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Abstract

Magnetic refrigeration is an innovative, promising and ecologic
technology, which aims to substitute the conventional vapor-compression
refrigeration by the employment of solid materias as refrigerants instead of
the fluid-state ones, own of vapour compression refrigeration. This emerging
technology bases its operation on the magnetoca oric effect (MCE), whichis
a physical phenomenon, related to solid-state materials with magnetic
properties. The magnetic field causes an entropy change due to magnetic
ordering. The maximum MCE occurs near the magnetic ordering
temperature, which is recognized as the Curie temperature of a
ferromagnetic material. For materias displaying simple magnetic ordering
(i.e. paramagnetic to ferromagnetic phase transformations) a rapid increase
in magnetic field causes a temperature rise in the material; likewise, a rapid
reduction in the field causes cooling. This variation in temperature is called
adiabatic temperature change which is a function of the magnetic field
intensity and of theinitial temperature.

To reach a useful temperature span it is required employing a
regenerative thermodynamic cycle. In 1982, the employment of a
reciprocating thermal regenerator coupled with magnetocaloric cycle has
been shown: it was introduced the Active Magnetic Regenerative
refrigeration cycle, well known as AMR cycle. The innovative idea leads to
a new magnetic cycle, different from the previous ones (Carnot, Ericsson,
Brayton, or Stirling). It considers a magnetic Brayton cycle but the main
innovation consists of introducing the AMR regenerator concept, i.e. the
employment of the magnetic material itself both as refrigerant and as
regenerator. A secondary fluid is used to transfer heat from the cold to the
hot end of the regenerator. Substantially every section of the regenerator
experiments its own AMR cycle, according to the proper working
temperature. Through an AMR one can appreciate a larger temperature span
among the ends of the regenerator.

Active Magnetic Regenerator is the core of a magnetic refrigerator
system. The performance of an AMR system strongly depends on the
magnetocaloric effect of the magnetic material used to build the regenerator,
on the geometry of the regenerator and on the secondary fluid.
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The present thesis aims to explore, report and explain all the aspects of
the research, treated during the PhD period. The personal contribution in the
research field of magnetic refrigeration has combined both the numerical and
the experimental research that have been done hand in hand.

At the Refrigeration Lab (LTF) of University of Salerno, the first Italian
prototype of a Rotary Permanent Magnet Magnetic Refrigerator (RPMMR)
has been projected and developed (Apreaet al., 2014), whose name is 8Mag
and presents a rotating magnetic group whereas the magnetocal oric material
(MCM) is stationary. Gadolinium has been selected as magnetic refrigerant
and demineralized water has been employed as heat transfer fluid.

In the present thesis, the experimental tests conducted on the RPMMR
have been presented, with the purpose to investigate the energy
performances of the device, like temperature span, refrigerating power and
COP, when the system was subjected to different operating conditions
obtained by varying the cycle operating frequency, the thermal load, the
volumetric flow rate of the auxiliary fluid and the temperatures of the cold
and hot heat exchangers. In particular, the results of three different
campaigns of tests are presented: 1) a primary campaign based on zero load
tests; then two other campaigns have been conducted in order to explore the
energetic performances of 8Mag: 2) by changing the cycle frequencies, the
cooling load and fluid flow rate, while the hot side temperature was fixed, in
order to give an overview of the performances and to underline an optimal
operating frequency, for each set of operating conditions. 3) Fixing flow rate
and AMR cycle frequency to the optimal value, a further investigation has
been conducted by varying cooling load.

A two-dimensional numerical model of a packed bed- AMR regenerator
has been developed, as primary purpose, to operate according to the
prototype, since the model replicates the thermo-fluid-dynamical behavior of
one of the RPMMR's regenerators, including the magnetocaloric effect
acting into the solid refrigerant. To this aim, the mode has been
experimentally validated with experimental results provided by the
prototype. This model has been used to optimize the experimental device
and to identify significant areas of device improvement. Thus, it has been
used to explore the critical aspects of 8Mag and to outline the way to
improve performances. Anyway, the model has been easily generalized to
consider different device geometries, temperature spans, secondary fluids,
and magnetic materials. As a matter of fact, in this thesis are shown the
results obtained investigating, through the model, the effect of other different
magnetocal oric materials when they act as refrigerant employed in one of the
AMR regenerator of the prototype. Moreover, the environmental impact in
terms of greenhouse effect has also been investigated, by comparing the
performances of the RPMMR with the one of a vapor compression plant in
terms of TEWI index (Tota Equivalent Warming Impact).
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| ntroduction

Nowadays, the refrigeration is responsible of more than 17% of the
overall energy consumption all over the world and most modern
refrigeration units are based on Vapor Compression Plants (VCP). The
traditional refrigerant fluids employing VCP, i.e. CFCs and HCFCs, have
been banned by the Montreal Protocol in 1987 (Montreal Protocol, 1987),
because of their contribution to the disruption of the stratospheric ozone
layer (Ozone-Depleting Potential substances ODPs). Over time it has been
following periodical meetings among the Parties to the Montreal Protocol.
Since 2000 the usage of HCFCs in new refrigerating systems was forbidden,
letting HFCs the only fluorinated refrigerants alowed because of their zero
ODP characteristic. Since 2009, each meeting related to Montrea protocol,
initially dedicated to the phase-out of the substances depleting the
stratospheric ozone layer, namely CFCs and HCFCs, had been leading to
conflicting exchanges on high Global Warming Potential HFCs which
replace CFCs and HCFCs most of the time. Y ear after year, human activities
have been increasing the concentration of greenhouse gases in the
atmosphere, thus resulting in a substantial warming of both earth surface and
atmosphere. The impact of greenhouse gases on global warming is
quantified by their GWP (Global Warming Potential). Thus, over the year
measures to reduces global warming have been taken, beginning with the
Kyoto Protocol (Kyoto Protocol, 1997) and consequently with the EU
regulations applying the prescriptions derived from it, like EU regulation
517/2014 (EU No 517/2014) on fluorinated greenhouse gases.

The above described general frameworks led scientific community to
studying and applying (Aprea et al., 2012; Palm, 2008) resolutions with
environmentally friendly gases, with small GWP and zero ODP: one of the
most focused classes of new generation refrigerants is hydrofluorool efins
(HFO) (Aprea et d., 2016a; Mota-Babiloni et a., 2016), descending of
olefins rather than alkanes (paraffins) and they are known as unsaturated
HFCs, with environmentally friendly behavior, quite low costs. Despite al
these advances, it is essential to underline that a vapor compression plant
produces both a direct and an indirect contribution to global warming. The
former depends on the GWP of refrigerant fluids and on the fraction of
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refrigerant charge which is either directly released in the atmosphere during
operation and maintenance, or is not recovered when the system is scrapped.
The indirect contribution is related to energy-consumption of the plant. In
fact, a vapor compression refrigerator requires electrical energy produced by
a power plant that typically burns a fossil fuel, thus releasing CO: into the
atmosphere. The amount of CO. emitted is a strong function of the COP of
the vapor compression plant.

For all these reason, in the last decades the interest of scientific
community has oriented itself in studying and developing new refrigeration
technologies of low impact in our ecosystem: aclass of them is composed by
solid-state cooling (Kitanovski and Egolf, 2006; OZbolt et a., 2014; Tusek et
al., 2015), which are gaining more and more attention, due to their potential
in being performing and ecological methodologies. Recent discoveries of
giant caloric effects (Pecharsky and Gschneidner, 1997; Lu et a., 2010; Liu
et a., 2014) in some ferric materials have opened the door to the use of
solid-state materidls as an dternative to gases for conventional and
cryogenic refrigeration.

Actualy, the most promising, eco-friendly, emerging solid-state
technique is constituted by magnetic refrigeration (MR) (Kitanovski et a.,
2016), whose main innovation consists in employing solid materials with
magnetic properties as refrigerants, able to increase or decrease their
temperature when interacting with a magnetic field. Instead of the fluid
refrigerants, proper of vapour compression, a magnetic refrigerant is a solid
and therefore it has essentially zero vapour pressure, which means no direct
ODP and zero GWP.

Specifically, magnetic refrigeration is related to magnetocaloric effect
(MCE) (Warburg, 1881), a physical phenomenon observed in some materia
with magnetic properties and it consists in an increment of temperature in
the MCE material because of materia's magnetization under adiabatic
conditions. A regenerative Brayton based thermodynamical cycle, called
Active Magnetic Regenerative refrigerant (AMR) cycle, is the one where
magnetic refrigeration founds its operations. Therefore, Active Magnetic
Regenerator is the core of a magnetic refrigerator system. It is a special kind
of thermal regenerator made of material with magnetic properties, which
works both as a refrigerant and as a heat regenerating medium. The
performance of an AMR system strongly depends on the magnetocaloric
effect of the magnetic material used to build the regenerator, on the
geometry of the regenerator and on the operating conditions of the system.
The cooling efficiency in magnetic refrigerators can reach 60% of the
theoretical limit, as compared to the 40% achieved by the best vapor
compression plant.

At the Refrigeration Lab (LTF) of University of Salerno, the first Italian
prototype of a Rotary Permanent Magnet Magnetic Refrigerator (RPMMR)
has been projected and developed (Apreaet al., 2014), whose name is 8Mag
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and presents a rotating magnetic group whereas the magnetocaloric material
(MCM) is stationary. Gadolinium has been selected as magnetic refrigerant
and demineralized water has been employed as heat transfer fluid. The total
mass of gadolinium (1.20 kg), shaped as packed bed spheres, is housed in 8
regenerators. A magnetic system, based on a double U configuration of
permanent magnets, provides a magnetic flux density of 1.25 T with an air
gap of 43 mm. A rotary vane pump forces the regenerating fluid through the
regenerators.

The present thesis aims to explore, report and explain all the aspects of
the research, treated during the PhD period. The persona contribution in the
research field of magnetic refrigeration has combined both the numerical and
the experimental research that have been done hand in hand.

A two-dimensional numerical model of a packed bed- AMR regenerator
has been developed, as primary purpose, to operate according to the
prototype, since the model replicates the thermo-fluidodynamic behavior of
one of the RPMMR's regenerators, including the magnetocaloric effect
acting into the solid refrigerant. To this aim, the mode has been
experimentally validated (Aprea et a., 2015a) with experimental results
provided by the prototype. This model has been used to optimize the
experimental device and to identify significant areas of device improvement.
Thus, it has been used to explore the critical aspects of 8Mag and to outline
the way to improve performances. Anyway, the model has been easily
generalized to consider different device geometries, temperature spans,
secondary fluids, and magnetic materials. To this purpose, the model has
been tested when employing new magnetocaloric materials (Aprea et d.,
2015b), whose performance have been also compared (Aprea et al., 2015c),
from an environmental point of view, with the ones of a commercial vapor-
compression refrigerator working with R134a. Moreover, additional
investigations have been conducted to explore the behavior of the
regenerator with a paralel-plate configuration (Aprea et d., 2016b),
employing a number of different magnetocaloric materials.

As a matter of fact, in this thesis are shown the results obtained
investigating (Aprea et al., 2015b), through the model, the effect of other
different magnetocaloric materials when they act as refrigerant employed in
one of the AMR regenerator of the prototype. Different magnetic materials
have been considered as refrigerant: second order phase magnetic transition
materias, like pure gadolinium, ProssSrossMnOs and first order phase
magnetic transition aIons Gd5(SixGe1.x)4, LaFei1.384M N 356Si 1.26H1.52,
LaFei105Co0asSi110 and MnFePossAsoss. Such materials have also been
object of an additiona investigation (Aprea et al., 2016b) related to the
evaluation of the performances between two different geometries of the
AMR regenerator: packed-bed and parald-plate. Moreover, the
environmental impact in terms of greenhouse effect has aso been
investigated, by comparing (Aprea et a., 2015c) the performances of the
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RPMMR with the one of avapor compression plant in terms of TEWI index
(Total Equivalent Warming Impact). A vapor compression plant (VCP)
produces both a direct and an indirect contribution to global warming,
whereas an AMR cycle has only an indirect effect. The analysis has been
performed comparing the VCP and the magnetic refrigerator when the latter
isworking with several different magnetocaloric refrigerants.

Furthermore, are also presented the experimenta tests conducted (Aprea
et a, 2016¢) on the RPMMR, with the purpose to investigate the energy
performances of the device, like temperature span, refrigerating power and
COP, when the system was subjected to different operating conditions
obtained by varying the cycle operating frequency, the thermal load, the
volumetric flow rate of the auxiliary fluid and the temperatures of the cold
and hot heat exchangers. The results of three different campaigns of tests are
presented: 1) a primary campaign based on zero load tests; then two other
campaigns have been conducted to explore the energetic performances of
8Mag: 2) by changing the cycle frequencies, the cooling load and fluid flow
rate, while the hot side temperature was fixed, in order to give an overview
of the performances and to underline an optimal operating frequency, for
each set of operating conditions. 3) Fixing flow rate and AMR cycle
frequency to the optimal value, afurther investigation has been conducted by
varying cooling load.
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Magnetic refriger ation:
generalities

I.1 Magnetocaloric effect

Magnetocaloric effect is an intrinsic property of all solid-state materials,
due to the coupling between the magnetic spin and the crystal lattice with an
external magnetic field whom produces a change in magnetic entropy
contribution. When the material is magnetized there will be some ordering of
the magnetic spins, forcing them towards the direction of the applied field. If
thisis done isothermally, this will reduce the material’s magnetic entropy by
the isothermal entropy change (ASwm). On the other side, if the magnetization
is done adiabatically, without any thermal interaction with the externa
ambient, the total sample entropy remains constant and the decrease in
magnetic entropy is countered by an increase in the lattice and electron
entropy. This causes a heating of the material and a temperature increase
given by the adiabatic temperature change (ATa). The inverse procedure
aso applies: under adiabatic demagnetization the magnetic entropy
increases, causing a decrease in lattice vibrations and by that a temperature
decrease.

I.1.1 Historical background

MagnetoCaloric Effect (MCE) is a physical phenomenon discovered
casually in 1881 by Emil Gabriel Warburg, a German professor of Physics at
University of Strasbourg, during some experiments on ferromagnetic
materials. Warburg observed (Warburg, 1881) a dight increment of
temperature when the material was subjected to a huge magnetic field
whereas, once it was extracted from the field, its temperature suffered a
decrease. Cryogenic temperatures have been the first branch of refrigeration
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where MCE found application, since 1920 (Debye, 1926; Giauque, 1927). It
is maturely used in liquefaction of hydrogen and helium.

The research on room temperature magnetic refrigerators has taken place
since 1976 with the first prototype developed by Brown at the NASA Lewis
Research Centre (Brown, 1976). In 1982, the employ of a reciprocating
thermal regenerator coupled with magnetocaloric cycle has been shown. It is
well known as Active Magnetic Regenerator (AMR) (Barclay, 1982). Since
then an appreciable number of AMR-based experimental prototypes have
been developed, with a different configuration of regenerators, different
magnetic materials and different magnetic source (Yu et a., 2010; Tomc et
a., 2013; Tusek et al., 2013; Vuarnoz and Kawanami, 2013; Engelbrecht
and Pryds, 2014; Jotani et al., 2014). Nevertheless, most of the experimental
devices don't provide yet results in terms of energetic performances, cooling
power and temperature span as satisfactory as being comparable with the one
provided by vapor compression systems.

|.1.2 Magnetic substances and their classification

Every material able to interact with a magnetic field and therefore
characterized by magnetic properties, belongs to the magnetic substances. A
magnetic substance is conceivable as a collection of small magnetic dipoles,
associated with its atomic characteristics that are oriented casually. If the
substance interacts with an external magnetic field, whom is characterized
by an intensity H>0, the dipoles orient themselves in the same direction of
the field and the substance is magnetized. M is the magnetization field and is
defined as the magnetic moment of the substance per unit of volume:

Zim;
M === (1.2)
where my; is the magnetic moment related to the i molecule of the substance
contained in the volume V.
It ispossible relating M and the magnetic field H as:

M = yH (1.2)

where y is the magnetic susceptibility of the substance and it is
dimensionless.

The relation between the magnetic field induction B and the magnetic
field H isgiven by:

B = uH (1.3)

where p is the magnetic permeability of the materials, which expresses the
attitude of the material in being magnetized. The magnetic permeability can
be aways reported as function of uo, the magnetic permeability of the
vacuum:
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1= Hrlo (1.4)

where y is the relative permeability index, depending on the magnetic
substance.

The magnetic permeability and the magnetic susceptibility are related by
the following relationship:

p=uo(1+x) (1.9)
Therefore, considering (1.5) and (1.2), (1.3) could be also expressed as.
B = uy(H+ M) (1.6)
The magnetic substances are classifiable in:
a) diamagnetic;

b) paramagnetic;
c) ferromagnetic.

The diamagnetic materials, when come under the action of an external
magnetic field H, see their dipoles ordering in oppostion to H; the
associated magnetization field M has opposite direction of H. Therefore, a
diamagnetic material tends to weaken the external field, as shown in figure
[.1.

XN YYYXXXY)
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Figurel.l (a) A microscopic view of a demagnetized diamagnetic material;
(b) a microscopic view of a magnetized diamagnetic material.

The susceptibility of diamagnetic materials is always negative and non-
depending both by temperature and by the magnetic field intensity, as shown
in figures 1.2(a) and 1.2(b). Thus, the function which relies M and H is
linearly decreasing, as plotted in figure1.3.
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The most common diamagnetic materials are water, most of organic
substances and some metals like mercury, gold, silver, copper and bismuth.
For all of them, magnetic susceptibility belongsto -10%+-10° range.

F 3 F 3

XL x

L J
L J

(a) (b)

Figure 1.2 The susceptibility of a diamagnetic material as a function of: (a)
temperature,(b) magnetic field intensity.

A
M

Figure 1.3 The magnetization field of a diamagnetic material as a function
of magnetic field intensity.

A magnetic substance is defined paramagnetic if, when it is under the
action of an external magnetic field H, its dipoles orient themselves in the
same direction of the fidd; the associated magnetization field M tends to
strengthen H, since the two field arein phase, as shown in figure 1.4.
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Figurel.4 (a) A microscopic view of a demagnetized paramagnetic
material; (b) a microscopic view of a magnetized paramagnetic material.

The susceptibility ) of paramagnetic materials is always positive and
independent by the external magnetic field. Moreover, y is decreasing when
temperature increases, because thermal agitations and lattice vibrations
hinder the aignment of the magnetic moments of the atoms, in the H
direction. The relationship between susceptibility and temperature, in
paramagnetic materialsiscalled 1% Curie law and is given by:

x=5 (.7

where Cis called Curie constant and its value depends of the material.
Figures 1.5(a) and 1.5(b) plot the y trends as function of magnetic field and
temperature, respectively.

¥
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Figure 1.5 The susceptibility of a paramagnetic material as a function of:
(a) magnetic field intensity, (b) temperature.
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As aresult, M and H are bound by a linearly increasing function, as
reported in figure 1.6. The most common paramagnetic materias are
aluminium, platinum, magnesium, calcium, sodium, oxygen and uranium.
For al of them, magnetic susceptibility belongs to 104+10° range, at room
temperature.

'\
M

v

Figure 1.6 The magnetization field of a paramagnetic material as a function
of magnetic field intensity.

Ferromagnetic are al the materids whose susceptibility is strongly
dependent by both the temperature and the applied magnetic field.
Moreover, a ferromagnetic material is able to keep the magnetic moment
even when the magnetizing field has been removed. The lattice structure of
ferromagnetic materials is composed by a number of subdomains where the
dipoles contained in, are localy aligned in the same direction. When a
magnetizing filed is applied, all the dipoles of all the subdomains are
arranged in the field direction, thus resulting in ferromagnetic material’s
magnetization, as shown in figures 1.7(a) and 1.7(b). The energy spent to
demagnetize the material manifests itself in a delay in response, said
hysteresis. Moreover, the correspondence between magnetic field induction
B and the applied magnetic field H is regulated by the hysteresis loop,
reported in figure 1.8, which represents the state diagram of the
ferromagnetic material. The shape of the hysteresis loop strongly depends by
the material’s characteristics, as well as by the intensity of the applied field.
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T

Figurel.7 (a) A microscopic view of a demagnetized ferromagnetic
material; (b) a microscopic view of a magnetized ferromagnetic material.
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Figurel.8 The hysteresisloop of a ferromagnetic material.

The susceptibility y of ferromagnetic materials obeys to the 2™ Curie law
(also called Curie-Weiss law), visiblein figure 1.9(a), as follows:

=% (18)

Tc

Tc is a critical temperature, called Curie temperature, where y is maximum
and above which, the materia assumes a paramagnetic behaviour. Thus, the
Curie temperature is aso the temperature where the ferromagnetic to
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paramagnetic transition takes place. The dependence of the susceptibility
with the magnetic field is plotted in figure 1.9(b).

'y &

| i ¥ i
(a) l1'1:: T (b) H

Figure1.9 The susceptibility of a ferromagnetic material asa function of:
(a) temperature, (b) magnetic field intensity.

As a result, aso the dependence of between the magnetization and the
field is not linear anymore but regulated by the hysteresis loop, as illustrated
in figure1.10.
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- - -
- - -
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Figurel.10 The hysteresisloop of magnetization field as a function of
magnetic field intensity, in a ferromagnetic material .

Some materials which belong to the ferromagnetic class are gadolinium,
iron, nickel, aswell as several iron-based alloys.
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[.1.3 The entropy

Entropy Sis a measure of the “disorder” of any physical system; its unit
of measure in the international measurement system is Joule divided by
Kevin [JK].

The entropy of a magnetic substance depends both by the temperature
and the magnetic field and it is composed by three terms:

S(T,H) = S,(T) + Sg(T) + Sy (T, H) (1.9)

The first contribution S(T) is called vibrational entropy since considers
the disorder of the material due to the increase of lattice vibrations, when the
system is supplied energy as heat. The heat supplying takes to another term
of disorder: S(T), the electronic entropy, which measure the disorder of
system due to the increasing randomness of the electronic spins. The third
contribution Su(T,H), called magnetic entropy, is related both to temperature
and magnetic field. When the magnetic material goes under the presence of
an external magnetic field, its magnetization takes the dipoles aligning with
the field e therefore an increment of magnetic order, as well as areduction of
Su(T,H). Dually, when the externa field is removed, the random disposition
of the dipoles led to an increase of magnetic entropy. Figure .11 plot the
entropy curves of a ferromagnetic substance, together with the trends of the
single contributions.

A
S

Figurel.11 The entropy curves of a ferromagnetic material. Green line plots
the totally entropy whereas blue and red line represent the magnetic and the
thermal contributions, respectively.
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|.1.4 Heat capacities in magnetic materials

The heat capacity related to a generic process where the z parameter
remains constant is:

84,
C, = % (1.10)

Considering the second law of thermodynamic for areversible process:

TdS = 6q (1.12)
the (1.10) becomes:

_ (3
c,=7( aT)Z (1.12)

In analogies with heath capacity at constant pressure and volume, for
magnetic materials is interesting to consider the heat capacity at constant
magnetic field and the heat capacity at constant magnetization, respectively
defined as:

Cy=T (g—i)H (1.13)

Cy=T (Z—j)M (1.14)

In the class of ferromagnetic materials Cy exhibits a peak at the Curie
temperature of the material. Moreover, the temperature where the peak is
located increases according to the intensity of the applied magnetic fields.

|.1.5 Magnetocaloric effect and magnetic transition materials

Magnetocaloric effect is a physica phenomenon, related to solid-state
materials with magnetic properties. MCE consists in a coupling between the
entropy of the Magnetocaloric Material (MM) and the variation of an
external magnetic field applied to the material, which causes magnetic
ordering in the MM structure. If the magnetization is done isothermally, it
will decrease the magnetic entropy of the material, by the isothermal entropy
change ASw and, therefore, a change in the total entropy of the magnetic
material isregistered.

On the other side, if the magnetization occurs in an adiabatic process,
without any interaction with the externa environment, the total entropy of
MM remains constant and the consequent decreasing in magnetic entropy is
countered by an increase in the lattice and electron entropy contributions.
This causes a heating of the material and a temperature increase given by the
adiabatic temperature change (ATa). In figure 1.12 are clearly visible the
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quantities ASw and AT« during an adiabatic magnetization of a
ferromagnetic material.

5(Ho)
S‘ 5(Hi)
e e = Sy (H
So g === " it M (Ho)
# ATaa __-==""8m(Hi1)
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Figure 1.12 The magnetocaloric effect detected as ASy and AT in a
ferromagnetic material where it is magnetized by magnetic field going from
Ho to Hi.

Dually, under adiabatic demagnetization the magnetic entropy increases,
causing a reduction in lattice vibrations and therefore a temperature
decrease. At its Curie temperature, where is located its own magnetic phase
transition, a MM shows the peak of MCE, in terms of ATa and ASu. This
occurs because the two opposite forces (the ordering force due to exchange
interaction of the magnetic moments, and the disordering force of the lattice
thermal vibrations) are approximately balanced near the Curie point Tc.

Hence, the isothermal application of a magnetic field produces a much
greater increase in the magnetization (i.e., an increase of the magnetic order
and, consequently, a decrease in magnetic entropy, ASw) near the Curie
point, rather than far away from T.. The effect of magnetic field above and
below T, is significantly reduced because only the paramagnetic response of
the magnetic lattice can be achieved for T>»T., and for T«T. the
spontaneous magnetization is already close to saturation and cannot be
increased much more. Similarly, the adiabatic application of a magnetic field
leads to an increase in the magnetic material temperature, AT, which isalso
sharply peaked near the Te.

The two possible magnetic phase changes that one can observe at the
Curie point are First Order Magnetic Transition (FOMT) and Second Order
Magnetic Transition (SOMT). At the Curie point a magnetic transition has
FOMT characteristics when the materia exhibits a discontinuity in the first
derivative of the Gibbs free energy (G.f.e.), magnetization function, whereas
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has a SOMT behavior when the gap is detected in the second derivative of
G.f.e.,, magnetic susceptibility, while its first derivative is a continuous
function. Most of the magnetic materias order with a SOMT from a
paramagnet to a ferromagnet, ferrimagnet or antiferromagnet.

Considering an internaly reversible process, the MCE for SOMT
meaterials can be evaluated as:

5}
@Si)r = wo Jy! (57),, AH (1.15)
0
(ATaa)s = —to f:lf% (%)H dH (1.16)

For that reason, in a SOMT materia, while |(dM/dT)y| exhibits its
maximum value, one can register the peak of MCE, located at the Curie
temperature or near absolute zero, respectively if the material is a
ferromagnetic or paramagnetic. Instead in a FOMT material, the phase
transition should ideally take place at constant temperature for an infinite
value of |(dM/dT)y| resulting a giant magnetocaloric effect. The FOMT
materials exhibit both an instantaneous orientation of magnetic dipoles and a
latent heat correlated with the transition. Moreover, in some FOMT
materials it is possible observing a coupled magnetic and crystallographic
phase transition. Thus, in this case, applying a magnetic field to these FOMT
materials, can produce both the magnetic state transition from a paramagnet
or an antiferromagnet to a ferromagnet, simultaneoudy with a structural
variation or a significant phase volume discontinuity but without showing a
clear crystallographic ateration. Since that partia first derivatives of G.f.e.
regarding T or H present a discontinuity at the first order phase transition,
the bulk magnetization varies by AM and Cy idedly has an infinite value at
the Curie temperature. Therefore, the isothermal magnetic entropy change
(ASw) in a FOMT material can be estimated by (1.17) coming from the
Clasius-Clapeyron eguation:

(ASu)r = (Z—Z)eq (aM); (117)

where the derivative is kept at equilibrium.

The discovery of giant magnetocaloric effect in Gds(SisxGex), reported
by Pecharsky and Gschneidner in 1997 (Pecharsky and Gschneidner Jr.,
1997), stimulated a considerable growth of research to both find new
materials where the effect is just as potent and to understand the role of
magneto-structural transitions play in its enhancement. Giant MCE in
FOMT materials, already observed, comes out since it is the result of two
phenomena: the conventiona magnetic entropy-driven process (magnetic
entropy variation A4S,,) and the difference in the entropies of the two
crystallographic aterations (structural entropy variation ASg¢). The second
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terms considers the greater contribution due to entropy variation in FOMT
with respect to SOMT materias:

(A4S)r = (ASy)r + (ASsT)T (1.18)

Assuming T /Cy congtant, in a FOMT material AT,; could be estimated
as.

(UTaa)s = =Ho () (G) @M (119)

The peak of adiabatic temperature variation is greater in most of the
FOMT than SOMT materials.

There are fundamental differencesin the behavior of FOMT and

SOMT materias:

e in afirst order transition the MCE is concentrated in a narrow
temperature range, whereas in a second order the transition
spread over a broad temperature range.

e InaSOMT materials the adiabatic temperature variation is nearly
immediate whereas it doesn't happen in FOMT materials because
of the consequent alteration in their crystallographic structure,
which produces a displacement of the atoms, needing thus of an
amount of time required many orders of magnitude larger. The
non-instantaneous response to the magnetic field of FOMT
material, could become a significant problem since the operation
frequencies usually adopted by magnetic refrigerators are in
[0.5+10] Hz range, where the delay in materials answer could
assume significant values.

e A substantial hysteresis has generally been detected (Aprea et al,
2011a, 2011b) in FOMT materials, whereas it is very low in
SOMTs. The consequences of hysteresis when analyzing the
MCE are: i) history dependence: parameters such as
magnetization and heat capacity now become non-single valued
functions of temperature and field; ii) energy dissipation: heat is
dissipated during the magnetization process, and the dissipation
adds heat to the system.

e The large volume variation that one can observe in FOMT
materialsis another defect that must be considered when deciding
to employ these materials.

I.2 Thermodynamical cyclesfor magnetic refrigeration
Magnetic refrigerator completes cooling/refrigeration by magnetic

material through magnetic refrigeration cycle. In general, a magnetic
refrigeration cycle consists of magnetization and demagnetization in which
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heat is expelled and absorbed respectively, and two other benign middle
processes.

The basic cycles for magnetic refrigeration are magnetic Carnot cycle,
magnetic Stirling cycle, magnetic Ericsson cycle and magnetic Brayton
cycle (Yu et al., 2003; Kitanovski and Egolf, 2006,). Among them, the
magnetic Ericsson and Brayton cycles are applicable for room temperature
magnetic refrigeration. The employment of a regenerator in the Ericsson and
Brayton cycles lets the achievement of a large temperature span and easy
operating.

1.2.1 Magnetic Ericsson cycle

Ericsson cycle consists of two isothermal processes/ stages and two
isofield processes asillustrated in figures 1.13(a) and 1.13(b).

sk

1y T (a)

A Temperature profile in regenerator
Magnetic fidd - 2 S N
T Y : g
I

Il v

m

O
I Il 111 I\ (b)
Figurel.13 (a) The four processes of magnetic Ericsson cyclein T-S
diagram. (b) Principle of magnetic Ericsson cyclerefrigerator.

14



Magnetic refrigeration: generalities

In the isothermal magnetization process I(A—B in Fig. 1.13(a)),
when magnetic field increases from Ho to H; the heat transferred
from magnetic refrigerant to the upper regenerator fluid

Qap = T1(Sq — Sp) (1.20)

makes the latter increasing its temperature.

In the isofield cooling process Il (B—C in Fig. 1.13(a)), while
magnetic field is kept constant at the maximum value H1, both the
refrigerant and the magnet which generates the field move
downward to bottom and hence the heat

Qve = [;" TdS (1.21)

is transferred from magnetic refrigerant to regenerator fluid. Then a
temperature gradient is set up in the regenerator.

In the isothermal demagnetization process Il (C—D in Fig.
1.13(a)), when magnetic field decreases from Hi to Ho, the magnetic
refrigerant absorbs heat:

Qap = To(Sq — S¢) (1.22)

from the lower regenerator fluid. After that the fluid decreases its
temperature.

In the isofield heating process IV (D—A in Fig. 1.13(a)), while the
magnetic field has kept constant at the minimum Ho, both the
magnetic refrigerant and magnet move upward to the top and the
regenerator fluid absorbs heat

Qaa = [0 TdS (1.23)

To make the Ericsson cycle possess the efficiency of magnetic Carnot
cycle, it isrequired that the heat transferred in two isofield processes Quc, Qua
areequal. For an ideal Ericsson cycle, ‘parallel” TS curves are optimal, that
is, ASu keeps constant in the cooling temperature range.

[.2.2 Magnetic Brayton cycle

Magnetic Brayton cycle consists of two adiabatic processes and two
isofield processes as shown in figure 1.14.
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Figurel.14 The four processes of magnetic Brayton cyclein ST diagram.

The first process (A—B in Fig. 1.14) consists in and adiabatic
magnetization, due to magnetic field increasing from Ho to Hy, that leadsto a
temperature increment of ATad,ag in the solid refrigerant. With the field kept
constant at Hy, in the isofield process (B—C in Fig. 1.14) the heat of the area
BC14 is transferred from the refrigerant to the hot heat exchanger at
temperature Tw. In the adiabatic demagnetization (C—D in Fig. 1.14) process
the applied magnetic field falls from H1 to Ho and the solid refrigerant
reduces its temperature of a quantity ATad,cp as a result of magnetocaloric
effect. In the isofield process at Ho the heat of the area AD14 is subtracted
from the cold heat exchanger at Tc. No heat flows from and out of the
magnetic refrigerant during the adiabatic magnetization and demagnetization
processes.

The Brayton cycle can exhibit optimal performance as well with
magnetic refrigerants having parallel T-S curves.

|.2.3 Magnetic Carnot cycle

The magnetic Carnot cycle, consists of two adiabatic and two isothermal
processes, applied to a magnetic refrigerant, as shown in figure 1.15.
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Figurel.15 The four processes of magnetic Carnot cyclein ST diagram.

An adiabatic magnetization occurs in process 1—2 (figure 1.15) and it
continues with a further magnetization in stage 2—3, which is now an
isothermal magnetization. During this process generated heat is extracted
from the system. The next process step, namely 3—4, is an adiabatic
demagnetization process. Connecting the system with a heat source leads to
an isothermal demagnetization, resulting in process 4—1.

It becomes clear that the Carnot cycle can only be run, if a minimum of
four different magnetic fields occur, through which the magnetocaloric
materia is moved. In the vertical process 1—2 the alteration of the magnetic
field has to be applied quickly, not alowing heat to diffuse away or be
transported out by convection. In 2—3 the isothermal magnetization requires
an dteration of the magnetic field and simultaneous rejection of heat. This
process will therefore be slower. The area between (1-2-3-4) represents the
work required and the area (1-4-a-b) is related to the thermal cooling
energy.

|.3 Cascade systems regener ators

All the cycles previously discussed are ideal cycles. At present the
existing magnetocaloric materials could do not show sufficiently wide
temperature differences for some frequently occurring refrigeration and heat
pump applications. A solution to this problem is to build magnetic
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refrigerators and heat pumps, which take advantage of cascades. However,
both—the regeneration and the cascade systems—show additional
irreversibility in their cycles. These leads to lower coefficients of
performance.

Cascade systems are well known from conventiona refrigeration
technology. A cascade system is a seria connection of some refrigeration
apparatuses. They may be packed into one housing to give the impression of
having only a single unit. Each of these apparatuses has a different working
domain and temperature range of operation. This can be seen in Fig. 1.16(a)
by the decreasing temperature domains of stages I- Ill. In this figure the
cooling energy of stage | (surface: ef14) is applied for the heat rgjection of
stage Il (surface cd23). Analogously, the cooling energy of stage Il (surface
cd14) isresponsible for the heat rejection in stage 111. The cooling energy of
the entire cascade system is represented by the surface ab14 of the last stage
(white domain). The total work performed in the total cascade system is
given by the sum of the areas 1234 of dl present stages|, 11, and I11.

2
@T4 2 H@sH M ®) T4 S Mol
3 ° " a /
‘ _ Hg0>0
-4 ‘*\Q @ 1
3 = SS
; \3%5\ ==
R N
! § N
4 N =
N N
gt e pd 8y T y et g

Figure .16 Two cascade systems based on the Brayton cycle. In case (a) all
stages (I, Il and I11) are designed to have a different optimally adapted
material, whereasin case (b) they are produced with the same material.

The magnetocaloric effect is maximal at the Curie temperature. It islarge
only in the temperature interval around this temperature, with decreasing
effect in the case of greater (temperature) differences. It is therefore,
advantageous that the operating point of the refrigeration plant and this
temperature interval of optimal magnetocaloric effect coincide. If the
temperature span of the refrigeration process is too wide, a decrease in
efficiency occurs. A solution to this problem is to work with a cascade
system, where each internal unit has its own optimally adapted working
temperature. Each stage of a cascade system contains a different
magnetocaloric materia (Fig. 1.16(a)) or it contains the same (Fig. 1.16(b)).

The disadvantage of a cascade system is that the cycles of each stage
must be designed to avoid overlaps, as shown in figure 1.17. An overlap
leads to a narrower temperature span and reduced efficiency.
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Figurel.17 Overlapsin a cascade system lead
to dissipation of energy and decrease the COP.

A major advantage of a magnetic refrigeration cascade system over a
conventional one is that in the magnetic refrigeration machine no heat
exchangers are required between the cooling process of the higher stage and
the heat rejection process of the lower stage. Thisis since the magnetocaloric
material is solid and asingle fluid may be transferred to both stages.

.4 Theregenerators

The introduction of regenerators in refrigeration systems, with reference
to magnetic refrigeration, has the purpose to recover heat fluxes involved in
Brayton cycle, that otherwise would have gone lost. The approach is
particularly needed in room temperature magnetic refrigeration, where the
vibrational entropy contribution becomes too high to be neglected.
Therefore, a part of the magnetic refrigeration’s cooling capacity is spent to
cool the thermal load offered by the crystaline lattice, thus reducing the
useful effect of the cycle. As a matter of fact, if aregenerator is added to the
system, the heat rejected by the crystalline structure in one of the process of
the cycle, is stored and then given back in the other process. By the way, the
energy spent to cool the crystalline structure could be utilized effectively to
increase of effective entropy change and temperature span (Yu et al., 2003).
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Figure1.18 The regeneration effect in the Brayton cycle.

In figure 1.18 one can appreciate the effect of the regeneration in Brayton
cycle: thanks to the thermal interchange is possible to reach a temperature
range Ta-Tc 'greater than Ta-Tc, that would occur without regeneration, and
ahigher entropy change.

It is useful underlining the characteristics proper of the different
typologies of regenerator. There are three types of regenerators employable
in magnetic refrigerators:

a) externd,
b) interna,
c) active

Heat transferring through external regenerator between the regenerator
material (which generaly is solid-state) and the magnetic refrigerant is
completed by an auxiliary heat transfer fluid.

With internal regenerator solution, the magnetic refrigerant is placed in
regenerator together with the regenerator material and heat is transferred
directly between themselves so that the regenerator should be in the
magnetic field area.

If the regenerator is active, the magnetic materia plays the double role of
refrigerant and regenerator at the same time. It leads two advantages: both
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the irreversibility losses, due to the auxiliary fluid, and the losses related to
regenerating fluid mixing at different temperature are reduced. Thus the
irreversible losses yielded by the second heat transferring in externa
regenerator or by mixing of the regenerator fluid with different temperature
in internal regenerator, can be reduced.

The reative heat capacity between auxiliary fluid and magnetic
refrigerant, plays a key role in choosing the best-fitting configuration of
regenerator. If the heat capacity of the regenerator’s fluid is higher than
refrigerant magnetic material, it is better adopting an internal regenerator,
where the temperature span in the regenerator is easily influenced by the
fluid mixing. On the contrary case the best choice falls on active magnetic
regenerator (AMR), where a high temperature span could be triggered and
the requested fluid flow rate, on equal cooling power, is lower than the
previous case.

There are severa desirable characteristics for the perfect regenerator
(Barclay, 1994):

e infinite thermal mass compared to the working material being
cooled or hested;

e infinite heat transfer (a product of therma conductance
multiplied by the contact area) between working materia and
regenerator mass,

e zerovoid volume;

o zero pressure drop for convection of fluid through the
regenerator;

e zerolongitudinal conduction aong the regenerator

e uniform, linear temperature gradient from the hot end to cold end
of the unit.

The irreversible heat losses of the regenerator have a great influence on
the performance of the whole magnetic refrigeration system. It has been
analyzed the effect of thermal resistances and regenerative losses on the
performance of magnetic Ericsson cycle qualitatively (Chen and Yan, 1998).
Main irreversible heat |osses are:

e |oss of finite heat transfer between regenerator material and heat

transfer fluid;

loss of pressure drop yielded by flow resistance;

thermal conduction aong the magnetic material.

loss of mixing of regenerator fluid in the internal regenerator;
loss of heat |eakage;

losses of magnetic hysteresis and eddy currents;

loss caused by viscous dissipation in the regenerator fluid;

e loss of “‘dead volume™’.

In an AMR, some amount of the heat transfer fluid is always in the
connecting lines between the beds and the heat exchangers and never cycles
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both through the beds and the heat exchangers. This trapped heat transfer
fluid, commonly referred to as the ‘‘dead volume,”’ is a significant source of
inefficiency in active magnetic regenerators (Lawton et al., 1999).
In figure 1.19 are represented some typical structural configurations of

AMR regenerators where:

a) pardlel plate configuration;

b) perforated plate configuration;

C) grid configuration;

d) packed bed configuration.

(a)
Magnetic Material

(d)
Figurel.19 Typical AMR regenerator’s configurations.

|.5 Thermodynamical cycles employing active regenerators
|.5.1 Active Magnetic Regenerative refrigerant (AMR) cycle

Barclay firstly introduced the Active Magnetic Regenerative refrigeration
cycle, well known as AMR, in 1982 (Barclay, 1982). The innovative idea
leads to a new magnetic cycle, different from the previous ones (Carnot,
Ericsson, Brayton, or Stirling). It is founded on a magnetic Brayton cycle as
shown in Figure 1.20.

The main innovation consists of introducing the AMR regenerator
concept, i.e. the employment of the magnetic material both as refrigerant and
regenerator. A secondary fluid is used to transfer heat from the cold to the
hot end of the regenerator. Substantially every section of the regenerator
experiments its own AMR cycle, according to the proper working
temperature. Through an AMR one can appreciate a larger temperature span
between the regenerator material and the auxiliary fluid.
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Figure1.20 The four processes of AMR cycle in T-s diagram.

During the entire cycle the magnetic field induction varies between a
minimum value, Bo, and a maximum one, Bi. The regenerator works
between a warm reservoir at Ty and a cold one at Tc. The AMR cycle
consists of four processes. During the magnetization (1—2), the magnetic
field isincreased adiabatically with no fluid flow, causing the increase of the
temperature of the magnetic material due to MCE, as displayed in figure
1.21(a). In the cold-to-hot flow process (2—3), visible in figure 1.21(b) the
secondary fluid blows from the cold to the hot end of the regenerator when
the field has kept constant at the maximum value. The fluid absorbs heat
from the bed, reaching a temperature above Ty and regjects it through the
warm heat exchanger. The next process, shown in figure 1.21(c), is the
adiabatic demagnetization (3—4) where, without any fluid flowing, the
magnetic field is removed and the magnetic material temperature decreases
because of the MCE. Finally, the heat transfer fluid flows through the bed
from the hot to the cold end (4—1), as figure 1.21(d) exhibits, with the
applied magnetic field kept fixed at the minimum. The resulting hotter fluid
cools the bed and reach a temperature lower than Tc. At this stage the
secondary fluid absorbs heat from the cold heat exchanger producing a
cooling load.

The AMR cycle described in this section has the peculiarity to employ a
heat transfer fluid which has alternative motion. Other project solutions
could take to dightly modifications of the cycleimplementation.
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Figurel.21(c) Third process of AMR cycle: adiabatic demagnetization.
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Figurel.21(d) Fourth process of AMR cycle: hot-to-cold end fluid flowing.

[.5.2 Active Magnetic Regenerative Rotary refrigerant (AMRR)
cycle

At Astronautics Corporation of America, it has been introduced for the
first timein 2001 (Zimm, 2003) arotary AMR cycle, called Active Magnetic
Regenerative Rotary refrigerant (AMRR) cycle. The cycle has been applied
for afirg time on an AMRR system (Zimm et a., 2006), where a wheel with
multiple regenerators composed of a magnetocaloric material is kept in a
relative rotating motion with a magnetic field generated by magnetic group,
made of permanent magnets. The wheel is divided into six, separate active
magnetic regenerator (AMR) beds. The beds are subjected to an oscillating
flow of heat transfer fluid that is correctly phased relative to the position of
the bed in the magnetic field. Fluid flow is provided by a single pump and
fluid, exiting a bed during a cold-to-hot flow process, crosses the bed at an
elevated temperature, is cooled to the hot reservoir temperature, and is sent
into a bed that is experiencing hot-to-cold flow. The flow setup is analogous
for fluid exiting and entering the cold side of the regenerator beds. This flow
configuration is enabled by a sophisticated valve system; each bed contains
its own fluid manifold system that passes under a distribution and recovery
point at specific angular location.

The rotary regenerator considered in this section, useful to describe the
AMRR cycle, isaring that contains a number of regenerator beds which are
aligned back-to-back (i.e. the cold and hot ends of adjacent beds are
adjacent). Flow through the bed is in the tangentia direction. The
regenerator beds spin at constant angular velocity ® through a magnetic
group that covers a specified arc over the regenerator bed. In figures 1.22(a),
(b), (c) and (d) are described the four processed of the AMRR cycle,
following the “A” regenerator.
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Permanent
Magnet

Figurel.22(a) First process of AMRR cycle with respect to the
“A” regenerator: adiabatic magnetization.

outlet of the fluid

Figurel.22(b) Second process of AMRR cycle with respect to the
“A” regenerator: cold-to-hot flow.
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Figurel.22(c) Third process of AMRR cycle with respect to the
“A” regenerator: adiabatic demagnetization.
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Figurel.22(d) Fourth process of AMRR cycle with respect to the
“A” regenerator: hot-to-cold flow.

In the A regenerator, in the first process, the hot end of the regenerator
enters the magnetic field and therefore the bed is magnetized from the hot to
the cold end, as shown in figure 1.22(a). The cold and the hot sides of each
regenerator is labeled with C or H, respectively. Flow from cold to hot end
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of “A” regenerator is assumed to occur while the entire bed is inside the
magnetic field, as figure 1.22(b) exhibits. The demagnetization process
causes the A regenerator’s temperature decrease and there is no fluid flow
during this process, as shown in figure 1.22(c). Flow from the hot end to
cold end is assumed to occur while the entire bed is outside the magnetic
field, asvisiblein figure 1.22(d).

|.6 Magnetocaloric materials

Since Brown first applied ferromagnetic material gadolinium (Gd) in the
room temperature magnetic refrigerator in 1976 (Brown, 1976), the research
field of magnetic refrigeration working materials has been greatly expanded.
At first, some ferromagnets concerning the second order transition were
investigated for the large MCE existing in them. Recently the magnetic
materials undergoing a first-order magnetic transition become the focus after
the giant MCE was discovered in GdSiGe alloys. Nowadays a huge part of
researchers is orienting its attention on some new alloys of magnetocaloric
materials: as a result, many new materials with large MCEs (and many with
lesser values) have been discovered, and a much better understanding of this
magneto-thermal property has resulted. A number of new magnetocaloric
substances with substantial cooling capacity have been discovered: the
lanthanide aluminides; the La manganites, some of which have MCEs
comparable to Gd between 220 and 290 K; the tunable giant MCE for room
temperature range. The latter two along with the well-established Gd offers
considerable promise that practicd near room-temperature magnetic
refrigeration/cooling isjust around the corner.

|.6.1 Thecriteriafor selecting magnetocaloric refrigerant

In terms of the theoretical analyses and the magnetocaoric nature of
exigting materias, the criteria for selecting magnetic refrigerants for active
magnetic refrigerators are given as follows (Phana and Y ub, 2007; Aprea et
al. 2015h):

o the large magnetic entropy change and the large adiabatic
temperature change (i.e., the large MCE) at moderate magnetic
field;

o the large density of magnetic entropy (it is an important factor
contributing to the working efficiency of materials);

o thesmall lattice entropy;

o nearly zero magnetic hysteresis (it is related to the working
efficiency of a magnetic refrigerant material);

o very small thermal hysteresis (thisisrelated to the reversibility of
the MCE of a magnetic refrigerant material);
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small specific heat and large thermal conductivity (these ensure
remarkabl e temperature change and rapid heat exchange);

large electric resistance (i.e., the lowering eddy current heating or
the small eddy current loss);

high chemical stability and simple sample synthesis route are also
required for magnetic refrigerant materias;

no toxic or too expensive elements,

corrosion resistance materia;

limited number of elementsin the compound in order to facilitate
the control of reproducibility;

synthesis process compatible with large-scale production;
instantaneous M CE corresponding to a magnetic field variation;
small volume variation.

1.6.2 Magnetic cooling efficiency

The magnetic cooling efficiency of a magnetocaloric material can be, in
simple cases, evaluated by considering the magnitude of ASy or ATa and its
full-width at half-maximum (8§ Trwm) (Phanaand Y ub, 2007).
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Figure1.23 An example of the evaluation of relative cooling power based on
the temper atur e dependence of magnetic entropy change, RCP(S).
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It is possible to define the product of the ASy maximum and the full-
width at half-maximum:

5TFWHM = TZ - Tl (|24)
as

which stands for the so-called relative cooling power (RCP) based on the
magnetic entropy change. An exampleisreported in figure 1.23.

Similarly, the product of the maximum adiabatic temperature change AT«
and the full-width at half-maximum 8Trwvhm 1S expressed by

which stands for the so-called RCP based on the adiabatic temperature
change.

1.6.3 Classification of magnetocaloric materials

Some promising magnetic materials employable as candidates for
magnetic refrigeration in the future are described later.

1.6.3.1 Crystalline materials containing Rare Earth Metals: Gd and its
alloys

The most employed material for the refrigeration at room temperature is
gadolinium, a rare-earth metal which exhibits a second order paramagnetic
to ferromagnetic trangition at its Curie temperature (T = 294 K) which
exhibits excellent magnetocaloric properties. Gadolinium (Gd) is the only
rare earth which orders magnetically near room temperature and is often
considered to be a simple Heisenberg ferromagnet, i.e., a representative
classical ferromagnet. The paramagnetic to ferromagnetic phase transition is
a second-order phase transformation.

There are severa reasons why Gd is considered a benchmark materias
for magnetic cooling applications: since Gd is considered a classica
ferromagnet and it orders near room temperature, it is quite easy to carry out
experiments to gain a better understanding of the nature of the paramagnetic
to ferromagnetic phase transformation. Second, this transformation has a
potentially large practical importance, specifically with regard to magnetic
cooling and heating near room temperature. Figures 1.24, 1.25 and 1.26
report, respectively, the curves of -ASw(H,T), ATa(H,T), Ce(H,T), with
respect to temperature (Griffel et al., 1954; Dan’kov et al. 1998).
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Figure1.26 Heat capacity of single-crystal of gadolinium measured under
different magnetic field induction.

The heat capacity is a useful tool for studying magnetic phase transitions
in the lanthanide metals and their compounds. Theoretical and experimental
investigations of the heat-capacity behavior of some Gd-based compounds
can be found in the literature (Blanco et a., 1991; Bouvier et al., 1991;
Dan’kov et al. 1998). Usually the heat capacity at constant pressure Cp(T)
behaves abnormally near the temperature where magnetic phase transitions
occur. Hence, the behavior of Ce(H,T) as a function of temperature and
magnetic field can be used to examine the nature of the magnetic phase
transition.

In figure 1.27 is reported AT«(H,T) of gadolinium measured under a
magnetic field induction which varies between 0+2 T, under both adiabatic
magnetization and demagnetization (Aprea and Maiorino, 2010). It is clearly
visible that even if they are located around Tc, the temperature where
ATa(H,T) is maximum are dightly different. This is due to a different
behavior of the gadolinium magnetization near the Curie temperature, with
respect to the magnetic field induction considered, as appreciable in figure
1.28. Therefore deriving the function M(B,T), two different functions have
been obtained for ATx(H,T) (equation 1.16). Moreover both two other
different functions have been founded for ASu(H,T) through equation I.15.
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Figurel.27 AT (H,T) of in single crystal of gadolinium measured, during
adiabatic magnetization and demagnetization, under a magnetic field
induction which varies in 0+1.5 T.
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Figurel.28 M (B,T) of in single crystal of gadolinium.

In a study of the magnetic properties of Gd-based materials with Curie
temperatures between 250 and 350 K, Pecharsky and Gschneidner, Jr.
(Pecharsky and Gschneidner Jr., 1997) in 1997 have discovered an
extraordinarily large magnetocaloric effect in Gds(Si.Gey).

GdsSis orders ferromagnetically at 335 K. The related phase GdsGes,
orders antiferromagnetically at much lower temperature. When Ge
substitutes for Si in Gds(SiGe)s, the Curie temperature is lowered from 335
to 295 K at the Gds(Si-Ge;) composition. Further substitution of Ge for Si
induces the appearance of a then unidentified intermediate phase and the
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beginning of a sharp decrease in the ordering temperature when the Si:Ge
ratio is further reduced (Holtzberg et a., 1967). Experimental studies
(Pecharsky and Gschneidner Jr., 1997) confirm that the extended solid
solution Gds(SixGe1.x)4 exists for 1<x<0.5 and that the Curie temperature of
GdsSi4 is gradually lowered from 335 to 300 K near the Gds(Si-Gey)
composition. Gds(SixGei-x)a compounds (wherel<x<0.5) are among the most
promising compounds for magnetic refrigeration. Alloys of gadolinium,
silicon and germanium, Gds(SixGeix)a show a First Order Magnetic
Trangition (FOMT) characterized by a peak of ATy and ASw much greater
than gadolinium ones, but the whole function is quite sharper in Gds(SixGe-
x)4 dloys. In particular, Gds(Si.Gez), which exhibits the larger MCE among
Gds(SixGerx)a compounds and which is named GIANT magnetocaloric
effect, presents two different phase transitions. At 276 K one can observe in
Gds(Si:Gez) a FOMT which constitute the MCE highest temperature peak,
whereas at 299 K it is possible to appreciate a Second Order Magnetic
Transition (SOMT) where, according to it, the materia orders
paramagnetically. Nevertheless Gd5(Si.Ge;) shows a moderate hysteresis of
2K (von Mooset al., 2015).

Figures 1.29 and 1.30 report, respectively, the curves of -ASu(H,T),
AT(H,T), with respect to temperature and under various magnetic field
inductions (Pecharsky and Gschneidner Jr., 1997). The adiabatic temperature
rise for Gds(Si2Ge,) is quite sharp and extends over a narrow temperature
range, just as the ASv. The AT« values of Gds(Si2Gey) are larger than the
corresponding AT values for Gd > 30%, by comparing the peak values,
regardiess of the temperature. The magnetic field dependencies of the heat
capacities Cp(H,T) of Gds(Si-Gey) compared with Gd are shown in figure
1.31(a) and 1.31(b), respectively. Furthermore, the inset of figure 1.31(a)
contains the curves of total entropy S(T) of Gds(Si-Ge,), parameterized for a
number of magnetic field inductions. One notices a significant difference in
the influence of the magnetic field on the heat capacity of the two materials.
For Gds(Si>Ge,) the low temperature heat capacity peak is quite sharp and it
essentially retains the same shape, whereas the peak height falls off and the
peak temperature increases more-or-less in a linear fashion with increasing
field. In contrast, for Gd the peak is reduced in height by low magnetic
fields, becomes rounded off, and is spread out over a wide temperature with
increasing field.

This difference is because for Gds(Si.Ge,) the lower temperature and
dominant magnetic ordering [ferromagnetic (1) — ferromagnetic (I1)] is a
first order phase transformation, while for Gd it is a second order
transformation. The field dependence of Gds(Si:Ge;) entropy, which is
shown in the inset of figure 1.31(a) indicates that the S(T) discontinuity is
shifted to higher temperature by increasing magnetic field and that the
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transition remains thermodynamically a first order phase transformation in
magnetic fieldsas high as 7.5 T (and, maybe, even 10 T).
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Figurel.29-ASu (H,T) of Gds(S2Gez) parameterized for different magnetic
field induction and compared with gadolinium.
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Figurel.30 ATad (H,T) of Gds(S2Ge,), in comparison with Gd, for magnetic
field inductions which change from0to 2 and fromOto 5 T.

35



Chapter |

(l
2
1

Gd

— 5T
[ —— 10T

. - ¥

TR VI S - —
-
s

8. Wig-at K)
&

élf{

.|‘l
250 20 20 MO 330 0 JPHe
Temperature (K)

Heat capacity [J/g-at K}
8

w m
-0 0T
20 —— 1T
—e— 5T 10F
—— 15T
10F —— T
Gd,(S1,Ge,) a
0 . .
0 5 100 150 200 250 30 30 c 50 100 150 200 250 30 30
Temperature (K) (a) Temperature (K) (b)

Figure1.31 The heat capacity of Gds(S.Ge;) as a function of temperature
and magnetic field (a) in comparison with that of pure Gd (b). Theinset in
(@) shows total entropy of Gds(S2Gey) as a function of temperature and
magnetic field, as determined from the heat capacity.

1.6.3.2 Crystalline materials containing Rare Earth Metals:
La[Fe(S,Al)] 13 compounds

The La-Fe binary phase diagram shows an immiscible system, in which
no intermetallic compounds form. The addition of small amount of Si or Al
allows the formation of a ferromagnetic face-centred-cubic structure; this
intermetallic compound exhibits very interesting magnetic behaviour with
GMCE for LaFei14Si16 (ASw closeto 20 J kg 'K™! at 210 K, for H =5T)
(Hu et al., 2001). This was ascribed to a first-order itinerant electron
metamagnetic transition, where a volume change of approximately 1% does
not change the crystal symmetry. The itinerant electron metamagnetic
transition can be lost due to compositional effects, leading to SOMT, which
reduces M CE but implies negligible hysteresis |osses.

Tuning the temperature transition either by changing the Fe/Si ratio or
subgtituting a different Rare Earth metal for La yielded an almost linear
relationship between Sy and Tc. Moreover, the FOMT changed to a SOMT
as temperature increased. A more efficient way to shift Curie temperature to
higher temperatures, however, is by partia Co substitution for Fe, as the
magnetic moment of Fe is not serioudy affected by Co substitution, but for

36



Magnetic refrigeration: generalities

LaFe;s—Six the average magnetic moment of Fe atoms decreases 0.286 uB
per S atom. Hydrides (H’) are aso known to shift the temperature of the
FOMT to higher vaues, without diminishing |ASu| values, and with an
enhancement of ATy as the heat capacity remains almost unchanged.
However, hydridesin this compound are unstable above 423 K.

Single-phase La(Fe,Si)13 aloys are very difficult to obtain and generally
contain impurities, even after prolonged annealing at high temperature.
These impurities must be factored into any comparison of different results,
as composition can be inhomogeneous, and thus multiphase, rather than
single-phase, behaviour should be expected. The use of Al instead of S to
stabilize the face-centred-cubic structure is less effective with respect to
MCE (Franco et d., 2012).

Two interesting compounds among La(FeS)iz aloys for magnetic
refrigeration at room temperature are: LaFer138sMnoaseSiizsH1s2 (Morrison
et d., 2012), which has afirst order magnetic phase transition at 290 K, and
LaFeisxyCoxSiy (Bjork et al., 2010a), where the chemical composition of
these are LaFe11.06C00.86Si 1.08, LaF€11.05C00.04Si1.01 and LaFe1096C00.97Si1.07, iN
order to varying the Curie temperature in 275.8+289.8 K.

In figure .32 and 1.33 are reported L aFer1.384MNo.356Si 1.26H1.52 ASM(H,T)
(under a magnetic field induction of B = 1.2T) and AT«(H,T) afield change
of 0.4, 0.8, and 1.2 T where the starting field value was zero.
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Figurel.32-ASu (H,T) of LaFei138sMnoas631.26H1.50 under 1.2T as magnetic
field induction.
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T (K)
Figurel.33A4Ta (H,T) of LaFer3saMno3s6S1.26H152, for magnetic field
inductions which changefrom0t0 0.4 T, 0.8Tand 1.2 T.
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Figure1.34 The heat capacity of LaFei1.3s4Mno 3563 1.26H1.52 as a function of
temperature and for different magnetic field change.
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Figure 1.34 exhibits heat capacity of LaFei138sMno3s6Si1.26H1.5. One can
notice the peak’s right-moving, together with magnetic field increasing,
whereas the absolute value of the maximum is falling.

The properties of the LaFeCoSi samples are compared with the properties
of commercial grade gadolinium, here simply termed Gd. This gadoliniumis
much cheaper than pure gadolinium, but the purity is also lower. The
commercia grade gadolinium contains 99.5% rare earth metal, of which
99.94% are gadolinium. In figure 1.35 are shown ASw(H,T) of the above
mentioned LaFeCoS samples, under a magnetic field whose induction
varies in the 0+1 T range. The peak temperature increases together with X,
whereas the highest absolute value of ASw(K) is registered for
LaFei1.06C008sSi1.08 @t its Curie temperature (275.8 K). Figure 1.36 displays
ATa(H,T) of LaFeCoSi dloys, under 1T as magnetic field induction, which
starts from a zero value. The transition temperatures are 277.1 K, 287.1 K,
289.6 K, raspectively for LaFei1.06C0086Si1.0s, LaFei10sC00aaSiior and
LaFe1096C00.97Si1.07. The specific heat capacity Cp(H,T), reported in figure
1.37, was measured at external field values of 0 to 1 T | n a temperature
interval from 250 to 310 K; no hysteresis is observed in the LaFeCoS
samples. The position of the peak of both AS, Cp and ATad changes between
the three different composites of LaFeCoSi aloy. Thus, it is clearly seen that
the peak position is tuneable in room temperature range.

8 T ! )
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———LaFey1,05C0g.045i1 01
———LaFe}0.96C00.975i1 .07
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-
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Figurel.35-45w (H,T) of LaFeCoS compounds under 1T as magnetic

field induction, compared with a commercial Gd sample.
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Figure1.37 The heat capacity of LaFeCoS compounds as a function
of temperature under 1 T, compared with commercial gadolinium.
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[.6.3.3 Rare Earth-Free Crystalline Materials: MnAsalloys

MnAs alloys also assume the role of candidates for new magnetic
refrigeration materials at room temperature because those compounds have a
giant MCE exhibiting at first order magnetic transition; by varying alloy's
composition, the Curie temperature could be switched in the range 220+318
K. Anyway, MnAs shows also a thermal hysteresis that is bad for practical
application. Among Mn-based compounds, MnFePy.xAs, compounds that are
stable for 0.15 < x < 0.66 and exhibit interesting magnetic properties
associated with a first order metamagnetic transition. The Curie temperature
of the dloy increases linearly with the As contents. MnFeP..xAs shows a
large magnetic entropy change with the same magnitude as GdsSi,Ge,.

MnFePossASoss, 1S an interesting MnAs aloys: it undergoes a FOMT
from paramagnetic to ferromagnetic at 307 K (on heating) according to a
rapid decrease of the materia parameters which changes its Debye
temperature and its electronic structure (de Oliveira and von Ranke, 2005).
The first order transition occurs at 302.8 K on cooling, and at 306.6 K on
heating. This indicates a thermal hysteresis of 3.8 K. The change in volume
at the transition temperature is about 2.2%. The adiabatic temperature
change for these compounds is relatively low and the thermal conductivity is
significantly lower than that of gadolinium and other magnetic materials.
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Figure1.38 Isothermal entropy change I sothermal entropy change ( -4S) for

MnFePq 4sAs0s5. The dotted, solid and dashed lines correspond to a magnetic

field induction from0to 1.45 T, from0to 2 T and from O to 5 T respectively.
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In figure 1.38 is shown the isothermal entropy change AS(H,T) of
MnFePo.4sAsos5, measured under different magnetic field inductions. The
large value of the isotherma entropy change in the compound
MnFePy4sASss 1S associated with the first-order magnetic phase transition,
which is due to the strong magneto-€l astic coupling.

Figure 1.39 reports the adiabatic temperature change ATa.(H,T) of
MnFePy.4sA 055, measured under different magnetic field inductions. Under
a magnetic field induction varying in 0+5 T range, a maximum ATx(H,T) of
7.4 K has been registered around the Curie temperature of the compound,
whereas for a 0+2 T variation, the maximum MCE measured corresponds to
3.5 K as adiabatic change of temperature.

Figure 1.40 displays the specific heat capacity of MnFePyssASyss,
evaluated during a magnetic field induction growing from O to 1 T. The
curve exhibits a peak at 305 K, a slightly lower value than Curie point.
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Figure .39 Adiabatic temperature change (ATag) for
MnFePo.4sA055 for a magnetic field induction from0to 1.45 T
(dotted line), fromO0to 2 T (solid line) and from0to 5 T (dashed line).
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Figure .40 MnFePy 4sAS 55 heat capacity, evaluated
under a magnetic field induction varying from0to 1 T.

1.6.3.4 Oxide Materials: manganese perovskites Pr1.xS'xMnO3

The best oxides for MCE around room temperature are manganese
perovskites: among them, the series Pr1xSrxMnQOs is noteworthy, since it has
the advantage to contain fewer elements, so to have an easier synthesis and a
better control of Curie temperature. Since the Tc¢ in PrixSrkMnOs was found
to be very sensitive to the substitution level (displacement of about 4 K per
% of Sr, inthisrange of x), several x values could be investigated.

Pro.esSrossMnQOs, investigated by Guillou et a (Guillou et d., 2012), isa
SOMT manganese perovskite whose Curie temperature is located at 294 K,
where a modest MCE has been observed. Figure 1.41 reports the isothermal
entropy change AS(T,H) evaluated for ProesSrossMnOs; under a magnetic
field induction which rises from 0 to 1 T. The intensity of the peak, located
at 295 K, isabout -2.3 Jkg K.

Figure 1.42 shows the adiabatic change of temperature ATa(H,T)
calculated for ProesSroasMnOs in case of afield change AB=1T. Consistently
with the AS(T) curve, the peak is found to be located just below 295 K.
Figure 1.43 exhibits the specific heat curve Cp(H,T) of ProssSrossMnOs under
a magnetic field induction rising (red line) and falling (black line) in 0+1 T
range.
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Figure .42 Adiabatic temperature change (ATad) for ProesS 0.3sMnQOs,
measured for a field change of 1T.
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Figurel.43 Cp(H,T) measured forProes303sMnOs, measured for a field
induction rising (red line) and falling (black line) in 0+1 T range.

[.6.4 General summary of magnetocaloric materials

Table 1.1 summarizes the physical and MCE characteristics of the
presented magnetocaloric materials in the room temperature range: AT and
ASy reported are the peak value evaluated under a magnetic field induction
AB of 1.5 T. The FOMT materials have peak values of ATad and ASv always
higher than Gd ones. Gds(Si>Gey) shows the higher peak value, but at lower
temperature with respect to the ones proper of the other materials
considered. Gadolinium has the greatest thermal conductivity value, but it is
comparable with the ones of La(FeSi)1s aloys.

Table |.1 Physical and MCE characteristics of magnetocaloric materials in
the room temper ature range.

Materials Tc  ATa ASu P k
[K] [K] [JkgK] [kg/mT [W/mK]

Gd 294 6 5 7900 10.9
Gds(Si2Ge) 276 7.8 14 7205 58
LaFe11.384MnNo.356Si1.26H 152 290 5 10.5 7100 9

LaFei1.05C00.94Si1.01 287 3.17 55 7290 8.9
MnFePo.4sA So 55 307 4 12 7300 25
ProssSroassMnOs 295 15 25 5800 1.8
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Table 1.2 reports the main parameters of the different materialsin order to
compare them in terms of RCP vs. costs. In terms of RCP(T) and RCP(S),
Gd is the best materia for magnetic refrigeration; Gds(Si-Gey) dso shows
acceptable values. From a commercial point of view, Gds(Si-Ge>) and Gd are
very expensive and the magnetic transition metals are more adequate than
the rare earths for industrial production of magnetic cooling engines scopes.
The price of MnFePyssAsoss is quite low, but processing of As is
complicated due to itstoxicity.

Table .2 A comparison among magnetocal oric materials
in terms of relative cooling powers and costs.

Materials RCP(T) RCP(S) Price
LS [Jkd] [€/kd]
Gd 187 240 3000
Gds(SiGey) 117 154 9000
LaFe11.384MNo.356Si 1. 26H1.52 50 115 1200
LaFe11.05C00.04Si 1.01 30 83 1200
MnFePo.45A So.55 40 180 1500
Pro.ssSro.3sMNOs 27 38 1050
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Figurel.44 -4Sw (H,T) temperature’s function measured under 1.5T as
magnetic field induction, for the presented magnetocaloric materials.
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In Figure 1.44 and 1.45 are reported ASy and AT as a function of
temperature for the above mentioned magnetic materials, under a magnetic
field induction varying in 0+1.5 T (Aprea, 2015b). Fig. 1.44 clearly shows
that Gds(Si2Gey), LaFeir.38sMnosseSi26H 152 and MnFePo 45A .55 compounds
exhibit the greatest values of ASu. These materials are FOMT and therefore
the magnetic entropy variation due to MCE is confined in a quite small
temperature range. On the other side Gd shows lower values of ASu but
MCE effect spreads over a broad temperature range. ProesSrosMnOs
displays a very low magnetic entropy change in the whole temperature
range. Figure 1.45 reveals that Gds(Si-Gez) and Gd present higher values of
ATa, Whereas MnFePossAsoss has the disadvantage that the adiabatic
temperature change is not very large due to the reasonably higher heat

capacity.
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Figurel.45 ATaq (H,T) temperature’s function measured under 1.5T as
magnetic field induction, for the presented magnetocaloric materials.
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Chapter ||
The Rotary Permanent Magnet
Magnetic Refrigerator

I1.1 Rotary Permanent Magnet Magnetic Refrigerator design

This chapter illustrates a Rotary Permanent Magnet Magnetic
Refrigerator (RPMMR) (Apreaet al., 20144, 2014b, 2016¢, 2016d), which is
the first Magnetic Refrigerator developed in Italy. The device has been
developed at the Refrigeration Lab (LTF) of the University of Salerno in
cooperation with the University of Naples "Federico 11" and it presents a
rotating magnetic group, whereas the magnetocaloric material (MCM), i.e.
gadolinium, is stationary. 8Mag is the name of the device, visible in figure
I1.1, which comes from both the octagona shape of magnetic system and the
total number of regenerators employed. The 8Mag principle of operation is
based on the AMR thermodynamical cycle. Below are described the design
choices and the technical solutionsthat led to this fina design.

[1.1.1 Magnetic system: design and testing

The magnetic system, illustrated in figure 11.2 and 11.3(a) is composed of
four permanent magnet assemblies, which are arranged in a “double U”
configuration, as clearly visible in figure 11.3(b). The magnets are held by
two aluminum supports and mounted on a shaft, so that the axis of symmetry
in the U arrangement coincides with the rotational axis of the magnetic
group.

Thanks to the “double U” extensions, this configuration provides two
high (HMF) and two low magnetic field (LMF) hemicycle regions.
Specificaly, in the HMF region, the magnetic flux density (B) is greater or
egual to 90% of the peak magnetic flux density, whereas in the LMF region,
B islessthan or equal to 2% of the peak flux density.
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Figurell.1 Picture of 8Mag.
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Figurell.2 Sde view of the 8BMag magnetic system.

The design process focused on the following objectives: uniform flux
density in the HMF and in the LMF regions, high accessibility to the MCM,
and large MCM mass. The price to pay for the regenerator accessibility is
the lack of a common iron yoke for the return flux lines, thus reducing the
efficiency of the magnet design. A number of configurations were simulated
using finite element method, and the final solution resulted in a design based
on a Halbach array structure segmented in three differently magnetized
components, two horizontally and one vertically oriented, as shown in figure
I1.4. The magnets are grouped in four sets, two defined as North Poles and
two as South Poles. Each assembly is a hemicycle, with an opening angle of
80°, an outer diameter of 520 mm, an inner diameter of 170 mm, and a
height of 100 mm. Each assembly consists of 90 magnetized blocks, which
are monolithically glued together and encased in a steel yoke. Each segment
ismade of sintered NdFeB with aresidual Br of 1370 mT (as declared by the
manufacturer). Two sets of paired ring-nuts, as in fig. 11.3(a), lock each
magnet assembly on the support shafts and allow for adjusting the distance
between the upper and the lower U arrangements, for which the ar gap
between the magnetic poles can be set between 20 mm and 50 mm.
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Figurell.3 (a) 8Mag core details: 1)permanent magnet assembly;
2)mounting support; 3)shaft-rotary valve combination; 4)regenerator;
5)magnetocal oric whedl; 6)fluid manifold to/from regenerators; 7)fluid

manifold to/from heat exchanger; 8)bearings, 9)adjustable rings.

(b) Longitudinal (A-A) and axial section (B-B) of the device core.
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Figurell.4 Halbach array configuration adopted in 8Mag
(longitudinal section).

The 8Mag design provides two magnetized regions, each shaped as a
hemicycle, asfigure 11.3(B) demonstrates, with an outer diameter of 410 mm
and an inner diameter of 280 mm. In the current configuration, the air gap is
set to 43 mm. The flux density was measured (with a Hall probe) as a
function of the angle, radius, and height. As shown in Fig. 11.5(a), the flux
density is periodic with a period of 180°, with the peak flux density as high
as 1.25 T in the high magnetic field region (HMF) and aslow as 0.01 T in
the demagnetized region (LMF). Furthermore, as visible in Fig. 11.5(a), each
HMF region is 60° wide, whereas each LMF is 70°. The remaining width of
50° belongs to the transition regions.
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Figurell.5 (a) Measured flux density as a function of the rotation angle at
three radial positions: Hot end (200 mm); middle end (177.5 mm); cold end
(155 mm). (b) Flux density as a function of the radial position for three
angular positions (0°, 45°, 90°): the markersidentify the experimental
results (exp.), whereas the lines report the simulated values (sim.). Zerois
not the symmetry axis but the inner diameter of the magnetic system. The
cold end of the regenerator islocated at 65 mm, and the hot end is
located at 110 mm.
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It is useful to mention afigure of merit for evaluating magnetic structures
in magnetic refrigerators, which has been previoudly introduced in literature
(Bjark et a., 2010b), defined as:

_ (52/3 52/3\ Vrield
Acool - (BHigh - Low) szg Pfield (”-1)

where By;gp is the average high magnetic field intensity, By,,, is the
average low magnetic field, Vmag iS the volume of the magnets, Viiaq is the
volume with a high magnetic flux density equal to Buigh, and Priaq IS the
fraction of an AMR cycle for which the field generator is actively used. Due
to the fact that the magnets in the 8Mag continuously rotate, always
engaging at least one AMR bed, the Psaq parameter is equal to 1. The
magnetic flux distribution, reported in figure I1.5(a) shows that:
e there is a volume 80° wide where the average magnetic field
intensity is equal to the lower limit of the magnetic flux density
inthe HMF region (1.12 T);
e intheLMFregion, theBis0.06T.
Consequently, considering a Brigh equal to 1.12 T, the Vg iS equal to 2.7
| and BLow iS0.06 T, whereas the total volume of the magnetic system is 32.5
|. These values lead to a Acoa Of 0.08. Figure 11.5(b) shows that the s mulated
flux density is in agreement with the experimental measurements with a
maximum error of 5%. Table Il.1 presents the simulated flux densities for
different air gaps and the relative Acoo parameter.

Table 1.1 Performances of the magnetic
system for different height of air gap.

Air gap Flux density Acool
[mm]  HighB[T] Peak[T] [T%3]
20 1.60 1.70 0.05
43 110 1.25 0.08
50 0.85 0.98 0.09

[1.1.2 Hydraulic system design

A pump-rotary valve combination creates an oscillating fluid flow
through the regenerators, allowing a unidirectional flow in the system
outside the regenerators and the tubing leading to them from the valve. With
the purpose of reducing the total dimensions of the device, the valve has
been located centrally, as indicated in figure 11.3(a), and it also acts as the
drive shaft. The valve consists of two main parts: a rotor and a stator. The
rotor operates both as a rotary manifold and as a shaft for the magnetic
system. For this purpose, a cylindrical shaft made of stainless steel has been
drilled to achieve an internal hydraulic circuit. The rotor has been directly
linked to the magnetic system; consequently, the rotational frequency of the
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magnets is the same as the rotational frequency of the rotor. The stator is

rigidly fixed to the support of the regenerators, and it is divided into a hot

sub-valve (HV) and a cold sub-valve (CV). Each sub-valve has eight portsto

hydraulically connect the regenerators to the rotary manifold and two

additional portsto complete the hydraulic circuit with the heat exchangers.
Fig. I1.6 illustrates the equivalent hydraulic circuit.

Figurell.6 Equivalent hydraulic circuit: Vyp is the valve connected with the
hot end of the demagnetized regenerators; Vc,pis the valve connected with
the cold end of the demagnetized regenerators; Vi misthe valve connected

with the hot end of the magnetized regenerators; Vcwmisthe manifold
connected with the cold end of the magnetized regenerators. RO° and R180°
are the magnetized regenerators, hydraulically in parallel flow; R90° and
R270° are the demagnetized regenerators hydraulically coupled to RO° and
R180°, also in paralld flow.

The rotation of the magnets and that of the manifold are synchronized,
during the operation of the drive motor.

Demineralized water is used as the regenerating fluid, and a commercial
rotary vane pump, able to return a maximum volumetric flow rate of 16
[/min at 1.6 MPa, has been adopted. As suggested by the literature (Lozano
et a., 2013; Zamni et a., 2012) the regenerating fluid included corrosion
inhibitors to protect the gadolinium. A three-phase ac motor controlled by a
frequency inverter drives the pump so that the volumetric flow rate can be
varied during operation. The hydraulic circuit tubing is polyethylene, and the
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tubes connecting the regenerators to the rotary valve are clear polyamide so
that the fluid can be visually inspected during filling. Because the fluid flow
in the heat exchangers is unidirectiona, they are not constrained to be
adjacent to the regenerators. Therefore, the heat exchangers can be
conveniently installed, modified and replaced, simplifying the process of
testing their performance. During theinitial tests, a conventional coaxia heat
exchanger was adopted as a hot reservoir, whereas a finned tube heat
exchanger was used as a cold reservoir. Air, of which the temperature can be
adjusted by an electrica heater managed by a PID controller, is vented
externaly to the finned tube heat exchanger as the thermal load. A by-pass
alows excluding the cold heat exchanger during testing. Additional
components are needed for fluid filling, purging, and avoiding pump
cavitation. Two automatic air vent valves and a closed expansion vessel have
been installed.

I1.1.3 Regenerator design and magnetocaloric material employed

The 8 regenerators are supported by an auminum structure (or
magnetocal oric whedl) with 45° spacing. This assembly is constrained to the
stator of the rotary valve and to the frame of the device. Each regenerator,
visible in figure 11.7, consists of a magnetocaloric material (MCM) matrix
enclosed in a shell made of PA6-G MO (polyamide and M0S;). This
materia is inexpensive and it has low therma conductivity (0.23 W/mK),
good machinability, and good mechanical strength. A stainless steel (AISI
304) lid isfastened on the top of the shell, and an O-ring ensures its sealing.

The final dimensions of the shell-lid combination were obtained with the
help of a FEA model built through COMSOL, a finite element method
software) and it was designed for a minimum safety factor of 2.5 and a
maximum internal operating pressure of 1.5 MPa. Each assembly was tested
at 2.0 MPa with no fracture or water leakage. To reduce heat losses, a plate
of SB (polystyrene copolymer) with a thermal conductivity of 0.14 W/mK
was bonded to the inner side of the stainless-steel lid. Push-to-connect
fittings are indtalled at each end of the regenerator shell to hydraulically
connect the regenerator to the rotary valve to the temperature and pressure
sensors. Two rapid prototyped diffusers are located at the inner ends of the
shell with the objective of homogeneously distributing the flow as the water
reaches the regenerator matrix.

Each regenerator has a height of 20 mm, a length of 45 mm, and a width
of 35 mm. The aspect ratio is 1.5 and the volume available for the MCM is
31.5 cm?®. The regenerators consist of packed gadolinium spheres with a
diameter in the range of 400-500 microns. As declared by the manufacturer,
the gadolinium spheres were obtained using a Plasma Rotating Electrode
Process (P.R.E.P.), which led to a purity of the gadolinium equal to 99.82%.
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Each regenerator housing was filled with 150 g of gadolinium with a
mean porosity of 0.35. The total MCM mass in the device was 1.20 kg with
only 60% of the total available MCM volume being used.

Figurell.7 Regenerator details: 1) shdl, 2) diffuser, 3) magnetocaloric
material, 4) push-in fitting.

I1.1.4 Drive system and operating characteristics

The drive system, reported in table I1.2, consists of a brushless DC motor
rotating the magnets at variable speed between 0.1 and 1 Hz. The motor is
coupled to the rotor side of the valve through a planetary gear-head with a
reduction ratio of 93:1. A digital encoder and a programmable speed
controller complete the drive system. This results in an available maximum
continuous torque of 70 Nm at 54 rpm.

Table 1.2 DC Motor and planetary gearhead combination data.

Brushless DC Motor

Nominal voltage 48 [V]
Nominal speed 4960 [rpm]
Nominal torque 0.747 [Nm]
Nominal current 0.733 [A]
Maximum efficiency 86%
Planetary gearhead
Number of stages 3
Reduction 931
Maximum efficiency 70%

As previoudly announced, the rotation ensures the simultaneous operation
of the valve and magnets. During the rotation of the magnetic system, the
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relative angular position between the rotor and the stator of the rotary valve
imparts the fluid flow direction. The diameter of the portsis dimensioned to
match the appropriate flow timing during high and low fields. Each
regenerator-blowing phase corresponds to 45 degrees of field generator
system rotation. A closed expansion vessel avoids pressure spikes during the
no flow condition when switching between active ports. As shown in the
equivaent hydraulic system of figure 11.6, the hydraulics of the regenerators
located in the HMF regions are in parallel, as are those located in the LMF.
For every full rotation of the magnetic system, each pair of regenerators
experiences two AMR cycles; therefore, the AMR frequency is twice the
frequency of the magnetic system.

[1.2 Experimental investigation

A number of different experimental investigations has been performed on
the rotary permanent magnet magnetic refrigerator 8Mag.

Initial tests have been conducted (Aprea et a., 2014a, 2015a) for the
characterization of the device performances under no applied thermal load,
while the refrigerant employed was gadolinium in packed bed configuration.
This typology of is not fully exhaustive for defining the operating limits of
8Mag, which requires further experimental investigation. For this reason,
other tests have been scheduled to study the energy performance of 8Magin
terms of refrigeration power, energy losses, and COP. Therefore, in
subsequent campaigns of tests (Aprea et a. 2016c, 2016d) the device
performances have been explored under the application of different cooling
load to carry out the RPMMR's answer in terms of cooling power and
coefficient of performance (COP).

[1.2.1 Experimental apparatus of the RPMMR

The experimental equipment of measurements of the RPMMR alows
measurements of temperature span, pressure drop, AMR frequency, and
volumetric flow rate of the regenerating fluid thermal load, electrical power
and COP.

Using PT100 thermo-resistances placed between the input and output of
each component, the temperature of the regenerating fluid is measured. In
particular, referring to figure 11.8:

e the temperature span (ATgan) IS the average time between the
temperature of the regenerating fluid exiting the hot side (Twro)
and the temperature of the regenerating fluid exiting the cold side
(TLro);

o thetemperature of heat regection (Tw) is the average time between
the temperature of the water exiting the hot side of the magnetic
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refrigerator (Twro) and the water exiting the geothermal probe
(Thr), both measured under steady state condition.

By using a magnetic flow meter placed between the pump and the hot
heat exchanger, the volumetric flow rate of the regenerating fluid is
measured. To estimate the pressure drop of the entire device, two
piezoel ectric pressure sensors placed between the input and the output of the
pump are employed. Referring figure 11.8, the total pressure loss is evaluated
as the average time over the difference between the pressure at the outlet
(Pow) and the pressure a the inlet of the pump (Piy). The pressure
measurements are also performed at the ends of the regenerators, with the
obj ective of measuring the blow duration and the pressure drop through the
regenerators.

:."IiTHFi ‘ il i I."I Tqu!

- /
—)

HOT
SOURCE CeLD
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boiler
[Tl
e

Ap = Po P
aTspan = THFO-TLFO

TH =
(Theo* Thr)/2

Variable
power supply

Figurell.8 A scheme of the experimental apparatus employed for
investi gating the energy performances of 8Mag.

Using the digital encoder on the motor, the AMR cycle frequency is also
measured. The test apparatus is equipped with 32-bit A/D converter
acquisition cards with a sampling rate of up to 10 kHz.

To measure the refrigeration duty provided by 8Mag, a cold heat
exchanger has been realized by the combination of electric resistance with a
thermally insulated pressure vessel. A variable voltage supply feeds the
electrical resistance to provide a thermal load that is variable from O to
500W. Water, the temperature of which can be adjusted by an electrica
heater managed by a PID controller, is used as a secondary fluid in the hot
heat exchanger.
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To measure the cooling capacity developed by the device, the outer
surface of the cold heat exchanger is thermally isolated. In this way, it is
possible to consider the following equation to be valid:

Qref = I/i/el,h (”-2)

where v‘vel,h, Is the electrical power that is absorbed by the electric heater
inserted into the exchanger and measured using a watt transducer. Using a
PT 100, temperature measurements on the outer surface of the insulation coat
of the exchanger are performed to verify the quality of the insulation level.
Moreover, using a 2 W transducer, the electrical power absorbed by the
pump (Wel,p) and the electrical power absorbed by the eectric motor used
for magnet rotation (Wel,m) are evaluated. For the evaluation of the COP, the
following equation is used:

cop=-—2ref (11.3)

Wel,m +Wel,p

In Table 11.3, the accuracies and the characteristics of the sensors,
employed for thisinvestigation, are reported.

Table 11.3 Characteristics of the sensors used and the accuracy of the
measur ements performed.

Quantity Characteristic Accuracy
Temperature RTD PT100 +0.1 [K]
Pressure Piezoel ectric pressure gauge +75 [kPa]
Volumetric flow rate Electromagnetic flow meter +0.5%
Frequency/rpm Optical encoder +0.01 [°/s]
Mass Electronic balance 0.2 [0]
Electrical Power Electromagnetic wattmeter +0.2 %
Torque Torgue transducer +0.5%
0] Procedureintroduced in section 11.2.2.1  £+5.3 %
COP Eqg. 11.7 and propagation error +0.35 %

The utilization factor was estimated from the fluid mass (M) over one
fluid flow period (Turaand Rowe, 2011):

Oclose y
Mf = fgo;eni:g ,DfV(H)dH (”4)
where V() is the fluid flow rate reported as a function of the rotation angle
0, Buosed IS the rotation angle for which the hole is fully closed and Ogpening IS
the rotation angle for which the hole is opening. Indeed, the utilization factor
isdefined as:

_ MsCs

=e (11.5)
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where Ms is the fluid mass blown over one cycle through a single
regenerator, C: is the fluid specific heat, Ms is the mass of a single
regenerator and Cs is the refrigerant specific heat in the demagnetized state
at the Curie temperature. The ® values in our experimental tests were
evaluated according to the procedure identified in the following section
(11.2.2.2).

A Virtua Instrument (V1) application developed in Labview collects the
signals from the sensors at fixed intervals. Steady state conditions were
assumed to be reached when a change in the recorded temperature span is
less than its measurement accuracy over a period of 300 s.

[1.2.2 Zero thermal load tests

In this section is reported a number of different experimental tests
conducted to explore the 8Mag's behavior when no thermal load is applied;
such typology is caled "Zero thermal load".

11.2.2.1 Experimental procedure and data analysis

During the tests, the operating conditions were analyzed for different
AMR cycle frequencies at different heat rejection temperatures, and the
volumetric flow rate of the water was kept constant. As Engelbrecht et al.
(2012) suggested, for al experiments, the temperature ambient was
controlled and kept in a narrow range, between 293 and 296 K. For the
purpose of the tests presented in this section, the cold heat exchanger was
excluded from the hydraulic circuit so that the no-load performance could be
measured while reducing the thermal losses to the environment.

Following the guidelines present in literature (Tura and Rowe, 2011;
Engelbrecht et al., 2012; Romero Gomez et a., 2013), the temperature span
was calculated as the average temperature difference between the fluid
exiting the hot end of the regenerator and the fluid exiting the cold end of the
regenerator (ATamr). Furthermore, as Romero Gémez et a., 2013 suggested,
the temperature span between the hot and cold source (at the heat
exchangers) is aso measured (ATsan). The pressure drop in the regenerator
is evaluated as the pressure difference between the fluid exiting the hot end
of the regenerator and the fluid exiting the cold end of the regenerator.
Because the fluid flow rate through the regenerator cannot be directly
measured, indirect estimates are evaluated using the pressure drop at the
ends of a regenerator for a range of fluid flow rates, whose results are
reported in figure 11.9. As suggested by severa authors (Engelbrecht et al.,
2012; Scarpa et d., 2012; Aprea et a., 2013), the Ergun equation (Ergun,
1952) was used to predict the pressure drops (Aperqun) Tor the fluid flow rate
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values. The estimation was then compared to the measured data. Following
the suggestions present in the literature (Macdonald et al., 1979; Yang,
2003), amodified Ergun equation was proposed:

150u (1—¢)? 1.75pf (1—¢)?
ApErgun + Faaa = Lpp [ 22 =3 Vo + p; f p VOZ] 105 +
P 4

+ (10.86V, + 61.98V%) (11.6)
where Lps is the length of the packed bed, d, is the diameter of the particles,
e is the mean porosity, pr is the density of the regenerating fluid, p is the

fluid viscosity and V is the undisturbed vel ocity of the fluid calculated using
the following equation:

v

Vo =
0™ 604,

1073 (11.7)

where Ao is the cross section of the regenerator and V is the fluid flow rate.

The additional factor (Faq) introduced in Eq. (11.6) accounts for both the
actual fluid flow distribution and the contribution of the diffusers and
fittings. Consequently, the Faq here introduced is valid only for the
configuration related to these experimental investigations. Different
regenerator designs or fluid distributions require new experimental anaysis
and a different Faq expression. The modified Ergun Eq. (11.6) and Eq. (11.7)
lead to a statistical model having a determination coefficient (R2) of 99.7%
and an accuracy of 4.3%. The derived expression of the Ergun relation was
obtained through an experimental apparatus consisting of a positive
displacement pump controlled by an inverter, aregenerator from the 8Mag, a
differential pressure reading at the inlet and outlet of the regenerator, and a
volumetric flow meter. The pressure drop could be correlated with the
volumetric flow rate. The corrective term was obtained from comparing the
predicted pressure drop from Ergun using (11.7) with the velocity derived
from the measured flow rates to the measured effective pressure drop.
Therefore, this procedure led to an indirect measurement of the fluid flow
rate by means of direct pressure measurements. Consequently, its accuracy
depends on the quality of the pressure sensor data.

To edimate the regenerative performance, the regeneration factor o
introduced by Romero Gomez et al. (2013) was eval uated from:

AT
5, = At (11.8)

where ATy is the adiabatic temperature change of the MCM due to the
maximum magnetic flux density change at the heat regjection temperature of
the test.

AT was estimated from data present in the scientific literature (Aprea
and Maiorino, 2010; Bjerk, 2010b; Trevizoli et a., 2012). To define the
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uncertainties of the indirectly measured quantities, an error propagation

analysis was performed according to Moffat (1985), and the results are
reported in Table 11.4.
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Figurell.9 The modified Ergun correlation. Comparison between the
experimental data (exp.) and predicted data from Eq. (11.6) (corr.).

Table 11.4 Error propagation analysis. (*) It has been assumed depending
both on the accuracy of the pressure gauges and on the accuracy of the
correlation presented in Eqg. (11.2). (**) The accuracy of ATad has been
assumed depending both on the accuracy of the tesla meter and on the
accuracy of the thermocouple.

Dimension Error
ATavr +0.4 K
ATspan +0.4 K
Ms (*) +5.2%
D +5.3%
Or +4.5%

11.2.2.2 Experimental results

Zero load tests have been conducted for the characterization of the device
performances under no applied thermal load, while the refrigerant employed
was gadolinium in packed bed configuration. Distilled water was employed
as aregenerating fluid.
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The tests were performed with the fluid flow rate fixed a 7 I/min,
whereas the AMR cycle frequency was varied in the range 0.36 + 1.79 Hz
(0.18 + 0.9 Hz shaft frequency) so that the utilization was in the range of
0.50 + 2.72. The Ty was aso varied over the range of 287 + 302 K to
characterize the performance sensitivity to the heat rejection temperature in
the proximity of the refrigerant Curie temperature.

[1.2.2.2.1 Pressure drop and utilization factor

Before estimating the pressure drop and utilization, an investigation of
the rotary valve sealing was performed through indirect measurement.
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Figurell.10 Sample of the pressure measurement at the ends of a
regenerator as a function of the rotation angle
(fluid flow rate= 71/ min and favr = 0.71 H2).

Figure 11.10 illustrates the pressure change at the ends of a regenerator
during a complete cycle. During the fluid flow phases, a differential pressure
IS measurable across the regenerator, whereas during the transition phases
(flow cut-off time) there is no pressure drop in the regenerators, suggesting
that seal leakage, if exigting, is sufficiently small that it cannot be detected
through an indirect measurement based on pressure readings. As expected
from the relatively low aspect ratio of the regenerators, their pressure drop is
rather moderate, with a maximum value of 0.17 MPa during the blow phase.

65



Chapter |1

Table I1.5 reports the fluid flow rates and utilization for a range of operating
frequencies. The maximum utilization of 2.83 was obtained at the minimum
rotational speed of 10.8 rpm (0.18 Hz) that the controller was able to
maintain without stalling the motor. The lowest utilization tested was 0.56 at
53.8 rpm (0.90 Hz). Because of the large dead volume between the
regenerators and the valve ports (up to 130% of the volume of the
refrigerant), utilization values well above the range suggested in literature
(Tura and Rowe, 2011) are desirable for the characterization of the device
performance.

Table 11.5 Utilization factor corresponding to the AMR cycle frequency at
different Ty. The specific heat of gadoliniumis assumed egual to 381 J/kg K.

D[]

favr [HZ] 302[K] 298[K] 295[K]  291[K] 287[K]

0.36 2.68 272 2.64 2.65 2.60
0.54 1.79 1.84 173 1.74 176
0.72 1.34 1.40 131 131 131
1.08 0.89 0.93 0.90 0.87 0.87
1.79 0.54 0.56 0.55 0.50 0.53

11.2.2.2.2 Temperature span and regeneration factor

During the tests, the device experienced a maximum ATawr Of 13.8 K,
with the heat rgjection temperature Tw set to 298 K, an AMR cycle
frequency of 0.72 Hz, and the utilization factor of 1.40. Literature (Tura and
Rowe, 2011; Romero Gomez et al., 2013; Lozano et a., 2013; Tagliafico et
al., 2013) reports optimal utilization values closer to 0.5; however, as aready
noted, larger values are expected due to the current configuration being
penalized by the large dead volumes. Larger utilizations typically have a
negative impact on the temperature span and lower the Ty for which the
maximum temperature span is achieved. This observation is in line with
what has been observed with other devices, where with a utilization of half
of 1.40 or less, the peak temperature span is observed with Ty well above
302 K. Figure 11.11(a) illustrates the maximum ATamr detected for each
tested AMR cycle frequency and Tw between 287 and 302 K, and Figure
11.11(b) presents the same data with the ATamr as a function of utilization,
ranging from 0.50 to 2.72.

Fig. 11.12 shows the regeneration factor 6, for each Ty as a function of the
utilization. Whereas it is aimost constant with utilizations up to 1.80, it
decreases rapidly thereafter. This result is in accordance with the literature
(Tura and Rowe, 2011; Engelbrecht et a., 2012; Gémez et a., 2013),
confirming that best regeneration is obtained for lower utilizations. An
appreciable difference between the ATamr and ATgan (ATioss) IS found with
low utilizations, asillustrated in Fig. 11.13.
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Figurell.11 (a)4Taur as a function of the heat rejection temperature for
different AMR cycle frequencies. (b)4Tavras a function of the utilization
factor for different heat rejection temperatures.
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Figurell.12 Regeneration factor as a function of the utilization factor for
different heat rejection temperatures.
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Figurell.13 ATiess as a function of the utilization factor for different heat
rejection temperatures.
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In figure 11.13, the results are related to Ty set to 298 K. For utilizations
lower than 1.40, ATes increases to 3.5 K, whereas for larger utilizations, it
tends toward 0. This shows that when the fluid flow rate is kept constant and
the operating frequency is high, the dead volumes could have an influence
on the performance of the device because a larger portion of the displaced
fluid volume is trapped in the volume between the regenerators and the
rotary valve.

11.2.2.3 Considerations

The device produces a maximum AT g under no thermal 1oad of 13.5 K
with a heat rgjection temperature Ty of 298 K and utilization of 1.40. Some
efficiency loss was observed at low utilization when the difference between
ATamr and ATgan becomes appreciable, whereas for larger utilizations, it
tends toward 0. Although the performance is low, largely due to thermal
losses, the device operates as planned. In particular, the magnetic assembly
provides an intense magnetic flux density in alarge volume, and the rotary
valve has been demonstrated to work effectively as a fluid manifold and
field generator drive shaft.

[1.2.3 The energy performancesinvestigation

For defining the operating limits of 8Mag, which requires further
experimental investigation, other tests have been scheduled to study the
energy performance of 8Mag in terms of refrigeration power, energy losses,
and COP. Therefore, in this section are reported the device performances
under the application of different cooling load, in order to carry out the
RPMMR's answer in terms of cooling power and coefficient of performance
(COP).

11.2.3.1 Experimental results. campaign 1

A number of tests were conducted (Aprea et a., 2016c) for the
characterization of the device performances. All of them were performed
using gadolinium spheres as the refrigerant and distilled water as an
auxiliary regenerating fluid. To reduce the influence of the temperature of
the air surrounding the device, the connecting pipes between the heat
exchangers and the magnetic refrigerator were insulated. Moreover, as
suggested by Engelbrecht et a. (2012), during all of the tests, the magnetic
refrigerator was introduced into a climatic room, where the air temperature
was maintained in a small range between 293 and 298 K and the rdative
humidity was equal to 50% + 5%. As noticed by Tusek et al. (2013), the
flud flow rate affects the performance of a magnetic refrigerator;
consequently, the 8Mag performances have been carried out at three
different fluid flow rates: 5.0, 6.0 and 7.0 I/min. In accordance with the
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literature (Eriksen et a., 2015; Lozano et a., 2014), al the tests were
performed while keeping the hot side temperature at approximately the Curie
temperature. In particular, Ty was fixed at 296 K. Consequently, for each
fluid flow rate, a series of tests were conducted while varying the AMR
cycle frequency (fawr) and the thermal |oad.

The @ values, related the experimental tests reported in this section, were
evaluated according to the procedure identified in section 11.2.2.1. Starting
from a condition of no load applied, for each AMR cycle frequency, the
thermal load was increased step by step. For each test, the following
expected steady-state conditions were achieved: the temperature span change
was | ess than the measurement accuracy for atime longer than 300 s.

The experimental pressure losses through the overall device were almost
constant for each fluid flow rate value, as reported in Table I1.6.

Tablell.6 Pressure drops at different fluid flow rates.

Fluid flow rate Pressure drop
[1/min] [kPal
5 530+548
6 603+617
7 941+956
(a)
14
i i i i -5-0.38 [Hz)
i 2-0.51 [Hz]
= 0077[H7 |
s ~-1.28 [Hz]
=8
& T,= 296 K
§ V=5 Imin?
L
a
&
2
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Figurell.14 (a,b,c) ATsan as a function of the thermal load for different

frequencies and different fluid flow rates.
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Figurell.15 (a,b,c) ATsan asafunction of favr for different
thermal loads and different fluid flow rates.

From figure 11.14, which shows ATgan as a function of the thermal |oad
for different frequencies famr at fluid flow rates of 5.0, 6.0 and 7.0 I/min at
Th egual to 296 K, it is appreciable that at a fixed frequency, ATsan
decreases as the cooling capacity increases. This behaviour, which is in
accordance with some works (Lozano et a., 2014; Tura and Rowe, 2011;
Tusek et al., 2013), is due to the thermal load supplied at the cold side of the
regenerator. The maximum temperature span corresponds to the zero load
tests and is 10.9 °C (at famr = 0.77 Hz and V = 5.0 I/min), 11.9 °C (at faur =
0.93 Hz and V = 6.0 I/min) and 10.5 °C (at faur = 1.08 Hz and V = 7.0
[/min). The maximum refrigeration power reached by 8Mag corresponds to a
ATgan close to O K and is approximately 200W. Furthermore, in figure 11.14,
Is possible to note that the iso-frequency lines cross over each other at a
certain point. This behaviour is better shown in figure I1.15, where we have
reported the temperature span for different thermal load values as a function
of cycle frequency. The top axis of the graphs gives the corresponding @. It
Is easy to appreciate that for each thermal load value, there is an optimal
cycle frequency for which ATspan iS maximized.

As noticed by Lozano et a. (2014), this phenomenon happens because at
low frequencies, there is a large influence of the longitudinal thermal
conduction and the regenerator utilization factor becomes too high.
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However, a lower frequencies, the temperature span increases with
increasing frequency until a certain optimum frequency, at which the
irreversible losses (friction inner to the rotary valve, bad fluid distribution
inside the regenerators) and the dead volumes become significant and the
heat transfer is affected; thus, the regenerator is not capable of maintaining a
high temperature span. At a higher cycle frequency, the fluid is not capable
of utilizing all the energy available from the magnetocaloric effect, thus
lowering the maximum temperature span. Meanwhile, at an excessive cycle
frequency, the fluid is not able to utilize al the energy available from the
magnetocaloric effect, thus lowering AT span.

In addition, during our experimentation we have observed that for each
fluid flow rate the optimal cycle frequency decreases as the thermal load
increases. We can explain this phenomenon considering that keeping
constant the fluid flow rate a decrease of cycle frequency leads to an increase
of the total mass flowing through the regenerators. This involves an increase
of the utilization and then the device can absorb a greater thermal load.
Consequently, to maximize the temperature span, similarly to other devices
(Bahl et a., 2014; Russek et a., 2010; Tura and Rowe, 2011) 8Mag must
work at the optimal cycle frequency. For al the experimental tests, the
optimal frequency fals in the range between 0.4 and 0.8 Hz, corresponding
to an optimal utilization factor between 2.36 and 1.18.

Figure 11.14 and figure 11.15 also show that at fixed thermal load and
frequency, the best ATgan IS achieved for a fluid flow rate of 6.0 I/min.
Therefore, there is an optimum fluid mass flow rate that leads to the largest
temperature span at each operating frequency. If the regenerating fluid flow
rate is small, only part of the energy generated by the magnetocaloric effect
can be utilized. With a greater value of fluid flow rate, the fluid can utilize
the entire energy available. Further fluid flow perturbs the temperature
profile of the AMR, decreasing the temperature difference between the fluid
and the bed. The bed quickly becomes overwhelmed by the fluid flow and
the efficiency of the heat transfer decreases.

Figure 11.16 reports the cooling capacity as a function of temperature
span at a fixed Ty (296 K) and @ (1.76) for the three different fluid flow
rates and corresponding cycle frequencies (5.0 1/ min at 0.38 Hz, 6.0 I/min at
0.46 Hz and 7.0 I/min at 0.54 Hz). The figure 11.16 clearly shows that the
cooling capacity decreases when the temperature span increases. In addition,
it is notable that for a fixed ATgan @n increase of the water mass flow rate
improves the cooling capacity due to the increase of the heat transfer
coefficient. The refrigeration power ranges between 200W (at an almost zero
ATspan) and 50W (at a ATspan between 6 and 6.7 K).

Fig. 11.17 presents the torque as a function of the temperature span a a
fixed Tw (296 K) and @ (1.76) for the three different fluid flow rates and
corresponding cycle frequencies (5.0 I/min at 0.38 Hz, 6.0 I/min at 0.46 Hz
and 7.0 I/min at 0.54 Hz). The mechanical torque due to the rotation of the
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magnetic system is measured directly at the shaft of the drive system and
considers the mechanical power required to rotate the magnets and the
magnetic work. Figure 11.17 clearly shows that the torque increases with the
temperature span together with the magnetic work at a fixed frequency and
fluid flow rate. In particular, a maximum value of 29 N m was measured at
the maximum temperature span of 6.7 K. It is possible to attribute the
increase of the mechanical torque with the temperature span to the second
order transition phase of the gadolinium. A high temperature span causes a
greater mass of magnetocaloric material to have a ferromagnetic behaviour;
consequently, the magnetic work and then the mechanical torque increase.

The torque, at a fixed temperature span, increases as the fluid flow rate
and frequency increase. Indeed, increasing the fluid flow rate also increases
the cycle frequency to make a comparison at fixed ®. The rotating magnetic
field induces eddy currents in the regenerator that generate forces that
oppose the changing magnetic field, thus increasing the magnetic work.

The strength of this term increases with frequency. Furthermore,
mechanical frictions also increase with the frequency. Moreover, as
underlined in section 11.2.2.2.1, a significant dead volume between the
regenerators and the valve ports affects the performance of 8Mag. The
negative effect of dead volume increases with the frequency.

350
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o ~=6.0 [I min-1] & 0.46 [Hz]
= 250 L e ——— )
el { =0=7.0 [l min-1] & 0.54 [Hz]
3 : ] i i i
‘O 200 T,=296 K
o p=176
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(1]
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ug 150
=
E
O 100 "
S
0 i i
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Temperature span [K]

Figurell.16 Qref as a function of ATsan for three different couples of fluid
flow rate and favr corresponding to the same utilization factor.
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Figurell.17 The mechanical torque as a function of ATsan fOr three
different couples of fluid flow rate and fawr corresponding to the same
utilization factor.

Figure 11.18 presents COP as a function of ATgan at fixed Ty (296 K) and
® (1.76). At afixed frequency and fluid flow rate, COP decreases with the
temperature span. Indeed, as ATsan iNncreases, the cooling power decreases
and the torque increases. At a fixed temperature span, the COP increases as
the fluid flow rate and cycle frequency decrease, reaching the maximum
value of 2.5 at 0 ATgan. The reason for this increase is related to both the
decrease of the fluid flow and the concurrent decrease of the cycle
frequency. The first effect leads to a decrease of the pressure drops and
therefore of the work of the pump. The second effect |eads to a decrease of
both mechanical and eddy current losses.

Figure 11.19 reports COP as a function of the cooling power at fixed Tn
(296 K) and @ (1.76). Here, it is clearly shown that COP increases with the
cooling capacity. Indeed, as shown in Eq. 1.7, the COP is directly
proportional to the cooling capacity and inversely proportional to the
electrical power absorbed by the pump and by the electrical motor. Indeed,
increasing the thermal load at a fixed fluid flow rate does not change V’Vel,p.
Since Fig. 11.17 shows that the torque decreases with the temperature span,
therefore, since increasing the thermal load decreases the temperature span,
Wem decreases. The best value of the COP is 2.5, corresponding to a
thermal l1oad of 200 W.

76



The Rotary Permanent Magnet Magnetic Refrigerator

3
25 M...i.... Pod b t[-m-5.0 (1 min-1] & 038 [Hz] |
\ P bbb | +-6.0[Imin-1] & 0.46 [Hz]
[ bbb o700 min-1) &0.54 [Hz)
2 H H H H H H T T r T
o T,=296K
= 0=176
gas o N : .
o . '
(&)
- i G | ..ol S L [ (R | NS . S [ S
B35 Lorsssifimomshumentlsorvmnalons i e b rvvonssmonl sssasmercortissmees
ke U NN JOUR OV O N L
0 & < 2 4 5 6 z ) 8 9 10 i ¢ 12

Temperature span [K]
Figurell.18 COP as a function of ATsan for three different couples of fluid
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11.2.3.2 Experimental results: campaign 2

To obtain additional data characterizing the energy performances of
8Mag, another campaign of tests (campaign 2), has been conducted (Aprea
et al., 2016d), working in the optimal frequency with respect to the hot
reservoir temperatures considered. A number of tests were carried out for
further characterization of the energy performances of 8Mag. All the them
were performed employing, as in campaign 1, gadolinium in packed-bed
configuration as refrigerant and distilled water as auxiliary regenerating
fluid. The RPMMR performances with variable cooling load have been
tested by the application of different cooling power at fixed fluid flow rate
(0.083 kg/s, i.e. 51/min) and at a fixed cycle frequency of 0.5 Hz, which is
the optimal vaue for Ty = 22°C. The hot temperature reservoir Ty was kept
constant at two different temperatures of 22 °C and 32 °C. Figure 11.20
clearly shows that at fixed Ty, the thermal load decreases increasing AT span.
This behavior, which is in accordance with other works (Lozano et d., 2014;
Tusek et a., 2013), is due to the thermal load supplied at the cold side of the
regenerator. The maximum temperature span corresponds to zero load tested,
and it has an amount of 8.75 °C for Ty = 32 °C and 11.3 °C for Ty = 22 °C.
At fixed thermal load, the temperature span a Ty = 22 °C is always higher
than that a Ty = 32 °C. Indeed, corresponding to Ty = 22 °C tests, the
average temperature of the regenerator is closer, than the other item, to the
Curie temperature of Gd where the magnetocal oric effect is maximum.
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Figurel1.20 Cooling power as a function of temperature span for two
different hot reservoir temperatures.
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Figurell.21 Torque and pressure loss as a function of temperature span.

In figure 11.21, the torque and the pressure losses through the overall
device as a function of the temperature span are reported. The mechanical
torque, due to the rotation of the magnetic group, is measured directly at the
shaft of the drive system, and it takes into account the magnetic work and the
mechanical power required to rotate the magnets. Figure 11.21 clearly shows
that the torque increases with the temperature span. A maximum peak-to-
peak value of 28 Nm has been measured at the maximum temperature span
of 11.3 °C. The increase of the mechanical torque with ATga IS easily
attributable to the second order transition phase of gadolinium. A high
temperature span causes a greater mass of magnetocaloric material to have a
ferromagnetic behavior; consequently, the magnetic work and then the
mechanical torque increases. The pressure losses are rather moderate, with
an almost congtant value of 5 bar. The reason why pressure losses are quite
constant is probably to be found in the detail that the flow rate of the fluid is
constant in both the reported tests.

Fig. 11.22 reports the COP as a function of the thermal load. The COP
increases with the thermal load, reaching a maximum value of 1.8 under a
thermal load of 163 W for Ty = 22 °C and 1.18 under 95 W for Ty = 32 °C.
Indeed, since the COP is directly proportional to the cooling capacity and
inversely proportional to the work absorbed by the pump and by the motor,
increasing the thermal load at afixed fluid flow rate does not change Wel,p.
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Figurell.22 COP as a function of thermal load for two different hot
reservoir temperature.

11.2.3.3 Considerations about the energy performances investigations

To characterize the energy performances of 8Mag, it has been performed
various tests under different operating conditions.

In campaign 1, it has been tested the behavior of 8Mag by changing both
the cycle frequency and the fluid flow rate while the hot side temperature
was fixed at 296 K. For each test, it has been measured ATsan, the cooling
capacity, the mechanical torque and the COP. Regarding AT g, it iS worth
noting that it has been reported a pessimistic measurement. Indeed, it has
been measured the actual ATsan available at the ends of the device, including
the thermal losses typica of the RPMMR. The tests have shown, at 296 K, a
maximum temperature span at the zero load tests of 11.9 °C (at famr = 0.93
Hz and V = 6.0 I/min) and a maximum COP of 2.5 corresponding to a
thermal load of 200 W (at famr = 0.38 Hz and V = 5.0 I/min). Moreover, for
each condition, 8Mag exhibits an optimal famwr, for which it is possible to
maximize ATgpan.

In campaign 2, the device works under a variable cooling load, at fixed
fluid flow rate of 0.083 kg/s and AMR cycle frequency of 0.5 Hz, which is
the optimal frequency. The device produces a maximum temperature span
under zero thermal load of 11.3 °C and 9.15 °C under 57 W. The maximum
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COP is 1.8 with a heat load of 163 W for Ty = 22 °C, whereas it is 1.18
under 95 W for Ty = 32 °C.

As a result of the experimental analysis, it has been observed that the
behavior of 8Mag is in accordance with those of other devices built (Dikeos
and Rowe, 2013; Russek et al., 2010; Gao et al., 2006; Eriksen et d., 2015;
Balli et al., 2012) around the world. Furthermore, considering that 8Mag
offers a reduction of thermal losses, it is possible to assert conclude that the
tests presented here show promising performances. Although it is clearly
visible that these results can be easily overcome by vapor compression
systems, the device met the objectives of (1) continuous cooling, (2) simple
operation mode, (3) compact design of the machine, (4) wide range of
operating conditions, (5) high operation frequencies and (6) intense magnetic
flux. To improve the prototype, new experimental tests focused on the
identification of the worst causes of energy losses have been scheduled.

81



82

Chapter |1



Chapter |11
A two-dimensional model of an
active magnetic regener ator

[11.1 Introduction

This chapter introduces a two-dimensional model of an active magnetic
regenerator operating at room temperature. The model has been developed,
as a primary purpose, to be able to reproduce the behavior of one of the
regenerator of the RPMMR, described in chapter 2. To this am, the model
has been experimentally validated (Aprea et a., 2015a) with experimental
results provided by the prototype. This model is used to optimize the
experimental device and to identify significant areas of device improvement.
Thus, it has been used to explore the critical aspects of 8Mag and to outline
the way to improve performance.

Anyway, the model can be easily generalized to consider different device
geometries, temperature spans, secondary fluids, and magnetic materials. To
this aim, the model has been tested when employing new magnetocal oric
materias (Apreaet d., 2015b), whose performance have been also compared
(Apreaet a., 2015c), from an environmental point of view, with the ones of
a commercial vapor-compression refrigerator working with R134a
Moreover, additiona investigations have been conducted to explore the
behavior of the regenerator with a parallel-plate configuration (Aprea et al.,
2016b), employing a number of different magnetocal oric materials.

[11.2 Model description
[11.2.1 Regenerator geometry

The geometry of the regenerator presented in the model corresponds to
one of the eight beds of the 8Mag along the x and y directions. The 8Mag
regenerators are all packed bed operating at room temperature and composed
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of spherical gadolinium particles, while the regenerating fluid is
demineralized water.

As clearly visible in figure I11.1, the regenerator has a rectangular shape
with a height of 20mm and a length of 45mm. The area of the regenerator is
filled with a regular matrix of 3600 circles that constitute the packed bed;
every circle has a diameter of 0.45mm and the amount of the area occupied
by all of the circlesis 63% of the total rectangular area. Stacking particlesin
the regenerator area form a group of channels: the fluid flows through these
interstitial channels.

The fluid flows in a positive x direction during the isofield cooling
process and in the opposite direction during the isofield heating process.

The assumptions for the porous region of the AMR are as follows:

e the magnetic material is isotropic and the magnetic particles
arerigid spheres of the same diameter;

e thethermal radiationis neglected;

e thevoid fraction within the packed bed is uniform;

e theexterna surface of the packed bed is perfectly insulated.
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Figure|l1.1 The packed bed AMR regenerator geometry: a 20x45mnv
wrapper contains 3600 spheres.

I111.2.2 Mathematical formulation

Following the mathematical background in literature (Oliveira et a.,
2012; Velazquez et al., 2014; Lionte et a., 2015), the mathematical
formulation that describes the AMR cycle includes several distinct groups of
equations according to the different processes of the AMR cycle that the
regenerator experiences.
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The equations that rule the regenerative fluid flow processes in both
directions are the Navier-Stokes equations for the fluid flow and the energy
equations for both the fluid and the solid particles.

Assuming the fluid incompressible, the viscous dissipation is neglected
due to low mass flow; the above equations can be written as follows:

( ou v _
ax | dy 0
ou ou du 1 dp (OZu azu)
at +u6x+v0y - pr0x 0x2  0y?
v v v 1dp (6217 azv)
ot ¥ax V9 = 50 TV o T oy (111.2)
oT oT aT k 9Ty | 0°T
_Q_J+lef( f g
at dx ay pfCrp \ 0x2 dy?
Ts _ ks (62T5 asz)
at psCsp \0x% ~ 0y?

where p; and ps are respectively the fluid and the solid density; uand v are
the fluid velocities along the x and the y directions; p and s are the pressure
and the dynamic viscosity of the fluid; Cs, and Csp are respectively the fluid
and the solid heat capacity at constant pressure; ki and ks the thermal
conductivity of the fluid and the solid; T; and Ts the fluid and the solid
temperatures.

The fluid has sufficiently low speed to be considered laminar, so
turbulent flow equations are not required. The flow is single phased and
there is no surface tension because the fluid, even when not flowing always
surrounds the solid particles. The solid and the fluid temperature are strictly
related and constantly evolving during the entire AMR cycle.

The equations that model the magnetization and demagnetization process
of the cycle must account for the MCE that elevates or reduces the
temperature of the solid by the variation of the external magnetic field
applied to the regenerator. Therefore, the M CE temperature variation ATy iS
converted into a heat source term (Bouchard et a., 2005; Bouchard et d.,
2009):

PsCsp(B,Ts)AT qq(B,Ts)
At

Q=0T = (111.2)

where At isthe time period of magnetization/demagnetization process.
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This term has the dimensions of power density [W/m?®] and it is included
in the energy equation of solid, for magnetization and the demagnetization
phases, asfollows:

oT; 0%°Tg  0%Tg
pSCS,pE=kS(ax2 +a—y2)+Q (11.3)

The term Q is positive during magnetization and negative during
demagnetization. Therefore, the equations that govern the magnetization and
the demagnetization phases are:

an _ asz asz
PrCrp 5t = ky (G + ayz)
My _ g (T, 2T
PsCsp e = S(axz + ayZ) +0

(111.4)

[11.2.3 Boundary conditions

The boundary conditions are not consistent during the entire AMR cycle;
some of them change according to the different phases of the cycle. In the
following, the boundary conditions for each process are described in detail
and illustrated with referenceto figure I11.1.

111.2.3.1 Adiabatic magnetization/demagnetization

During the adiabatic magnetization and demagnetization processes, the
fluid is stationary; thus, thermal insulation is applied on all the regenerator
walls (boundary 1,2,3,4):

—A-(=kVT) =0 (111.5)
[11.2.3.2 Cold-to-hot fluid flow

The boundary condition for modeling fluid velocity and direction requires
the construction of a velocity vector u that is positive during the cold-to-hot
fluid flow process and negative when fluid flows in hot-to-cold direction.

Thermal insulation is imposed on the boundaries 2,3,4 of the regenerator
whereas on the left one (boundary 1) the presence of the cold heat exchanger
ismodeled by the imposition of its temperature:

T=T, (111.6)
[11.2.3.3 Hot-to-cold fluid flow

The boundary condition for modeling fluid velocity and direction requires
that u vector is negative with respect to the cold-to-hot direction.
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Thermal insulation isimposed on the boundaries 1,2,3 of the regenerator,
whereas at the right one (boundary) the presence of the hot heat exchanger is
modeled by the imposition of its temperature:

T =Ty (111.7)
[11.2.4 Modeling the magnetocaloric refrigerant and its MCE

To reproduce the behavior of the magnetocaloric refrigerant it is required
to implement its magnetocaloric effect in the model. To do that, as
mentioned before, a Q term isintroduced in the energy equation of the solid,
whom represent a heat source (positive) during magnetization and a sink
(negative) during demagnetization. The Q, which has the dimensions of a
power density [W/m?], is proportiona to the MCE temperature variation
ATz and the specific heat at a constant pressure, which are both dependent
on the initiad solid temperature Ts and the magnetic flux density B.
Therefore, a mathematical expression for Q and C;, is required, as the fina
solution to be implemented in the model.

As first step, the magnetic properties of the magnetocaloric refrigerant
have been evaluated by interpolating experimental data available from
exigting literature. Based on the construction of a table function that
describes C, and Q as a range of temperature and magnetic field intensity,
and with the help of a mathematical function finder software, the
corresponding mathematical expresson can be found for both the
magneti zation and demagnetization processes.

[11.2.5 Numerical procedure

The coupled equations that govern the AMR cycle, described in section
111.2.2, are solved by means of the Finite Element Method through the
software COMSOL Multiphysics, whom is able to solve problems by
coupling different physics. In particular, equations (I11.1) and (111.4) are
solved for each thermodynamic step of the AMR cycle. With the am to
carry out the entire thermodynamic cycle, the steps have been simulated in
accordance with the order defined for the AMR cycle. First, the
magnetization: the magnetic field is applied on the regenerator and it
generates the MCE which elevates the temperature of the magnetocaloric
refrigerant. Second, fluid flows in the cold-to-hot direction with the
magnetic field still effective. Third, the demagnetization: the magnetic field
is removed from the regenerator and the consequent variation of field
intensity generates the MCE which reduces the temperature of the solid
refrigerant. Four, fluid flows in the hot-to-cold heat exchanger in zero
magnetic field. For this purpose, the initial condition of each thermodynamic
step isthe last condition of the preceding one, so that atime-based sequentia
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condition can be applied. The same time step, At, is chosen for the resolution
during al four periods of the cycle. The cycle is repeated several times at a
constant frequency until the regenerator reaches steady-state operation.

111.3 Experimental validation of the model

The model, introduced in section 111.2, has been experimentally validated
with experimental results carried out from the 8Mag prototype, whom is
described in chapter IlI. The device employs gadolinium in packed-bed
configuration and, therefore the model, which presents the geometry
illustrated in section 111.2.1, requires that MCE of gadolinium has to be
modeled and implemented, following the guidelines of section 111.2.4.

111.3.1 Modeling the magnetocaloric behavior of gadolinium

The magnetic properties of gadolinium have been evaluated by
interpolating experimental data of AT«(B,T) and Cs(B,T) available from
exigting literature (Griffel et al., 1954; Dan'kov et al., 1998) and reported in
section 1.6.3.1 (figures 1.25, 1.26, 1.27).

In accordance with the operating conditions of 8Mag [28], a
mathematical formulation has to be obtained in this section that considers the
intensity of the magnetic flux density variable from O to the maximum value
of 1.2 T during magnetization and from 1.2 T to O during demagnetization.
The properties density and thermal conductivity have been considered
constant with respect to temperature and magnetic field variations. Their
value, dready reported in Table 1.1, are 7900 kg/m* and 10.9 W/m K,
respectively.

As a first step, it have been obtained the tabled functions of ATay, Cep
from extrapolation of experimental data, describing the gadolinium behavior
during 0+1.2 T magnetization and 1.2+0 T demagnetization, with respect to
such parameters. Then it has been built the table functions of Q*At obtained
from the formula (111.2), as:

Q(B,Ts) * At = pyCs (B, T)AToq(B, Ty) (111.8)

The choice of not fixing the value of At into the tabled functions has
suggested by the need to abtain a greater degree of freedom with respect to
AMR cycle frequency. In this way, the period of magnetization-
demagnetization At is defined directly in the operating conditions of the
two-dimensional model and therefore the frequency of the AMR cycle could
be varied without changing the Q (B, Ts) * At mathematical expression.
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Then, by the help of a mathematical function finder software, Nutonian
Formulize, it have been found the corresponding mathematical expression to
the Csp and Q*At tabled functions, for both the magnetization and
demagnetization processes:

Cspmagn = 248.5 + 0.04297T; + 0.000787T2 cos(0.0461T;) +

—22.2c0s(6.21 + 0.922 cos(0.0471T, + 0.313 cos(0.0429T,)) +
—0.0985T) (111.9)

Csp,demagn = 8-401Ts + 0.1051T; sin(sin(sin 0.071997T;)) — 837.3 +
—0.0157T2 — 0.0001386T2 sin(0.124T; + sin(sin(sin 0.07199T})) +
—sin(0.07199T;)) — 5.541 sin(0.07199T;) sin(0.124T, +
sin(sin(sin 0.071997;)) — sin 0.07199T)

(111.10)

Qmagn*At

=106 {0.4261 +2.222 cos(2.145 + 0.03856 T,) +

2.848
+ cos[5.711 — 0.3543 cos(—0.1063 Ty) — 0.4261 cos(—0.06519 Ty)] + cos(—0.06519 TS)}
(111.12)
Qdemagn * At =
106 { 05(0.06204 Ts)+[4.28+3.083 sin(—0.04417 Ty)] }
1.172+sin[6.241—0.04708 Ty—0.2223 5in(0.01193 Ty) sin(—0.1716 Ty)]
(111.12)

Figures111.2 and 111.3 show the interpolated function of Cspmagn(B,Ts) and
Csp.demagn(B, Ts), corresponding to the mathematical expressions (111.9) and
(111.20), respectively. Figures I11.4 and 111.5 exhibit the Qmagn*At(B,Ts) and
the Quemagn*At(B, Ts), corresponding to the mathematical expressions (111.10)
and (I111.11), respectively. Circles represent experimental data, whereas the
continuous line is the curve fitting. In al the above mentioned figures it is
possible to appreciate a peak around the Curie temperature of gadolinium
(294K), where the magnetocaloric effect is maximum. Moreover
Cspmagn(B, Ts) has a peak higher than Csp demagn(B, Ts), Whereas Qmagn* At(B, Ts)
and Quemagn*At(B,Ts) seem to present the same intensity around the highest
points. Furthermore, it is clearly visible that the MCE of gadolinium spread
over aquite large range of temperature (approximately 200+400 K).
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Figurelll.2 The function Csmagn(B, Ts) for gadolinium during magnetization
under a 0+1.2 T magnetic field induction.
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Figurell1.3 The function Cg demagn(B,Ts) for gadolinium during
demagnetization under a 1.2+0 T magnetic field induction.
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Figurelll.4 The function Qmagn *4t(B,Ts) for gadolinium during
magnetization under a 0+1.2 T magnetic field induction.
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111.3.2 Operating conditions

To validate the model several AMR cycles were simulated under a zero-
load condition (see section 11.2.2) and applied to the presented model. In al
simulations, the fluid is pure water and the solid is pure gadolinium. The
simulations are performed to operate under the same conditions of the
experimental prototype 8Mag, so that a comparison between the model and
the RPMMR can be performed.

Both the model simulations and the experimental tests were performed
with a fluid flow rate fixed a 7.0 I/min (normal velocity speed fixed at
0.08335 m/s), whereas the AMR cycle frequency (famr) was varied in the
range 1.08+1.79 Hz. The heat rejection temperature, Tw, was aso varied
over the range of 289+302 K in order to characterize the performance
sensitivity to the heat regection temperature in the proximity of the
refrigerant Curie temperature.

[11.3.3 Modd results

Veocity, pressure, and temperature fields have been calculated for the
aforementioned AMR cycle operating conditions. In figure I11.6 is clearly
visible a typical velocity field of a water flow in a matrix composed of
gadolinium spheres. The operating conditions embraced an AMR cycle
frequency of 1.79 Hzand a Ty of 298 K.

According to Kaviany (Kaviany, 1995), the boundary layers are very
close to the particle surface for the mass flow under consideration. The flow
at the interface changes because both inertial and viscous forces are
important in the boundary layer.

19.0 20.0 21.0 22.0 23.0
[cm]
Figurelll.6 Fluid velocity field in the regenerator: velocity field x
component [mVs]. Phase of the cycle: fluid flow toward hot heat exchanger
(froml€ft to right side). Condition of operation: faur =1.79 Hz. Ty = 298 K.
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Figure 1.7 shows the temperature distribution in the regenerator,
valuated during the magnetization process of the aforementioned test. It is
interesting to note the presence of a magnetocaloric effect as heat adduction
into the gadolinium spheres during the magnetization phase. Temperature

gradients within particles are visible.

20.0 208
T 202
5 10.0 X

0.0 284

5.0 15.0 25.0 35.0
[mm]
Figurelll.7 Temperaturefield in the regenerator during magnetization.
Condition of operation: faur = 1.79 Hz. Ty = 298 K.

45.0

Figure 111.8 exhibits the temperature field in the regenerator during
isofield heating, when the steady-state regime has been reached. The fluid is
blown from the hot heat exchanger at a temperature of Ty (298 K), expelling
heat to the particles of the bed and decreasing the temperature of the fluid. It

is possible to determine ATawr by measuring the temperature difference at
the left and right ends of the regenerator.

20.0 o8
T 92
E 10.0 %3
0.0 Sikekoh ) TN 84
5.0 15.0 25.0 35.0 45.0
[mm]

Figurelll.8 Temperaturefield in the regenerator during isofield heating.
Condition of operation: favr = 1.79 Hz. Ty = 298 K.
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Figure 111.9 illustrates the pressure field during the isofield heating. The
pressure drop evaluated along the regenerator in this step is approximately
0.17 MPa
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5.0 15.0 25.0 35.0 45.0

0

Figurelll.9 Pressurefield in the regenerator during the blow phase. Fluid
flows toward hot heat exchanger (fromleft to right side).

The pressure drop has been evaluated at the ends of the regenerator
during an entire AMR cycle, as figure 111.10 reports. During the fluid flow
phases, a differentiad pressure is measured across the regenerator at
approximately 0.17 MPa; during the magnetization and demagnetization
processes there is no pressure drop because fluid does not flow.

[Pa] x10 *
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Figurel11.10 Pressure drop estimated across the regenerator during an

entire AMR cycle.
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[11.3.4 Comparison between experimental and numerical tests

A comparison of the results between the 2D model described in this paper
and the RPMMR is presented below. In the experimental tests, the RPMMR
device ran at AMR cycle frequencies of 1.08, 1.25, 1.61, and 1.79 Hz. The
hot side temperature varied between 289+-302 K.

The experimental and model results are plotted in figures 111.11 (a), (b),
(c), (d). The general trend shows that the zero-load temperature span
increased with the increasing hot-side temperature, reaching a maximum and
decreasing afterward. The maximum for both the experimental and model
results corresponded to a hot side temperature of approximately 298 K.
Corresponding to this hot side temperature, the average temperature of the
bed was near the Curie temperature of gadolinium, where the magnetocal oric
effect was at its maximum.

Furthermore, the ssimulation results, in accordance with the experimental
results and with the results declared by other researchers (Vuarnoz and
Kawanami, 2012; Lozano et a., 2013), show that for each hot side
temperature an optimal cycle frequency occurs. As noticed by Lozano et al.
(Lozano et a., 2014) this phenomenon happens because at lower frequencies
there is a large influence of the longitudina thermal conduction and the
regenerator utilization becomes too high seen that at lower frequencies the
temperature span increases with increasing frequency until a certain
optimum frequency from which the irreversible losses become significant
and the heat transfer is affected, so the regenerator is not capable to maintain
a high temperature span.

However, at a higher cycle frequency the fluid was not capable to utilize
al the energy available from the magnetocaloric effect, thus lowering the
maximum temperature span. The general trend of the model is to
overestimate the experimental data. In particular, the overestimating is slight
for low hot side temperatures and, overal, for low cycle frequencies. The
differences between the experimental and model results increase with
increasing cycle frequency. The differences vary between a minimum value
of +2% (at 1.25 Hz) and a maximum value of +40% (at 1.79 Hz), with a
mean value of approximately +7%. This phenomenon may exist because the
model does not account for heat losses due to effects external to the
regenerator. These effects may include eddy currents in the surrounding
materials and heat leaks from or to the ambient environment due to
imperfect insulation. The rotating magnetic field induces eddy currentsin the
regenerator, which then act as a thermal source in the solid energy balance.
The strength of this term increases with frequency. In addition, as well as
reported in section 11.2.2 a significant dead volume between the regenerators
and the valve ports affects the performance of 8Mag.
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Figurelll.11 Comparison between experimental and simulation resultsin
terms of temperature span ATavr as a function of Ty at fawr of (a)1.08,
(b)1.25, (c)1.61 and (d)1.79 Hz
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[11.3.5 Considerations

The major conclusions arising from this study are asfollows:

e the simulation results show good agreement with experimental
data;

e the measured pressure drops across the regenerator in the fluid
flow phases are almost equal to the model results (approximately
0.17 MPa).

e the zero-load temperature span increases with the increasing hot-
side temperature, reaching a peak for both the numerical and
experimental data. There exists an optimum temperature that
maximizes the magnetocaloric effect. The model predicted this
optimum value.

o for each hot side temperature there is an optimal cycle frequency
that maximizes the temperature span of the magnetocaloric
material.

e in experimental tests conducted at low to moderate frequencies
(from 0.72 to 1.25 Hz), the model predicts the experimental data
with a maximum deviation of lessthan +11%;

e in experimental tests at high frequencies, the deviation reaches a
maximum value of +40% (with a mean value of +13%).
Therefore, the eddy currents inducted in the regenerator cannot
be neglected at higher frequencies.

[11.4 A rare-earth and transition metal investigation

Once validated the two-dimensional multiphysics model an investigation
on new materials has been conducted (Aprea et a., 2015b) in order to
identify new magnetocaloric materials candidates to be employed in the
8Mag prototype. Different materials, among the rare-earth and transition
metals, previoudy described in chapter I, have been tested with the model as
refrigerants. pure gadolinium, second order phase magnetic transition
Pro.4sSr0.3sM N0z and first order phase magnetic transition alloys Gds(Si-Ge),
LaFe11.38aMnNosseSit2eH152, LaFen0sC0oaaSizio and MnFePossAsoss. The
main goa of this investigation is to explore the effect of the different
magnetocal oric materials on the refrigeration capacity and on the efficiency
of the AMR cycle.

[11.4.1 Modeling the magnetocaloric behavior of the materials

To employ the materials in the model it is required to obtained the
mathematical expression for all the candidates. To do that the magnetic
properties of the materials have been evaluated by experimental data of
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ATa(B,T) (see figure 1.45) and Csp(B,T) available from existing literature
(Pecharsky and Gschneidner Jr. 1997; Morrison et a., 2012; Bjark et al.,
2010a; de Oliveira and von Ranke, 2005; Guillou et al., 2012) and reported
in sections 1.6.3.1-1.6.3.4. Interpolating the experimental data, the model
takes into account the hysteresis effect. As a consequence of hysteresis, the
adiabatic transformations are not parallel to the one computed with
reversible processes and the irreversibility makes the cycle asymmetrical. As
a result of the thermal hysteresis the transition temperature is shifted
increasing the magnetic field.

From the construction of tabled functions describing ATau(B,T), Csp(B,Ts)
and Q(B,Ts)*At in a range of temperature and magnetic field intensity, and
by the help of the aready mentioned mathematical finder software,
mathematical expressions for Csp(B,Ts) and Q*At have been found both for
magnetization and demagnetization processes (see section [11.2.4). In
accordance with the operating conditions of 8Mag, the intensity of the
magnetic field varies from 0 to the maximum value of 1.5 T during
magnetization and from 1.5 T to 0 during demagnetization.

In Table111.1 are listed al the mathematical expressions for the Csy(B,Ts)
terms during magnetizations and demagnetization found for the different
magnetocaloric materials tested: Gds(Si:Gey), LaFeir.3saMngas6Si1sH1 52,
LaFe11.0sC00.94Si1.01, MNFePo.4sA S5, Pro.ssSrossMnOa.

Figures 111.12-111.16 show the interpolated functions of Cspmagn(B,Ts) and
Csp.demagn(B,Ts), corresponding to the mathematical expressions of Table
[11.1, for al the tested materials. From the above mentioned figures one can
observe that LaFe:; 3ssM no_3568il_26H1_52 exhibits the hlghest value of both
Cspmagn and Cspdemagn, @ound its Curie point. Moreover Gds(Si.Gey) is
characterized by the narrowest heat capacity curves, with more than doubled
values around its FOMT temperature (276 K). On the other side
ProssSro.3sMnOs shows the broadest Cspmagn Where the influence of MCE on
heat capacity spreads in awide range of temperatures. The properties density
and thermal conductivity have been considered constant with respect to
temperature and magnetic field variations. Their value are reported in Table
[.1.

In Table I11.2 are reported the mathematical expressions for the Q*At
terms during magnetization and demagnetization obtained for the different
magnetic materials.

Figures 111.17-111.21 show the interpolated functions of Qmagn*At and
Quemagn®* At corresponding to the mathematical expressions of Table I11.2. As
one can observe, the highest peak value is registered in Gds(Si-Gey)
according to its Giant MCE detected by Pecharsky and Gschneidner. LaFeSi
compounds show quite better MCE behavior than gadolinium; aso in
MnFePAs aloys the Qmagn*At peak is higher than gadolinium but manganite
composites present very tight MCE curves.
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Table 111.1 Mathematical expression of Csp found for the presented
materials during magnetization (Csp,magn) and demagnetization (Cs p,demagn)-

Material Characteristic
Gds(Si2Gey) e aps y ~L111-10° 20.6T, — 6.1+ 103
Copmagn = 118" 10% 4+ = ——4 o= = 01741, — 278
— 1.75T,

Copdemagn = 370 — 0.457T, + 18.15in(0.0597T,) *
3.05 - 10* — 370 sin(T,) — 18.1T, sin(370.9T;)
*
7.61-10* + T2 — 551T,

LaFe11.384MNo.356Si 1.26 C =578 + T — 307
His Spmagn cos(—0.0846T) — 1.02

76200 sin(0.138T,)

Copaemagn = 573 % g0 4 in(0.18T)

0.75T, — 265
1.16 + sin(—0.04897T;)
6

S

344.4 + T, sin(0.06194T, + 0.2469 cos(0.1485T;))

LaFei10sCo0aaSitor ¢ . = 2164 +0.758T, - — sin(0.109T;)

Cs,p,demagn = 398+

M nFePo 45A S0 55 _ 164
Copmagn = 108+ L.29T + 4 o o s(=0.0736T)
116

= 1.66T
Copemagn = 16T + 4 G (=0 112T)

166400
ProesSro.ssMnOs Copmagn = 1602 = ——— + 00377 cos(18.74T,) — 1717,

S
— 25.77 cos(—18.8Ty)
Cypdemagn = 553 — 0.136T, sin(—0.1808T,)

200 220 240 260 280 300 320 340
(a) TIK GsSi2Gez
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Figure [11.13 (a) Cs,p,magn and (b) Cs,p,demagn of LaFei1.384Mnp356S1.26H1.52.
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1400 y(train)
1300 y(validation) e

250 260 270 280 290 200 210 220 330
(a) TIKI MnFePo.45As0.55

102



A two-dimensional model of an active magnetic regenerator

500 s

250 260 270 280 290 300 310 320 330
(b) TIKI MnFePo.4sAs0.55
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Table [11.2 Mathematical expression of Q*Ar found for the presented
materials during magnetization (Qmagn* 42) and demagnetization (Quemagn* 42).

Materid Characteristic

Gds(Si2Gey) _ 142 — 0.4397,
Omagn * At = 0877 + oo e n(37.9T)

—4.66 ,
Qdemagn * At = cos(1.69 — O.].TS) —1.07 + sin(0.116T;)

LaFei1.384MNo.356Si1.26H1 52 Qmagn * 4t = 9.85 + 0.0376T cos(—31.2T;)
+ cos(5.52T;) cos(—31.2T;)
+ cos(5.52T;) — 3.35 * sin(—0.349T;)
25.2 — cos(25.7Ts)
—0.0696T;

At =124+ —F——FF—~
Qaemagn * At + 205 ¥ sin(0.1217Ty)

LaFen 6sC0004Si1 01 O wdt— 2.04 + 0.516sin(—6.17T,)
magn 1.14 + cos(0.28 sin(—12.7T,) — 0.0549T;)
0.6224 + 0.992

~ 1.086 — sin(0.04885T,)

Qdemagn * At

M nFePo 45A S0 55 _ 133
Qmagn * 46 = 177 4 4 5 i (1.55T,) — 293 sin(=0.101T,)
0.002567: sin(—0.113T,)

sin(=0.0997T;) — 1.03

Quemagn * At = 2.57 +

Pro.ssSro.ssMnOs _ 0.38
Cmagn = 4t = 016 + 5 0.032T)
0.0147 — 0.00326T,

T sin(3.11— 0.0475T,) — 1.16

Qdemagn * At
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Figure [1.17 (a) Q.magn and (b) Q dermagn Of GdS(g 2G62)

24
22

20

Quag M M)
Lo mdlps

N

270 275 230 285 290 2as 300 205 310 315
) T Kl LaFeii.3ssMno.3ssSit.zeHi =2

18

16

Qiemaga“ Mt M)

270 275 280 285 290 295 200 305 210 315
(b) T K1 LaFeil.sssMnoaseSitz2eHi.5=

Figure 111.18 (a) Q,magn and (b) Q’demagn of LaFer1.384Mng 35691 26H1.52.
105



Chapter 11

Quag M M"Y

4 NWABODONODOO

(a) =2°° 220 240 260 280 300 320 340
T Il LaFe11.0sCo0.94Si1.01

. eb
< N

-
o

Qe M M3

N W e 0@ N DD

=

200 220 240 260 280 300 320 340
T K} LaFei1.05Co00.924Si1.01

Figurell1.19 (a) Qmagn and (b) Q demagn Of LaFe11.05C00.04S1.01.

g

28
26
24
22
20
18
16
14
12

Quage At MY

N & O

250 260 270 280 200 310 320 330

MnFePo.asAso.ss

5



A two-dimensional model of an active magnetic regenerator

1T
16
15
14
13
=
= 11
§ ‘o
=]
3 e
g -
&S B
L
4
32
2
2 250 260 270 280 290 300 310 320 330
™) T 1K1 MnFePo. ssAso.s=
Figurell1.20 (a) Q.magn and (b) Q demagn Of MNFeP( 45AS0 55.
6
5
=
a4
fouc]
=
E )
=z
1 \
200 220 240 260 280 300 320 340
) T K1 Pro.esSroa3sMnOs
-]
S
=5
=
= 3
s
S 2
=
1 )
=
200 220 240 260 280 200 320 340
(b) T Kl Pro.65Sro.3sMnOa

Figurelll.21 (a) Qmagn and (b) Q demagn Of ProesS0.3sMN0Os.
107



Chapter 11
111.4.2 Operating conditions

Several AMR cycles with the above mentioned magnetocaloric materias
employed as refrigerant, have been simulated. As a matter of fact, next to
Gds(SioGey),L aFer1.36aM o as6Si126H 152, LaFer1.0sC00.94Si1.10, MNFePy 45 ASo ss,
Pro.esSro.3sMnOs, also gadolinium (Gd) has been investigated, under the same
operative conditions, in order to make a clearer comparison among the
performances of the tested materias. The heat transfer fluid considered is
pure water.

The smulations have been performed with fixed flow rate (5 I/min),
AMR cycle frequency (1.25 Hz) and cold heat exchanger temperature Tc
(288 K). The temperature of the hot heat exchanger Ty was varied in the
range 295+302 K to characterize the performance sensitivity of the heat
rejection temperature in proximity of the Curie temperature of the employed
refrigerant. The results presented were generated for a magnetic field
induction, which varies from 0 to 1.5 T. The results have been collected in
terms of ATsan, refrigeration power and coefficient of performances.

ATsan has been obtained evaluating the difference between Ty and the
cold side temperature of the regenerator averaged in the last process of AMR
cycle (fluid flow from hot to cold side of the regenerator), as shown by the
following equation:

4At

ATspan =Ty — J55, T (0, ¥, ) dt (111.13)

where At is the time duration of every AMR process, x=0 indicates the | eft
boundary of the regenerator (cold side).

The refrigeration power has been calculated according to the following
equation:

. 1 44t .
Qref = ;f3At mef(TC - Tf(O, Y, t)) dt
(11.14)
where z is the period of the AMR cycle, my isthefluid flow rate.
The Coefficient of Performance has been introduced as follows:

COP = — % (111.15)
Qrej—Qref+Wp

where Wp is the mechanical power associated to the circulation pump, Q,. j
is the power related to heat supplied in the environment whom has been
evaluated as:

Orej == [y e Cr(Tr(Ly, ) — Ty) dt (111.16)
x=L indicates the right boundary of the regenerator (hot side).
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Wp is the mechanical power associated to the circulation pump:

i _ mg(Apcr+ApyF)

W, = B (2At) (1n.17)
where n,, is the pump efficiency, Apcr and Apyr are the pressure drops
across the regenerator, estimated during the cold-to-hot and the hot-to-cold
fluid flow processes, respectively.

[11.4.3 Results

In Figure 111.22 one can see ATgan detected for the different material
under each Ty investigated. The general trend shows that the temperature
span increases with the increasing hot-side temperature. The greatest value
of temperature span is that proper of Gds(Si.Gey) (from +7 to +14% with
respect to pure Gd), even if the investigated temperature range does not
include its Curie point; rather than ProesSrossMnOs of whom are registered
the smallest ATgan despite that its Curie temperature is quite centered in the
explored temperature range. LaFeSi compounds show value of ATgan Very
similar to Gd ones.

ATspan (K)

6295 296 297 298 299 300 301 302 303
T,®
Figurelll.22 ATsan measured for the tested materials as a function of Ty
and compared with gadolinium.
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Figurelll.23 Qref evaluated for the tested materials as a function of Tw.

Figures 111.23 and 111.24 show respectively refrigeration power (Qref)
and Coefficient of Performance (COP) as a function of hot heat exchanger
temperature for al the materials presented in this work. The refrigeration
power decreases with Ty for al the magnetic materias except,
MnFePy4sAsoss. Indeed, increasing the latter parameter, it is more difficult
for the fluid that enters in the regenerator at a hotter temperature to cool the
bed and reach a temperature lower than Tc during the same fixed heat
transfer interval. MnFePy.4sA So.55 Works in atemperature range quite far from
its Curie temperature, therefore increasing Tw the MCE increases
approaching the maximum. In particular, Gds(Si.Ge») shows the greater
values of refrigeration power, whereas ProgsSrossMnOs the lower ones.
Gds(Si:Gey) shows refrigerating powers +73% greater than Gd ones.
LaFei1.38sMno356Si1.26H1 52 exhibits a significant magnetocaloric effect too,
with arefrigeration power on average greater than Gd one between +37 and
+46%. ProesSrozsMnOs stronger underperforms Gd with a refrigerating
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power around -80%. Figure I11.24 clearly shows that COP decreases with the
increasing of the amplitude of temperature investigated range. Indeed,
increasing the hot heat exchanger temperature the refrigeration power
decreases at an almost constant work of the pump. The highest values of
COP have been estimated for Gds(Si-Gez) since that they are averaging
higher than gadolinium of +40%; also in LaFei13ssMnoaseSiioeH1s, it has
been registered an increment of +30%, till considering gadolinium as
benchmark. On the other side, LaFe1105C0004Si1.10, MnFePossAsoss and
Pro.esSro.ssMnOs always underperform gadolinium.
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Figurelll.24 COP estimated for the tested materials as a function of Ty.
[11.4.4 Considerations
The tests performed reveal that as expected, from an efficiency point of
view, the best candidates to magnetic refrigeration is Gds(Si-Ge;) which

exhibits the highest values of AT span, Qref and COP, at all; on the other side
Gds(Si:Gey) is a very expensive material, disadvantage which makes it
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impractica for every economic plan of magnetic refrigerator
commercialization. From a global point of view (performances and cost), the
most promising materials are LaFeSIH compounds which are cheaper than
rare earth compounds and they give a performance sufficiently higher than
gadolinium. Instead manganites, in particular MnFePAs composites, could
work quite well as long as they are tested in a very narrow range, centered
around their Curie point.

[11.5 A TEWI investigation of different magnetocaloric materials

After evaluated the energetic performances of new magnetocaloric
material when employed as refrigerant in an AMR regenerator, in the present
section attention is directed towards the evaluation of the environmental
impact in terms of a greenhouse effect. The energetic performances of a
commercial R134a refrigeration plant have been compared to the AMR
refrigerator working with the materials tested in section 111.4 (pure
gadolinium, Gds(Si2Gey), LaFer3saMnosseSizzeH1s2, LaFerr05C0094Si1.10,
MnFePo 45A S0 55, ProesSrossMnOs). As amatter of fact, a comparison in terms
of TEWI (Tota Equivaent Warming Impact) index has been made (Aprea et
al., 2015c).

[11.5.1 The TEWI concept

Worldwide, about 15% of the overall energy consumption originates
from refrigeration. Human activities have increased the concentration of
greenhouse gases in the atmosphere, thus resulting in a substantial warming
of both earth surface and atmosphere that adversely affect the natura
ecosystem. The impact of greenhouse gases on global warming is quantified
by their GWP (Globa Warming Potential). The GWP is defined as the mass
of CO; that would result in the same net impact on global warming as the
release of asingle unit (kg) of the component.

A vapor compression plant produces both a direct and an indirect
contribution to global warming. The former depends on the GWP of
refrigerant fluids and on the fraction of refrigerant charge which is either
directly released in the atmosphere during operation and maintenance, or is
not recovered when the system is scrapped. The indirect contribution is
related to energy-consumption of the plant. As a matter of fact, a vapor
compression refrigerator requires electrical energy produced by a power
plant that typically burns a fossil fuel, thus releasing CO, into the
atmosphere. The amount of CO; emitted is a strong function of the COP of
the vapor compression plant.

Magnetic refrigeration it is based on solid-state refrigerants whom have
essentially zero vapor pressure, and therefore they are ecological with no
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direct Ozone Depletion Potential (ODP) and zero direct Global Warming
Potential (GWP).

The concept of total equivalent warming impact (TEWI) was developed
to combine the effect of direct refrigerant emission with those due to energy
consumption and the related combustion of fossil fuels for the electric
energy production. TEWI provides a measure of the environmental impact of
greenhouse gases originating from operation, service and end-of-life disposal
of the equipment. TEWI is the sum of the direct contribution of the
greenhouse gases used to make or operate the systems and the indirect
contribution of carbon dioxide emissions resulting from the energy required
to run the systems over their normal lifetimes.

The TEWI is calculated as:

TEWI = Coz,dir + COZ,indir [kg COz] (“|18)
COsair = RC [P+ (S75)| V- Gwp [kg CO4] (111.19)
COpmair = " 2L - [kg COJ] (111.20)

cop

The direct global warming effect of refrigerant fluids, stemming from the
absorption they produce of long-wave radiations, depends on their GWP and
on the fraction of refrigerant charge released in the atmosphere. The last is
mainly due to leakage during the operational plant life time (P.) and to the
residual amounts which, according to the current state of technology, are not
recyclable and thus are released to the atmosphere when taking the plant out
of operation (1-Pr). In the simulation P_ is assumed as 5%, whereas Pr has
not been considered. As already stated, the indirect contribution to TEWI
consists in the so-called energy-related contribution.

Indeed, an electrical refrigerator requires electrical energy from a CO-
releasing power plant that typically burns a fossil fuel. The amount of CO:
emitted is a function of the refrigerator COP, of the power plant efficiency
and of the fuel used in the conversion plant that affect the emissions per unit
energy converted.

The typical power-plant technology adopted varies from one country to
another. The literature provides some indicative, average levels of CO.
release per KWh of electrical energy for various countries.

For Italy, the value is 0.6 kg CO2/kWhe. The annual power consumption
in the TEWI simulation is 290 kWh per year that corresponds to a
commercial medium size wine cooler. R134ais an HFC with zero ODP and
a GWP of 1300.
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111.5.2 Operating conditions

Several AMR cycles with different magnetocaloric materials employed as
refrigerant, have been simulated. The MCE materials kept under
investigation have been the ones tested in section /I1.4 (Gd, Gds(Si»Ge:) and
alloys of LaFei1334Mng3s6SiiosHi s, LaFer105C0094Sii10, MnFePg4sAso ss,
Pro65Sro3sMnQOs). In all of the cases, the secondary fluid is pure water. The
simulations were performed with fixed: fluid flow rate (5 /min), frequency
of the AMR cycle (1.25 Hz) and cold heat exchanger temperature Tc (288
K). The hot heat exchanger temperature TH was varied in the range 295+302
K to characterize the performance sensitivity of the heat rejection
temperature in proximity of the refrigerant Curie temperature. The results
presented were generated for a magnetic induction, which varies from 0 to
1.5T.

111.5.3 Results

TEWI is the sum of the direct and indirect contribution to global
warming. The direct contribution of the AMR cycle is zero because the
refrigerant is solid and therefore has essentially zero vapor pressure and zero
GWP. The direct contribution of the vapor compression plant accounts about
10 % of the whole value. The parameter that affects the indirect contribution
of the TEWI is the COP of the plant.

In Figure II1.25 is shown the Coefficient of Performance (COP) as a
function of hot heat exchanger temperature for all the materials presented in
this work and for the vapor compression plant. The Figure clearly shows that
Gds(Si>Ges) and LaFei138sMng356Si1 26H1.52 have the highest values of COP
and always over performs a vapor compression plant. The results of the
simulation clearly show that Gds(Si>Ge») is the best magnetic material with a
COP that is always greater than that of a traditional vapor compression plant
in the same operating conditions (from a minimum of + 26 to a maximum of
+44 %). Gd show energetic performances similar to a vapor compression
plant. Instead LaFeq105C0094Sii10, MnFePossAsoss and ProesSro3sMnOs
always under perfom vapor compression. Therefore, the COP of the AMR
cycle working with these materials needs some improvements.

In order to make a comparison ATEWI has been defined according to the
following equation:

(TEWIapmr—TEWIyc)
TEWIyc

Figures II1.26(a) and (b) report ATEWI evaluated for the tested
magnetocaloric materials and compared with the commercial R134a vapor
compression plant. Figure I11.26(a) show ATEWI estimated for Gd,

ATEWI =

(111.21)
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Gds(SizGez) and LaFei.384 Mng3s56Sii26Hi1 52 as a function of Tu. The ﬁgure
clearly shows that the AMR cycle working with these magnetic materials
shows a lower greenhouse effect with respect to a vapor compression plant.
In particular, with Gds(Si2Ge,) ATEWI varies from a minimum of -44 % to a
maximum of -38 %.
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Figurelll.25 COP as a function of the hot heat exchanger temperature.

In figure I1.26(b) is reported ATEWI of LaFei105C00.94Sii10,
MnFePg45As055 and ProesSro3sMnQO; as a function of Tu. The figure clearly
shows that the AMR cycle working with these magnetic materials strongly
under performs a vapor compression plant. Therefore, these magnetic
materials cannot be considered for a commercial use because showing a
contribution in term of greenhouse effect greater than the one of a vapor
compression plant.
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I11.5.4 Considerations

Employing the tested material as solid-state refrigerant in an AMR
refrigeration and evaluating the greenhouse effect by means of TEWI index,
reveal that:

* Gds(SizGez) and LaFe;338:Mno3s56Sii2sHis2 have TEWI indexes
always lower the ones of the vapor compression plant. In particular,
Gds(Si2Gey) is the best magnetic material because an AMR cycle working
with the latter material shows a -40% greenhouse effect lower than the one
of a traditional vapor compression plant.

*  (d, that is the benchmark material for magnetic refrigeration, shows
a greenhouse effect similar to that of a vapor compression plant.

e LaFe1.05C00.94Sii.10, MnFePg45Asoss and ProesSro3sMnOs cannot be
considered because show a contribution in term of greenhouse effect greater
than the one of a vapor compression plant.

These results indicate that magnetic refrigeration is a promising
refrigeration technology that will be used in chiller applications. An AMR
cycle can be an eco-friendly technology if used with magnetic materials that
show a significant magnetocaloric effect. As expected, from an efficiency
point of view, the best candidates to magnetic refrigeration is Gds(Si>Ge:)
which exhibits the lower values of TEWI index, but on the other side is a
very expensive material, disadvantage which makes it impractical for every
economic plan of magnetic refrigerator commercialization. From a global
point of view (performances and cost), the most promising material are
LaFeMnSiH compounds which are really cheaper than rare earth compounds
and they give a contribution to global warming sufficiently lower than that
of a vapor compression plant.

[11.6 An investigation about magnetocaloric regenerator design

Next to the investigations on new magnetocaloric materials and their
environmental impact, also the regenerator design is a key aspect to be
improved.

In this section is introduced an investigation conducted (Aprea et al.,
2016b) about the magnetocaloric refrigerator design through the two-
dimensional multiphysics numerical model working on two different
magnetocaloric regenerators: (1) a packed bed and (2) a parallel plate
magnetic regenerators made of gadolinium, operating at room temperature
under a 1.5T magnetic field induction. Both models employ water as
secondary fluid.
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[11.6.1 The regenerator’s geometries

The performances of a magnetic refrigerator AMR based, are mostly
influenced by:
e the MCE properties of the magnetic material employed;
e the regenerator geometry and related operating conditions;
e the irreversible heat losses due to non-idealities of the
refrigerators.

The criteria to identify the best magnetic material for magnetic
refrigeration have been largely treated in previous section. The benchmark
material adopted in the investigation is gadolinium in order to easily extend
the comparison to the experimental prototype (§Mag) improvements.

The irreversible heat losses of AMR regenerators have also great
influence on the performances of the AMR cycle (Aprea et al. 2013). Main
irreversible heat losses are:

e heat transfer between regenerator and heat transfer fluid;
pressure drop by flow resistance;
thermal conduction along the magnetic material;
heat leakage;
losses due to magnetic hysteresis and eddy currents;
viscous dissipation in the secondary fluid;
“dead volume” loss which is due to the heat transfer fluid trapped
in the connecting lines between the bed and the heat exchangers.

In the cooling system, the regenerator geometry assumes paramount
importance (Dikeos et al., 2006; Aprea et al., 2011a; 2012b) for gaining
efficient heat transferring between magnetic material and fluid flow, thus
minimizing the major loss in the cooling system. Two different regenerators
are both widely used: a parallel plate regenerator, which yields lower
pressure drops; a packed bed regenerator which can produce a larger
temperature span, due to the larger extension of the heat transfer surface.

Next to the investigations on new magnetocaloric materials and their
environmental impact, also the regenerator design is a key aspect to be
improved.

This investigation compares the results of the numerical two-dimensional
(2D) multiphysics model working with: (a) a packed bed and (b) a parallel
plate magnetic regenerators made of gadolinium, operating at room
temperature under 1.5 T as magnetic field induction. Both models employ
water as secondary fluid.

The regenerator has a rectangular shape (20x45mm) which acts as a
wrapper.

The area of the packed bed regenerator is filled with a regular matrix of
3600 circles that constitute the magnetocaloric material, i.e. gadolinium;
every circle has a diameter of 0.45mm and the amount of the area occupied

118



A two-dimensional model of an active magnetic regenerator

by all the circles is about 60% of the total rectangular area. A group of
channels is formed by stacking particles in the regenerator area: the fluid
flows through these interstitial channels. In Figure 111.27 is shown a scheme
representing the AMR packed bed regenerator considered.

40 5

Figurell1.27 The packed bed AMR regenerator geometry: a 20x45mm
wrapper contains 3600 spheres.

The area of the parallel plate AMR regenerator contains 27 parallel plates
made of gadolinium: every plate has a thickness of 0.5mm. The amount of
the area occupied by all the plates is 60% of the total rectangular area. A
group of channels is formed between the plates in the regenerator area,
where the secondary fluid flows. Figure II1.28 reports the parallel plate
geometry of the regenerator.

g s i il = £ ED Tap Tah
Figurelll.28 The parallel plate AMR regenerator geometry: a 20x45mm
wrapper contains 27 plates and 26 channels.

L] 20

Both the models consider both the fluid flow and heat transfer between
the solid and the fluid; the fluid flow in the positive x direction during the
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isofield cooling process and in the opposite direction during isofield heating.
The two models are supported by the same mathematical formulation which
describes the AMR cycle, including several distinct groups of equations
according to the different processes of the AMR cycle that the regenerator
experiences (see section /11.2.2).

111.6.2 Operating conditions

Several AMR cycles have been simulated on both the models in order to
compare their performances by varying fluid flow rate at fixed AMR
frequency. All the results have been obtained working with 1.25 Hz as AMR
frequency, in the 288-298 K temperature range and investigating the
regenerators behaviors while the secondary fluid velocity changes in 0.0595-
0.25 m/s range.

The applied magnetic field has a variable intensity from 0 to 1.5 T. The
secondary fluid employed is pure water, whereas the magnetocaloric
material involved is gadolinium. Cold and hot heat exchangers temperatures
(Tc = 288 K; Tu = 298 K) have been chosen in order to characterize the
performance sensitivity of the regenerator in a range which embraces the
gadolinium Curie temperature, i.e. 294 K.

111.6.3 Results

The results obtained are presented in terms of temperature span, cooling
power, coefficient of performance (COP) and pump power, in order to
quantify the pressure losses influence on COPs, for both the regenerator
geometries. As a matter of fact, the results provide an indication about the
operating conditions under which packed bed configuration has to be
preferred to parallel plate and vice versa.

In Figure I11.29 is reported the AT evaluated as in (I11.13) for both the
regenerator geometries under each fluid flow velocity investigated. The
figure reveals that for both the model, the AT decreases with the fluid
velocity. Indeed, corresponding to a small fluid mass flow rate, the fluid can
be regenerated to reach lower cold side temperature. The maximum ATpan is
reached in correspondence of a fluid velocity of about 0.1 m/s. Furthermore,
one can observe that although, for low speed, packed bed configuration lets
to ATsan greater than parallel plate ones, for high values of fluid velocity
parallel plate geometry ensure larger temperature spans. The latter
regenerator configuration seems to exhibit a less sensitive behavior with
respect to velocity than the former, in terms of ATpan.

Figure III.30 reports the refrigeration power as a function of fluid
velocity, obtained for packed bed and parallel plate AMR regenerator. The
refrigeration power has been calculated according to the (I11.14).
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Figurell1.29 ATsan evaluated for both the regenerator configuration
for variable fluid flow vel ocity and therefore fluid flow rate.
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Figurel11.30 Therefrigeration power evaluated for both the regenerator
configuration for variable fluid flow velocity and therefore fluid flow rate.

Figure I11.30 clearly shows that the cooling power increases with the fluid
flow rate and then decreases reaching a maximum. Indeed, corresponding to
a small fluid mass, although the fluid can be regenerated to reach lower exit
temperature, a small amount of transfer fluid can produce only a little
refrigerating capacity. On the other hand, excessive quantities of transfer
fluid perturb the temperature profile of the AMR, decreasing the temperature
difference between the fluid and the bed. The bed quickly becomes
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overwhelmed by the fluid flow and the efficiency of the heat transfer
decreases quickly causing a loss in cooling power. From the figure one can
observe that the points where the geometries confer the maximum
refrigeration power differs from each other. As a matter of fact, if the
secondary fluid has moved into the regenerator with a velocity of 0.15 m/s,
packed bed and parallel plate configurations provide quite the same Qref.
Furthermore, with lower flow speeds, parallel plate shows a drastic reduction
of its cooling capacity, higher than packed bed; whereas for values greater
than 0.15 m/s, where a slump in packed bed’s performances happens,
parallel plate responds in a very satisfactory manner, providing refrigerant
powers 3 times higher than the former geometry.

To estimate the performance of the two models, the Coefficient of
Performance has been estimated as in (111.15). In Figure 111.31 the COP
evaluated for both the geometries by varying fluid flow rate, are reported.
The figure clearly shows that COPs increase until reaching the maximum
point whose value, in both the geometries, is the same (about 3), but the
velocities where it is achieved are different. COPs show the same trends of
refrigeration power: packed bed is better with low speed; parallel plate are to
be preferred for high ones. A packed-bed regenerator is characterized by the
best heat transfer surface, with a more marked pressure drop. A flat plate
regenerator is characterized by a lower heat transfer surface and lower
pressure drops. Therefore, another parameter is the responsible of such COP
fal in packed bed configuration, for high velocity: pressure losses and,
therefore, the mechanical power of the circulation pump.

COP [-]

3.5

25 4

CoP[-]

15 4 === packed bed
25 == parallel plates

0.0595 0.1 0.15 0.2 0.25
v [m/s]

Figurelll.31 Therefrigeration power evaluated for both the regenerator
configuration for variable fluid flow velocity and therefore fluid flow rate.
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Figure I11.32, which exhibits the work of the pump employed to allow the
circulation of secondary fluid, reveals a significant reality: despite in the
parallel plate configuration the pressure losses are negligible and not
influenced by a change of velocity, a packed bed regenerator is strongly
affected by pressure losses that seriously limit its operation at high flow
speeds.
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Figurell1.32 The work of the secondary fluid circulation pump reported
versus fluid vel ocity.

I11.6.4 Considerations

After an accurate analysis of all the above-mentioned parameters, a
general trend, which describes the performance of the two geometries under
a general framework, has been carried out. It is possible to assert that for low
values of fluid velocity, packed bed configuration has to be preferred since it
offers ATgpan, refrigeration power and COP higher than parallel plate ones
and therefore a more satisfactory behaviour. For high flow speed the
situation is completely upside down: parallel plate geometry provides good
results whereas packed bed suffers a significant slump in its performance,
caused also by a huge increment of pressure losses whom limits its use.
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Conclusions

The present thesis aims to explore, report and explain all the aspects of
the research about magnetic refrigeration, treated during the PhD period. The
personal contribution in the above-mentioned research field has combined
both the numerical and the experimental research that have been done hand
in hand.

The first chapter contains an accurate description and illustration about
al the generalities concerning magnetic refrigeration. Indeed, the purpose is
to provide the reader with all the necessary tools required for understanding
and deepening all the aspects of the investigations treated in the following
chapters.

The second chapter illustrates the development of a Rotary Permanent
Magnet Magnetic Refrigerator (RPMMR) and al the investigations made to
explore its performance and to become aware of its limits and of the aspects
to be optimized. The device, named 8Mag, has been developed at the
Refrigeration Lab (LTF) of the University of Salerno in cooperation with the
University of Naples "Federico 11" and it is the first rotary magnetic
refrigerator developed in Italy. To characterize the energy performances of
8Mag, it has been performed in various tests under different operating
conditions. It has been tested its performances under zero load where a
maximum temperature span of 13.5 K, under no thermal load, has been
detected. Even if some efficiency losses were observed at low utilization
factor, it has been asserted that the device operates as planned. Following
two campaigns have been conducted in order to explore the energetic
performances of 8Mag: 1) by changing the cycle frequencies, the cooling
load and fluid flow rate, while the hot side temperature was fixed, in order to
give an overview of the performances and to underline an optimal operating
frequency, for each operating condition; 2) fixing flow rate and AMR cycle
frequency to the optimal value, a further investigation has been conducted by
varying cooling load. As a result of the experimental analysis, it has been
observed that the behavior of 8Mag is in accordance with those of other
devices built around the world. Furthermore, considering that 8Mag offers a
reduction of thermal losses, it is possible to assert conclude that the tests
presented here show promising performances. To improve the prototype,



new experimental tests focused on the identification of the worst causes of
energy losses have been scheduled.

The third chapter treats all the aspects dedicated to the numerical
modeling which operates parallel to the experimental tests. To this purpose a
two-dimensional numerical model of a packed-bed AMR regenerator has
been developed. The mathematical structure and the model implementations
have been accurately described. Then the operating conditions and the
results of its experimenta validation with the 8Mag prototype have been
illustrated.

Once validated the two-dimensional multiphysics model an investigation
on new materials has been conducted in order to identify the best candidates
to be employed in the 8Mag prototype. Different materials, among the rare-
earth and transition metals, have been tested with the model as refrigerants
and the tests performed reveal that from an efficiency point of view, the best
candidates to magnetic refrigeration is Gds(Si:Ge;) which exhibits the
highest energetic performances when it is employed as magnetic refrigerant.
On the other sde Gds(Si-Gey) is a very expensive material, disadvantage
which makes it impractica for every economic plan of magnetic refrigerator
commercialization. As a matter of fact, it has been asserted that from a
global point of view (performances and cost), the most promising materials
are LaFeSiIH compounds which are really cheaper than rare earth compounds
and they give a performance sufficiently higher than gadolinium.

Then, evaluated the energetic performances of new magnetocaloric
material, the environmental impact in terms of a greenhouse effect has been
deepened. The energetic performances of a commercial R134a refrigeration
plant have been compared to the AMR refrigerator working with the
magnetocaloric materials previously tested and a comparison in terms of
TEWI (Total Equivalent Warming Impact) index has been performed. The
tests reveal that Gds(Si2Gez) and LaFe;38sMng3s6Sii26His2 have TEWI
indexes always lower the ones of the vapor compression plant and that Gd,
the benchmark material for magnetic refrigeration, shows a greenhouse
effect similar to that of a vapor compression plant. These results indicate that
magnetic refrigeration is a promising refrigeration technology that will be
used in chiller applications. An AMR cycle can be an eco-friendly
technology if used with magnetic materials that show a significant
magnetocaloric effect.

Lastly, also the regenerator design has been investigated, since it is a key
aspect in magnetic refrigeration. Attention has been focused on the
magnetocaloric  refrigerator design through the two-dimensional
multiphysics numerical model working on two different magnetocaloric
regenerators: (1) a packed bed and (2) a parallel plate magnetic regenerators
made of gadolinium. It has been possible to assert that, for low values of
fluid velocity, packed bed configuration should be preferred since it offers
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energetic performances higher than parallel plate ones and therefore a more
satisfactory behaviour. For high flow speed the situation is completely
upside down: parallel plate geometry provides good results whereas packed
bed suffers a significant slump in its performance, caused also by a huge
increment of pressure losses whom limits its use.

The two-dimensional model and the prototype constitute an exhaustive
apparatus able to walk hand in hand and to conduct the research on magnetic
refrigeration to future developments aimed at getting closer to the day of
large-scale trade and production of a magnetic refrigerator.
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List of symbols

Roman

symbols

A cross section of the regenerator, m2

B magnetic field induction, T

B average magnetic field intensity, T

C heat capacity, J. kg-1. K-1

CO; CO; contribution to globa warming, kgco2
COP coefficient of performances, -

D diameter, m

f frequency, Hz

F factor, Pa

GWP global warming potential, kgcoz. kg-1
H annua operating hours

H magnetic field intensity, A. m-1

k thermal conductivity, W. m-1. K-1

L length, m

m magnetic moment

m’ fluid flow rate, kg. s-1

M magnetization, A. m-1

M mass, kg

p pressure, Pa

P fraction of an AMR cycle

P percent leak rate, %

Q heat, J

Q thermal power, W

RC refrigerant charge, kgco2

RCP(S) entropy relative cooling power, Jkg
RCP(T) temperature rel ative cooling power K2

entropy, J. K-1

specific entropy, J. kg-1. K-1
temperature, K

time

~ =00



t time duration of every AMR process, s
TEWI total equivalent warming impact, kgcoz
longitudinal velocity, m.s-1

plant useful life, yr

velocity, m. s-1

volume, m+3

volumetric fluid flow rate, I. min-1
orthogona velocity, m.s-1

work, J

power, W

longitudinal spatial coordinate, m
orthogona spatial coordinate, m

-

< Xgs<<<<<c

Qg
3
o
S
wn

CO, emission from power conversion, kgcoz. KWhyr-1
finite difference

factor, -

width, K

mean porosity, -

rotation angle, rad

isentropic efficiency

magnetic parameters, T2.-3
dynamic viscosity, kg. m-1. s-1
magnetic permeability, H. m-1
cinematic viscosity, m2. s-1
density, kg. m-3

duration of awhole AMR cycle, s
utilization factor, -

magnetic susceptibility, -

angular velocity, rad. s-1

EXR S AV <TTET >3 DO o

Subscripts

undisturbed

vacuum

adiabatic

additional

active magnetic regenerator
breakdown

cold reservoir

Curie

COWPRYOO
Z<a
Py
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CF
closed
cool
demagn
dir

el,h
ad,m
e.p
Ergun

field
FWHM

HF
HFi
HFo
High
in
indir

LFo
loss
Low
M

M

M
Mag
magn
max
opening
out

o T T

= =

rej

cold-to-hot fluid flow

hole fully closed
performance
demagnetization

direct

electronic

absorbed by electric heater
absorbed by electric motor
absorbed by the pump
Ergun equation

fluid

high magnetic field intensity
full width half maximum
hot reservoir

constant magnetic field
hot-to-cold fluid flow

fluid outgoing from the probe
fluid outgoing from hot side
high magnetic field

inlet

indirect

lattice

regular

fluid outgoing from cold side
difference between AMR and span
low magnetic field

constant magnetization
magnetization phase
magnetic

magnets

magneti zation

maximum

hole opening

outlet

constant pressure

particle

pump

packed bed

refrigerant recycling
regeneration

relative permeability index
refrigerant

rejected

constant entropy
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5ag
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solid

difference

structural

constant temperature
vapor compression plant



