the width of the peak in As,, as a function of
temperature.

As an alternative to improving the materials, the performance can be enhanced by increasing the strength
of the magnetic field. By using the base material which has the field-dependent properties of
La(Fe,Mn,Si)13H; alloys and the maximum magnetic fields 2 and 2.5 times larger than what is indicated in
Figure 1, the study is repeated for case 2. The highest obtained COP;o; with those fields are 2.66 and 3.66.
Thus, 2.5 times larger magnetic field change is needed to get the desired performance using the base
material. However, to get that much increase in the maximum magnetic field, the needed mass of magnet
material should be increased even more than 2.5 times (Bjerk et al. 2010). Therefore, considering that the
mass of magnet decisively affects the price and the environmental impacts of magnet refrigeration,
enhancing the performance through increasing the magnetic field is not a comprehensive solution (Bjerk et
al. 2011, Monfared et al. 2014, Rowe 2009). In addition, the increased mass of magnet makes the magnetic
refrigeration systems extra bulky and less fit for installation in the devices.

4 Discussion and conclusions

In this study it is investigated how much the properties of magnetocaloric materials need to be improved so
that magnetic refrigeration systems can outperform vapor compression ones. Some of these properties are
not a part of the simulation model, which is used as a tool in the study. However, the importance of
improvement in those properties should not be overlooked. For example, the mechanical strength of the
materials should be high enough so that the particles do not pulverize during magnetization cycles;
otherwise, binding agents such as epoxy are needed, which lower the performance as discussed by
Monfared (2018a). The properties to be improved but not included in the parametric studies are: uniform
transitions temperature for each layer, 1 K increment in transition temperature in adjacent layers, and
mechanical strength of the materials. Throughout the study, it is assumed that these requirements are met.

With the currently existing materials, the simulated magnetic refrigeration system could show a
performance better than that of an actual, commercial class D vapor-compression system with low COP a1,
moderate temperature span and moderate cooling capacity (case 1 with ambient temperature of 25 °C).
However, to compete with a vapor-compression cycle with rather large cooling capacity, large temperature
span, and still low COP,y. the field-dependent properties of MCM layers need to be improved (e.g. 2.35
times larger As,, in mats compared to the base material in case 1 with ambient temperature of 43 °C). As
explained in Section 2.3, maximum allowed MCM is limited in this study to have reasonably sized magnetic
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refrigeration system; otherwise, the deficit in cooling capacity when the base material is used can be
compensated by enlarging the system.

For the case 2 in which the existing vapor-compression system has high COP;o10; (=3.54), which is a class
A+++ household refrigerator, similar comparison to simulated performance of magnetic refrigerator is
done. In case 2, the required cooling capacity of the refrigerator is much lower compared to case 1;
therefore, a more compact cooling system with less magnetic materials is expected. The amount of
materials, in addition to the cost and environmental impacts (Bjerk et al. 2011, Monfared et al. 2014, Rowe
2009), affect the maximum obtainable efficiency although it is not immediately obvious. With
extravagantly large total regenerator volume (which implies large magnet assembly) there is more room to
optimize the parameters to increase COP with poor cooling power per unit volume; however, this solution
is impractical as the cost and environmental impacts become large. Accordingly, the amount of MCM is
reduced in case 2 (compared to case 1) proportional to the required exergetic cooling power. If the volume
of case 2 is decided based on case 1 running at a moderate ambient temperature of 25 °C (which is not the
ultimate working conditions for which case 1 is designed), the base material can give better performance
than what is obtained from the vapor-compression system. However, with stricter limit on volume, based
on the required exergetic cooling power in case 2 and that of casel when run at 43 °C ambient temperature,
matl, mat2, and mat3 fail to give the required COP;oi, while maty satisfies the requirements for case 2.
Compared to the base material, mat, has 2.35 times higher 4s,,, 1.24 times higher ratio of the maxima of
Asy and ¢y, and 2.2 time higher RCP;.

For both cases 1 with demanding conditions and case 2 with reduced volume of regenerators proportional
to the needed exergetic cooling power, the same material, mat,, gave the desired performance. With
increased cooling demand, the same magnetocaloric material in magnetic refrigerators can give the same
level of performance as long as the volume of the regenerators are varied proportional to the required
exergetic cooling power. However, if the working temperatures vary drastically from one magnetic
refrigerator to the other, the requirements for the magnetocaloric materials used in the refrigerator with
lower level of operating temperatures are higher due to the increased viscosity of HTF, which leads to
escalated viscous dissipation and pumping power. In case the working temperatures of the HTF drops below
the freezing point of water, e.g. in refrigerator-freezers, the requirements for the materials become even
more demanding since the needed anti-freeze in the HTF increases the viscosity considerably.

For the materials capable of producing enough cooling capacity for case 2, listed in Table 7, it is observed
that COPorar has linear relation with the ratio of the maxima of As,, and cx, and with lesser precision, with
RCPq and As,,. However, the ratio of the maxima of As,, and cy and RCP, turned out less meaningful when
the materials in Table 7 are compared with another family of materials, Gd and its alloys. Thus, for
comparing different family of materials in multi-layered regenerators the factor As,, seem to be a better
metric for performance of the magnetocaloric materials.

By employing large volume of the regenerators or increased field intensity, the parameters can be chosen
with less constraints to maximize COPywa, While the low power density of the device is compensated by
the high field intensity or large volume of the regenerators. Nevertheless, such solutions are not desirable
as they result in larger physical dimensions of the refrigeration system, while usually the available space is
limited in practice. Moreover, larger amount of magnet material, either because of larger volume of
regenerators or because of the need for higher magnetic field, adds to the costs and environmental impacts
of magnetic refrigeration systems significantly.

The requirements for the materials indicated in this study are for the applications called case 1 and case 2
with the limits and assumptions explained. It is possible that the requirements for the materials be different
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in other applications. In addition, the suggested improvements in the material properties do not substantiate
the claim that such materials with improved properties are necessarily possible to make.
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