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There is no technology without science.

Scientific experiments are well planned miracles, and industrialization is to
transform these miracles into everyday form.

In scientific research, taking shortcuts usually means more work in the future.
One can only know the world by travelling.

Creation is like mixing a potion. More passion creates art, more rationality leads to
science. A balanced mix? That's engineering.

A great discovery needs more than observation; timing and imagination are also
needed.

Stress without direction is turbulence, stress with direction is flow.
Every little bit of energy harvested from waste is a gain.
Magnetic heat pumps have the future.

For now, thermomagnetic motors are more promising than thermal magnetic
generators.
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CHAPTER 1

Magnetocaloric technology utilizes magnetocaloric material (MCM) to effectively
convert magneticenergyinto thermalenergy andvice versa. When exposed to a magnetic
field, MCMs change their temperature. In the reversed process, cooling or heating MCMs
across the magnetic transition activate or deactivate their magnetic state. Therefore,
magnetocaloric technology can be applied for heating and cooling applications as well
as electric power generation applications. During the recent 30 years, scientists and
engineers have proven this technology in many experiments and demonstrations ranging
from wine coolers to power generators. While their simple mode of operation has been
intriguing, their nonideal efficiency, limited temperature ranges, and high costs have
been major barriers to their wide-scale use in existing and novel applications. During
my PhD research, | implemented magnetocaloric technology in multiple applications
and explored methods to improve the system efficiency by combining improvements in
system engineering and material shaping techniques.

1.1 BRIEF HISTORY OF MACGNETOCALORIC
TECHNOLOGY

There is an ongoing debate in the scientific community about who should be credited
for the discovery of the magnetocaloric effect, though many sources agree upon
it being first observed and named as such by the French physicist P. Weiss and Swiss
physicist A. Piccard in 1917, who established the physical principles that govern the
MCE phenomenon(1]. This allowed the first application of the MCE to arise from the
proposals of Debye in 1926 and Giauque in 1927 [2]. Their proposals aimed to create
magnetic refrigeration cycles to reach temperatures below liquid helium. In 1933,
Giauque and MacDougall were able to experimentally achieve a temperature of 242 mK
with gadolinium sulfate [3]. This breakthrough overtook the 1K barrier for the first time,
and earned Giaugue a Nobel Prize. It is an important landmark in the history of cooling
and magnetic cooling technology. The feasibility of magnetic refrigeration at room
temperature was introduced by Brown in 1976 [4]. He created a magnetic refrigerator
prototype working in accordance with an Ericsson cycle. The prototype used Gd metal
plates as active material and a magnetic field created by superconducting magnets. In
1997, Pecharsky and Gschneidner discovered gadolinium-based alloy materials with
large magnetocaloric response at room temperature, and in 2001, researchers at
Astronautics Cooperation build a magnetic refrigerator prototype, which replaced the
superconducting magnet for the first time by permanent magnets. Around 2000, two
widely tunable magnetocaloric material families have been discovered. Fujita et al.[5]
presented in 1999 La-Fe-Si compounds, which contain only light rare-earth element.
Brick et al. [6] published the study on Mn-Fe-P-As in 2002, which is the first rare-earth
free magnetocaloric material. These two discoveries sparked the interest of not only
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universities and research institutes but also companies around the world, such as BASF
in Germany, Cooltech in France, Camfridge in UK, General Electric in the USA. Since
then, numerous publications and patents regarding magnetocaloric materials and
magnetocaloric devices have emerged.

1.2 MAGNETOCALORIC EFFECT

The foundation of magnetocaloric technology is the Magnetocaloric effect (MCE). MCE
is a phenomenon which describes that magnetic materials change their temperature
when exposed to a changing magnetic field. The temperature change in such a material
is best explained as the result of entropy exchange between the magnetic structure
of the material and the lattice structure of the material, when these materials become
magnetized (or demagnetized). The applied magnetic field on the material forces the
magnetic moments in the material to align with the field. This decreases the magnetic
entropy in the material and increases the lattice entropy of the material, which result in
random thermal motion and an increase in temperature[6-10].

Figure 1.1isatemperature (T)—entropy (S) diagram that displays a ferromagnetic material
under two different magnetic fields - one with zero magnetic field (H,) and another
with a non-zero magnetic field (H;). When we apply the magnetic field adiabatically and
reversibly, which means the total entropy of the system remains constant during the
magnetic field change, the MCE can be calculated as the isentropic difference between
the corresponding functions, which is shown in the graph as a horizontal arrow (AT.4).
This process is called adiabatic temperature change, which can be calculated as equation
1-1:

AT,q=Ti (50, H1) -To (So, Ho) (1'1)
Another way to express the MCE is through the isothermal magnetic entropy change
(ASy), which is represented by a vertical arrow. This process can be calculated as equation
1-2:

ASy = S1 (To, Ho) - So(To, Hy) (1-2)

It's important to note that both AT,; and ASy are affected by the initial temperature (To)
and the change in magnetic field (AH = H, - Hy).
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Entropy, S

Temperature, T

Figure 1.1: This TS-graph demonstrates the entropy of a MCM as a function of its temperature under
different applied magnetic field. Note that the area under the curve in the graph is equal to the internal
energy of the MCM [7].

1.3 MCE FROM THERMODYNAMICAL PERSPECTIVE

To further explore the analytical expression of MCE in form of Tadand ASy, it is necessary
to understand the interrelatedness between the used variables in the thermodynamical
frame of reference.

Entropy is a measure of the number of possible states a system can have, which is
determined by the sum of its micro-states. Micro-states are determined by the individual
atoms, molecules, etc. that occupy the system, and are dependent on various factors
such as particle location, speed, and direction. The total entropy of a magnetocaloric
system is a sum of its components, which include the magnetic entropy ASy, crystal
lattice entropy AS,:and entropy of the conduction electrons AS,. In magnetic materials,
these components are either dependent on B (magnetic field), T (temperature), or both.
The total entropy of a magnetic material can thus be described as the sum of the entropy
components and their dependencies (B, 7) [10], so that,

ASi:(B,T) = AS, (B T) + ASi:(T) + AS.(T) (1-3)
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where:
AS.:(B,T) = total entropy change [J/(kg-K)]
AS,, (B,T) = magnetic entropy change [J/(kg-K)]
AS,.:(T) = crystal lattice entropy change [J/(kg-K)]
AS,(T) = conduction electron entropy change [J/(kg-K)]

In magnetocaloric applications, people mainly consider the magnetic entropy AS,,, crystal
lattice entropy AS,,, because the contribution of the conduction electron entropy is
negligible near room temperature. in an adiabatic magnetization process, the value of
AS,, decreases while AS,;increases in the form of heat, as the total entropy of the system
AS,,. is fixed. [8]

The values of AT,;and AS,, can be calculated by using one of the fundamental Maxwell

relations: IS(TH) OM(T,H)
1 : :
u_o( oH )T - ( or )H -

Where M (T, H)is the magnetization of the material. After integration (for an isothermal-

isobaric process) yields:

oM(T,H)

ASu(T,aH) = [, (F55), d (1-5)

Since the heat capacity C, is defined in the second law of thermodynamics:

as
GTH) =T (5),, (1-6)
Using equation (2-2) and the fundamental equations CdT = dQ and dQ = -TdS (The
proportion that the magnetic entropy decreased is the increase of lattice heat) we get
for infinitesimal adiabatic temperature rise:

_ (T OM(T,H) )
T = (cp<T-H>)M (242 an. (1-7)

Afterintegrating Eq.(1-7) we obtain the value of the magnetocaloric effect as:

_ ol T OM(T,H) )
BTaa(T, AH) = = [ (c,, (T_H))M( L )H dH. (1-8)
On the other hand, the magnetic entropy change can be obtained more directly from
a magnetocaloric measurement of the field dependence of the heat capacity by the
integration:

DSy (T, H) = [F 2T g (1-9)

0 T!
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where C,(T,H) and C,(T,0)are the values of the heat capacity measured in a field H
and in zero field, respectively. Foldeaki et al [11] and Spichkin et al [12] confirmed that
the values of ASy (T, H) derived from the magnetization measurement coincide with
the values from calorimetric measurement. This is the direct proof of the reversible
convertibility of magnetic energy and thermal energy in MCMs.

Some additional point shall be made at this point. First, since the magnetization at
constant field of paramagnets and simple ferromagnets decreases with increasing
temperature [i.e. (Z—A;)H < 0], then ASy(T,H) should be negative (Eq. (1-4) and (1-5)),
while AT,4 (T, AH) should be positive (Eq. (1-7) and (1-8)), which agrees with Fig. 1.1.

Second, in ferromagnets |(Z—I‘T4)H|is the largest at the Cuire Temperature (T.), and
therefore, |ASy (T, H) | should peak at TC (Eq. (1-4) and (1-5)).

Third, for the same ASy(T,H), the AT,,(T,AH) will be larger at a higher absolute
temperature, and also when the total heat capacity of the solid is lower (Eq. (1-8)). The
latter point is critical in understanding the fact that paramagnets display significant
AT,4(T,AH) only at temperatures close to absolute zero, where the limited value of
|(Z—AT")H| is easily offset by the negligible lattice heat capacity.

Furthermore, at high temperatures the measurable adiabatic heating (or cooling) is
expected only if the solid orders spontaneously, i.e. when the value of |(Z—IZ)H| becomes

significant.

1.4  APPLIED THERMODYNAMIC CYCLES FOR
MAGNETOCALORIC TECHNOLOGY

To utilize the MCE in different applications, suitable thermodynamic cycles are needed.
In figure 1.2, we can see the relationship between entropy (S) and temperature (T)
for various cycles such as the Carnot, Brayton, and Ericsson cycles. The upper curve in
figure 1.2 represents a material that is in a zero-magnetic field (H=0), while the lower
curve represents a material that is in a magnetic field with a non-zero strength (H=0).
The rectangle ABCD represents the non-regenerative Carnot cycle which includes two
isentropic (A-B and C-D) and two isothermal (B-C and D-A) processes. Additionally, the
figure also presents the Ericsson regenerative cycle (A-F-C-E) and Brayton cycle (A-G-
C-H). These two regenerative cycles include processes at a constant field, which makes
it possible to take full advantage of the change in the magnetic part of the entropy
generated when the magnetic field changes. In the Ericsson cycle, the magnetic field
changes isothermally (F-C and E-A processes), while in the Brayton cycle, it changes
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adiabatically (A-G and C-H processes). In both Ericsson cycle and Brayton cycle the
processes at constant field require thermal regeneration. The component in which the
thermal generation happens is called a regenerator, it transfers heat between different
parts of the cycle, which allows for an increase of the working temperature difference.
The regenerator stores heat in itself in the part of the cycle where heat is generated by
the working material (the MCM) and gives it up in the part where the working material
absorbs it. This is especially important in magnetocaloric heat pumps since the values of
the adiabatic temperature change of MCMs are usually much smaller than the required
working temperature difference. In Figure 1.2, thermal energy should be absorbed by
the regenerator during processes in a non-zero magnetic field (C-E and G-C for Ericsson
and Brayton cycles, respectively) and be given by the regenerator during processes in a
zero-magnetic field (A-F and H-A for Ericsson and Brayton cycles, respectively).

S
f
a b
h g
H=0 F dl /c
c
sl s/
G
H2¢O
H D
Sz .
E
/
Ly Thot T

Figure 1.2: S— T diagrams of the Carnot, Brayton and Ericsson cycles[13]

At temperatures span above 20 K, the Carnot cycle becomes less effective, according
to research [13]. This is because the entropy of solids increases strongly at higher
temperatures, leading to a decrease in the operating temperature span, see the
rectangle abcd at the upper right corner of figure 1.2. The temperature span is limited
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to the AT of the working material, and for the Carnot cycle, it is only several K at room
temperature region. Therefore, regenerative cycles like Brayton, Ericsson, and AMR cycle
(active magnetic regeneration cycle) have become more popular in devices operating at
temperatures above 20 K. These cycles allow for an increase in the temperature span.
The Carnot cycle, as well as the Brayton, Ericsson, and AMR cycles, have been discussed
in detail in review [14].

An effective way to enhance temperature span is by using cascading thermodynamic
cycles [15]. Magnetocaloric materials possess the highest MCE at their specific Curie
temperature. As the working temperature moves away from this temperature, the
MCE decreases. In applications that require a large temperature span, there is reduced
efficiency due to the decrease of MCE caused by the deviation of T.. To tackle this
problem, one solution is to implement a cascade system of cycles where each cycle
involves a different material with a T, in proximity to its application so that its working
domain and operating temperature range are optimal.

Fig. 1.3 (a) shows a cascade process of Ericsson cycles, showing that the cooling power
of cycle (A) is used to absorb the energy rejected by cycle (B). The heat absorbed from
the cold source by the cascade refrigeration system is represented by the surface S, 4b,
3b, S,, of cycle (B). The total work carried out in the cascade system is given by the sum
of the areas formed by the two cycles, (A) and (B). The temperature spans of these two
cycles are also combined. Instead of a span of T, to Tp for the cycle (A) and T tO Trix for
the cycle (B), the cascaded cycle has a temperature span of Th to Te. Note that the two
cycles (A) and (B) has some overlap around the temperature T, Which is a redundancy
to ensure the cascade will work even if any cycle in the cascade is non-ideal due to the
manufacturing imperfection.

Amajor advantage of a magnetic refrigeration cascade system over that of a conventional
one is that the MR machine does not require heat exchangers between cycles. Thisis due
to the fact that magnetocaloric material is solid so that the heat transfer media (usually
is a fluid, that is so-called HTF) can transfer heat between these cascaded cycles. In
application, there are two ways of cascading the thermodynamic cycles: the first one is to
stack several of MCMs with sequential T.s in one regenerator to bridge the temperature
span of the regenerator, the so-called layered AMR concept. The MCM layering strategy
has been explored experimentally by Govindappa et al [16] on MnFePAs material family
and Navickaité et al[17] on LaFeSi material family. Quijano et al developed a layering
strategy with numerical modeling[18], a temperature — entropy diagram indicates the
properties of the layered MCMs is shown in Fig. 1.3 (b). The other one is associated
with the use of multi-stage AMR. In this case, each AMR stage uses different magnetic
materials and each AMR stage has its own operating range[19].

18

INTRODUCTION
T 4
H;>H,
120 o
H'>H H, ) 77 7, .
1 0 H’y //, W,« /;
YAy ’
1101 A J A oF oLl /1/'
& LA L/, Wy LA,
LI f e ddded el
STy /7,
100
Th _
v 90
Tuix = 80 '
M
A ~
,l
21 177
T ; :
cold II 'III,II 7
L)) e,
I 7 7 7717 (7 T T i 000
t/ i/, gl i/, 2/
0 OUy /4 1)/
4 R, AR A AR
: 50' A, llllll/l’/l rr‘
S S SwSi» S Sz Sa S S 270 280 290 300 310 320
TIK]
(a) (®)

Figure 1.3: cascaded thermodynamic cycle (a) and multi-layer AMR strategy (b)

1.5 MAGNETOCALORIC MATERIALS

In fact, MCE is an intrinsic property of all magnetic materials, but not all magnetic
materials are magnetocaloric material (MCM). For different magnetic materials, MCE can
only be induced within a certain temperature range, and it also differs from the intensity
of the temperature change. Therefore, at this moment, only a range of materials which
possess decent intensity of MCE at an applicable temperature range are considered as
MCM.

Over the last century and especially the last decade anincreasing amount of research has
been done in the field of magnetocalorics. An important part of this research has been
towards the development of tunable magnetocaloric materials for room temperature
applications.

After the discovery of the ‘giant’ MCE, the search for promising magnetocaloric
refrigerants focused on rare-earth compounds due to their high ordering temperatures.

Intermetallic lanthanum based compounds, such as La(Fe,Si).. which crystallize in

13
the Nazn,, type structure (1:13 phase), and the transition metal-based compounds
MnFe(P,As), which crystallize in the Fe2P- type structure[14] are among the most
promising magnetic refrigerants for near room-temperature magnetic cooling. Detailed
reviews of magnetocaloric materials for applications at room temperature have been
carried out by Gschneidner Jr. et al. (2005), Liu et al. (2012), Franco et al. (2012) and Liu
(2014). Fig.1-4 summarizes the maximum adiabatic temperature change(AT,;), maximum

magnetic entropy change (AS) under cycling applied field of 2 Tesla versus transition
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temperature for different families of magnetocaloric materials[20].

a
® 7t o FeRh :

6F [ ]

Gd4(Si,Ge), Mn-Fe-P-Si

St O Gd La(Fe,Mn,Si);;H, ]
< o"& -
= Y i Y @O ynre-pas 1 1Asr] [kg 'K
= La(Fe,Si), p
< 3 v | =D
23 : (La,Ca)MnO, 51019

2 r -

mce under (La,Ba)MnO,
1 cycling in 2T ]

O 1 1 1 1 1 1 1 1 1 1
160 180 200 220 240 260 280 300 320 340
T K]
Figure 1.4: Ashby-like diagrams of magnetocaloric materials: maximum AT.. and AS under cycling applied
field of 2 tesla, versus transition temperature

1.5.1 Major magnetocaloric material families

Gadolinium and its compound

Gadolinium metal and gadolinium-based MCMs have been extensively studied for their
MCE properties, mechanical stability, and shaping compatibility since the discovery of
giant magnetocaloric effect (GMCE) in 1997[21]. Thanks to its easy applicability and
availability, gadolinium has become a benchmark materialin magnetocaloric communities
around the world. Gadolinium exhibits a second-order magnetic transition due to the
localized magnetic moment, with a Curie temperature around 293 K and an adiabatic
temperature change (AT,y) of 3 K for a magnetic field change of 1 T[13]. Substituting
gadolinium with other rare-earth elements like dysprosium, terbium, and holmium in
Gd1-xRx alloys resulted in a table-like magnetocaloric effect over the temperature range
of 210-300 K[22-24]. A significant temperature span of 40 K was achieved by making
them into multilayer composites, such as the Gd-Ho-Y composite with a frequency of
0.4 Hz[25]. Due to its large magnetic moment, negligible hysteresis, good mechanical
stability, and tuneable Curie temperature, gadolinium is still considered the standard
material for magnetic refrigeration. However, its high cost limits its large-scale
commercial application and, therefore, is of less interest.

La(Fe,Si),, alloy

The La(Fe,Si)13 alloy is one of the most well-known pre-commercialized MCM. The LaFe13-
xSixalloy family[5, 26] have a NaZn13-type structure. it exhibits a GMCE due to the itinerant
electron meta-magnetic transition near a T, of 200 K[27]. Efforts have been made to
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shift the T.to room temperature while maintaining the GMCE by changing the magnetic
environment of the Fe atoms through the substitution of Co, Mn, Si, etc., or by introducing
small atoms interstitial insertion like the C, N, B and H atoms. The most effective additions
are the hydrides LaFe13-xSixHy and the substitution of Fe by Co[28, 29].

The Co substitution in La(Fe, Co)13-xSix can increase the TC and retain the giant MCE due
to the strong Fe-Co exchange interaction [30]. Increasing the Co content would transfer
the FOMT to SOMT. Therefore, by optimizing the Co content, a low hysteresis and a giant
MCE can be achieved in the La(Fe, Co)13-xSix alloys. More stable mechanical properties
make this family promising to be tested in a magnetic cooling system.

Hydrogenation of La(Fe,Si,Mn)13 is effective to shift the TC to room temperature as a
first-order-type material[31]. This is quite promising for practical applications. However,
the mechanical brittleness and chemical instabilities hinder its application in magnetic
refrigeration.

(Mn,Fe),(P,Si) alloy

MnFeP, As alloys, with a hexagonal Fe2P-type phase, exhibit a giant magnetocaloric
effect (GMCE)[32]. However, the toxic element As hampers their application in real
devices, leading researchers to discover a new family of MnFeP1-xGex alloys[33, 34].
Efforts to replace Ge led to the investigation of Mn1.25Fe0.70P1-xSix and MnxFe1.95-
xP0.50Si0.50 alloys[35, 36]. MnFeP
due to their excellent performance, cheap, abundantly available, non-toxic elements,
and tuneable T . The doping of interstitial C and N atoms in the Mn-Fe-P-Si alloys tunes
the FOMT to a SOMT[38, 39]. Co and Ni substitution in Mn-Fe-P-Si alloys also transfers
the FOMT to a SOMT[40, 41]. BASF prepared spherical samples of Mn-Fe-P-Si alloys using
the gas atomization process, which showed a magnetic entropy change of 12 to 18 J/kgK
under a magnetic field change of 1.5 T. The MnFePSi product of BASF has been tested in

1 2By alloys [37] are promising magnetic refrigerants

serval magnetic cooling devices, the results are promising[42, 43].

Heusler alloys

The X2YZ Heusler alloys display the magnetocaloric effect (MCE), with Ni2MnZ (Z =Sn, In,
Sb) exhibiting an inversed MCE. This is due to the lower magnetization of the martensitic
phase at lower temperatures and higher magnetization of the austenite phase at
higher temperatures[44]. However, the transition requires a large magnetic field and
the inversed MCE is irreversible[45]. Liu et al. [46] proposed a solution by using external
stimuli. On the other hand, Ni2Mn1.4In0.6 with a single L21 phase[47] exhibits a large
ground-state magnetic moment and reversible MCE, making it a promising candidate for
magnetic heat pump at room temperature.

21




CHAPTER 1

Manganite and other materials

The perovskite system of manganite R1-xMxMnO3 has a moderate magnetocaloric
effect (MCE), mechanical and chemical stability, and high electrical resistance[48]. Iron-
based amorphous alloys have a relatively large MCE due to SOMT and tuneable TC around
room temperature but a low ATad value. Fe-Rh alloys exhibit a giant field-induced first-
order magnetic transition (FOMT) and huge ATad but have large hysteresis, limiting their
MCE performance[49]. A dual-stimulus magnetic-electric refrigeration cycle in FeRh thin
films coupled with a ferroelectric BaTiO3 substrate aimed to overcome the irreversibility
problem[50]. However, the high cost of Rh still poses a severe disadvantage for large-
scale application.

1.5.2 Order of phase transition

The phase transition orderis animportant factor to assess the MCE materials’ performance.
First Order Magnetocaloric phase Transition (FOMT) Materials have a large MCE over a
small temperature window, while second Order Magnetocaloric phase Transition (SOMT)
materials have a mild MCE over a wide temperature range. The FOMT can be defined by
the discontinuity in the thermodynamic Gibbs free energy derivative [51]. The differences
between the two types of phase transition for the entropy S, magnetization M, volume V,
heat capacity Cp and entropy change AS are shown in Fig. 1.5.

One of well agreed method for distinguish the order of magnetic phase transition is:
if the fourth-order coefficient of the Landau expansion is negative, then it results in
a negative slope of the Arrott plot. As per the Banerjee criterion, a negative value of
the fourth-order coefficient of the Landau expansion indicates a first-order magnetic
transition[5], while a positive slope indicates a second-order magnetic transition[52]. The
Arrott plots are widely used to determine the type of magnetic phase transition, using
the isothermal magnetization (M-H) curves.

Clearly, the FOMT materials have a higher AS and a sharper dM/dT, but they also have
a volume change and a big thermal hysteresis, which can compromise the structural
stability and the thermal dynamic cycle. The FOMT materials can be classified into two
groups: a magneto-structured transition and a magneto-elastic transition. The magneto-
structured transition changes the lattice symmetry, which occurs in the Gd-Ge-Si,[62]
Mn-(Co,Ni)-(Ge,Si),[63] and Ni-Mn-In Heusler alloys.[64] The magneto-elastic transition
does not change the lattice symmetry during the phase transition, which happens in the
La-Fe-Si,[65] Mn-Fe-P-Si [66] and Fe-Rh alloys. [67] the SOMT materials on the other hand,
has a much lower AS a bord and flat dM/dT curve, which means they can be used in a wide
temperature window. Moreover, they usually good structural stability and no hysteresis.
One good example of SOMT MCM is gadolinium (Gd).
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Figure 1.5: The entropy S, magnetization M, the volume V, the heat capacity Cp and the entropy change
AS for the first order and second order phase transition [53].

1.5.3 Figure of merit for MCMs

In order for magnetic materials to be used in heating/cooling or energy conversion
applications, they must possess certain properties and characteristics. There are many
factors which determine if MCMs are interesting for future commercial application on
room temperature, but most prominent is the amount of magnetocaloric effect they
inhibit in their working temperature span. Based on these, MCM performance criterions
like the refrigeration capacity (RC)[54] and the coefficient of refrigerant performance
(CRP)[55, 56] has been proposed. However, when implement the MCM in the
magnetocaloric device, other important factors have to be taken into consideration[2,
571, which includes:

* low Debye temperature values

» aCurie temperature that is close to the working temperature
» alarge temperature change in the vicinity of phase transition
* low thermal or magnetic hysteresis

« low specific heat and high thermal conductivity

«  high electrical resistance

* non-toxicity,

*  resistance to corrosion

» good mechanical properties

* low manufacturing costs,

e minimal environmental impact
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As we can tell, these requirements pose a high bar to the existing MCM/MCM families.
Despite the well-developed field of magnetocaloric material, not many materials can
fulfill these criteria. This is why up to today, only three types of magnetocaloric materials
have been extensively applied in the magnetocaloric device prototypes. They are
gadolinium and its compound, La-Fe-Si family and Mn-Fe-P-Si family.

In real application, compromission has to be made in order to utilize the MCMs which
are available. A component which accommodates the MCM and make it functional in
the magnetocaloric device is called a magnetocaloric heat exchanger or active magnetic
regenerator (AMR) in magnetic heat pumps.

1.6 SHAPE OF THE MACNETOCALORIC MATERIALS

In order to apply integrated the MCM into the thermodynamic cycle of a certain
magnetocaloric device, the enabling of heat transfer between the MCM and the other
part of the device is essential. Apparently, the MCM has to be shaped with some
geometry in mind in order to promote the heat exchange between the HTF and the
MCM. The typical MCM geometries that have been applied in the AMR or heat exchangers
in magnetocaloric device prototypes are packed bed and parallel plates for their well-
established design and shaping techniques. However, recently there are more and more
prototypes with microchannel MCM geometry are developed to further improve the
heat exchange efficiency [58-61]. We will focus on the use case of geometries based on
the study of AMR, because the regenerator in magnetic refrigerator and heat pump are
better studied comparing to the magnetocaloric heat exchanger for TMM or TMG.

1. Packed Bed Geometry:

In this type of geometry, the regenerator is filled with magnetocaloric material (MCM) in
the form of densely packed irregular particles or spheres. Then bundles them together
with epoxy binder or sintering method. The production MCM in the form of irregular
particles is much easier comparing to the production of MCM spheres, which requires
atomization process with low yield. however, the irregular particles can cost trouble in
the bundling process. The irregular particles are difficult to be constrained, which can
influence homogeneity of fluid flow and generating debris in presence of structural
instability[62]. Therefore, most of current pack bed geometry are using spherical MCMs.
After bunding process (especially epoxy bonding), the packed bed has the best structural
stability amount these four geometries. However, even for the spherical MCMs, it is still
difficult to make a homogeneous porous structural due to the inconsistency of binding
or sintering process. Therefore, the actual performance results of packed bed geometry
are usually worse than the design value.
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In term of performance, the packed bed has the highest heat transfer coefficient thanks
to its huge specific surface area, while its also has the highest pressure drop and viscous
dissipation among all typical exchanger geometries[61]. Even in theory, the massive
thermal loss from the pressure drop and viscous dissipation drag down the performance
of the pack bed, makes it under perform other three geometries under similar conditions.

2. Parallel Plate Geometry:

Regenerators of this geometry involve the use of stacked thin plates of MCMs separated
by spacers to provide regular flow channels for HTF. The MCM plates are typically shaped
using traditional techniques like wire sawing, C&C milling, and mold casing. However,
the technique has to be selected specifically to fit the mechanical and magnetocaloric
properties of the target MCMs. Then, in the stacking process these thin plates are
bundled together by epoxy bonding with plastic spacers or by simply welding at specially
designed edges [63, 64]. Thanks to the decent precision of tradition shaping techniques,
the dimensional specifications of the plates and the channels of this geometry type is
the highest amount all four geometries. The difficulty of this geometry comes to the
implementation. There is a delicate balance between the thickness of the plate and the
its structural stability, especially in the presence of the magnetic force which is a variant
differs from case to case. Moreover, it is very difficult to increase the specific surface
area of the parallel plate geometry as the plate is quite bulky for a building element
comparing to the ones like particles or fibers in other geometries.

In term of performance, the parallel plate geometry has the lowest pressure drop
amount other geometries thanks to its simple, regular and smooth flow channels[59].
However, it also has the lowest heat transfer coefficient due the lack of specific surface
area.

3.Micro-Channel Geometry:

This design involves the use of small, sub-millimeter hydraulic diameter porous
structures, put them into an ordered-clustered block, and repeating this process to fill
a compartment (usually AMRs) with these blocks. MCMs are not easy to be shaped due
to the phase-transition induced structural instability. Therefore, the production method
has to take into account not only the MCE, the flow dynamics but also the structural
reinforcement. These new approaches come out of unique designs and techniques that
are varying from case to case, each case tried to address the challenges with a different
theory, this is also why micro-channel geometries have only various types of topologies.
The prototype development of AMR with Micro-Channel Geometry is still in the early
phase, there is not much systematic performance data available. Liang et al. fabricated
regenerator with Micro-Channel geometry using freeze-casting method[65]. The process
involves freezing a slurry of the magnetocaloric material and a liquid, then sublimating
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the frozen liquid to leave behind a porous ceramic structure with well-defined micro-
channels, as shown in Fig. 1.6(a). Navickaité et al prepared and tested a type of micro-
channel regenerator via three dimensional selective laser beam melting technique[66],
see in Fig. 1.6(b) During EU-funded MicroChMag project, Liang et al also prepared and
analyzed another type of micro-channel regenerator which consists aligned triangular
patterns[67], see Fig. 1.6(c). Funk et al shaped LaFeCoSi MCM with powder-in-tube (PIT)
technology, where the MCE powders were cladded by a 100 um thick seamless austenitic
steel jacket [68], as shown in Fig. 1.6(d). In 2022, Magneto B.V. in the Netherlands
developed an extrusion-based 3D printed fiber mesh structural (Fig. 1.6 e)), which
has fully customizable pack-screen bed liked cross suction, the fiber thickness can be
adjusted from 600 um to 200um.

1.7 OTHER MAIN COMPONENTS OF A
MAGNETOCALORIC DEVICE

1.7.1 Magnetic field source

There are three main types of magnets that can be used to generate the magnetic field
in such a device: superconducting magnets, electromagnets and permanent magnets.
All three types of magnets have been explored in the development of magnetocaloric
devices. There is no champion of magnet for all magnetocaloric application, only most
suitable type will be popular in certain application scenarios.

A superconducting magnet is an electromagnet that uses a coil of superconducting
material, which has zero electrical resistance when cooled below a certain critical
temperature. This allows the coil to carry very high currents and produce very high
magnetic fields without dissipating heat or energy. A superconducting magnet can
achieve fields of several Tesla, which can enhance the magnetocaloric effect of some
MCM with high saturation magnetization. However, a superconducting magnet also
requiresacryogenicsystem to maintainits low temperature, which adds to the complexity
and cost of the device. Moreover, a superconducting magnet is sensitive to external
disturbances that can cause a loss of superconductivity, known as quenching, which can
damage the coil or the magnetocaloric material. This can be an issue in application with
durability/reliability requirement. Superconducting magnets are mostly applied in the
early development of the magnetocaloric devices, or for gas liquefier niche. An latest
example of a magnetocaloric device using a superconducting magnetis the one reported
by Kamiya et al [69], a 5 T superconducting coil has been applied to achieve a minimum
temperature of 18.5 K and a cooling capacity of 1.2 W at 20 K.
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Anelectromagnetisan electric circuit that uses a coil of conventional conductive material,
such as copper wire and iron core, which has a finite electrical resistance. This means
that the coil generates heat and consumes energy when carrying current and producing
magnetic field. An electromagnet can achieve fields of around one tesla, depending on
the size and design of the coil. An electromagnet has the advantage of being able to
control the magnetic field by varying the current, which can optimize the performance
of the device [70] . Besides, the ability of varying the field without any moving part makes
a more durable and quieter machine possible. However, an electromagnet also has the
disadvantage of having high power consumption and heat generation, which reduces
the efficiency and increases the cooling load of the device. As a solution of this issue,
Urban et al [71] reported an electro-permanent magnet field source achieved over 80%
energy efficiency and up to 50 Hz operating frequency with magnetic energy recovery.
A permanent magnet is a magnet that uses a material that has a permanent magnetic
moment, such as neodymium or samarium-cobalt alloys, which do not require electric
current or cooling to maintain their magnetic field. A permanent magnet can achieve
fields of up to 2 Tesla, depending on the grade of the permanent magnet and the
geometry of the magnet assembly. A permanent magnet has the advantage of being
robust, compact and energy-efficient, as it does not require any power supply or cooling
system to function. However, a permanent magnet also has the disadvantage of having a
fixed magnetic field, which cannot be adjusted or switched off, which limits the flexibility
and safety of the device. Despite the disadvantages, the permanent magnet has been
the most applied in room magnetocaloric applications. Bjgrk et al [72] and Teyber et
al [73] compared different designs of permanent magnetic field source for magnetic
refrigeration from both performance and cost aspects.

1.7.2 Heat transfer fluid

Heat transfer fluids (HTFs) are important in magnetocaloric heat pumps (MHPs). These
heating and cooling systems move heat from cold to hot environments by using the MCE
of the MCMs. HTFs help transfer heat between the MCMs and the heat exchangers that
connect to the cold and hot reservoirs. Choosing the right HTF depends on different
factors. This includes the working temperature range, thermal conductivity, viscosity,
compatibility with the MCMs and the system components, and environmental impact.
Different HTFs have been tested for MHP applications, such as water, water-ethylene
glycol mixtures, nanofluids, and liquid metals.

Water is commonly used as an HTF for MHPs operating near room temperature because
it has high specific heat capacity, low viscosity, and low environmental impact. However,
water has some drawbacks such as low thermal conductivity (only around 0.6 Wm'K™"),
high freezing point, and possible corrosion effect on some MCMs. Therefore, a mixture
of water and antifreeze with corrosion inhibitors is typically used as the heat transfer
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fluid in magnetic regenerators[74].

Water-ethylene glycol mixtures can be used to lower the freezing point and increase the
thermal conductivity of water. Depending on the mixing ratio, the low end of its working
temperature range can be as low as -50°C. However, they also increase the viscosity and
reduce the specific heat capacity, especially at low temperature[75, 76].

Nanofluids are fluids with nanoparticles of different materials suspending in, such as
metals or oxides. These nanoparticles enhance the thermal conductivity and the heat
transfer coefficient of the base fluid. And a high thermal conductivity value will keep
the entropy production rate low for a given heat power and mean temperature, this will
improve the heat transfer efficiency of HTF. Nanofluids have been shown to improve the
performance of MHPs in some cases. However, they also present some challenges, such
as the stability, dispersion, and cost of the nanoparticles.

liquid metals like mercury, sodium-potassium (NakK), and GalnSn alloys have superior
thermal properties and no risk of corrosion to the MCMs. However, their huge density
makes it very hard to pump in the hydraulic loop, and the induced surface pressure on
MCM cast big challenge on their durability. As one possible solution, Rajamani et al[77]
developed a magnetic pump to drive the liquid metal with low frequency and low power
consumption.

1.7.3 Control system

There are two major types of control systems applies to magnetocaloric devices: active
and passive. An active control system employs a computer or MCU (Microcontroller
Unit) assisted solenoid valve array to adjust the working cycle. This system offers more
flexibility and control, making it ideal for experimental purposes. However, it also comes
with higher energy consumption and cost implications.

On the other hand, a passive control system employs a mechanical valve array that
synchronizes with the magnetic field to control the working cycle. This system is less
flexible, but it is less complex and consumes less energy. As a result, it is preferred for
commercial application where low cost and reliability are more important than flexibility.
In summary, the choice between these two depends on the specific needs of the
application. While an active control system may be more suitable for research and
development purposes, a passive control system is often a better choice for commercial
applications where efficiency and reliability are the top priorities.
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1.8 PROTOTYPES OF MAGNETOCALORIC DEVICES

Magnetocaloric materials (MCMs) exhibiting a giant MCE significantly change their
temperature when exposed to a changing magnetic field as shown in Fig. 1.7. Therefore,
MCMs can be incorporated into thermodynamic cycles to pump heat from a reservoir
temperature to an elevated temperature and vice versa either with the purpose of
cooling or heating (Fig. 1.7, left). In an inverted cycle, cooling or heating across the
magnetic phase transition activates or deactivates the magnetic state, which can be used
to convert heat into mechanical energy or electrical energy (Fig. 1.7, right). Note that the
MCE and energy conversion efficiency are maximal close to the magnetic phase transition,
which is defined by the so-called Curie temperature (Tc). When the temperature crosses
Tc the MCM switches between magnetic (below Tc) and non-magnetic state (above Tc).
Therefore, the working temperature range of a MCM depends on its Tc.
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Figure 1.7: System schematics for magnetocaloric heat pump and thermomagnetic motor

The major difference between magnetocaloric heat pump and magnetocaloric energy
converteris with or without regeneration cycle. Basically, in order to achieve high energy
efficiency, the heat pump applications have to follow certain thermodynamic cycle to
reuse a part of energy that stored in the system. however, this doesn’t apply to the ADR
cycle in cryogenic cooling and magnetocaloric power conversion, both applications are
using a non-generative working cycle.

1.8.1 Magnetocaloric refrigerators and magnetocaloric heat pumps

The device makes use of the AMR to cool a certain space is usually called a magnetic
refrigerator or magnetic cooler, while a device uses the AMR to heat a space is usually
calledamagneticheat pump.Infact, the asintroducedinsection 1.5, the working principle
of both application is to utilize the thermodynamic cycle to transfer the heat from one
space to another, i.e. a heat pumping process. There are many of this kind of devices have
been developed since the discovery of the MCE. Based on the application temperature
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range, we can classify them into three categories: the cryogenic application, the room
temperature application, and the heating application. Since the cryogenic application is
not the focus of this work, and heating application has very few prototypes developed
up to now, we will focus on the room temperature cooling/refrigeration application.

Room temperature application

After discovering the marvellous magnetocaloric property of gadolinium, which has its
Curie temperature round 18°C, a wave of room temperature magnetocaloric refrigerator/
cooler prototypes has been developed.

First generation devices: These devices used superconducting magnets and low-
frequency operation. They were mainly based on Stirling or Brayton cycles with passive
or active regeneration. Some examples are Brown et al. (1976)[4], Steyert (1978)[78],
Barclay (1994)[79], and Zimm et al. (2003)[80]. The purposes of the research work in
this period mainly focus on the proof-of-principle devices in which the function is the
priority instead of the performance. These devices and work are well documented by
many reviews like [81-83].

Second generation devices start mainly after the year 2000: These devices used
permanent magnets and higher- operation frequency. They were mostly rotary devices
with concentric Halbach cylinders/arrays or complicated magnet assemblies. These
prototypes also implemented well-designed hydraulic system which insisted either
passive or active valve systems to gain better control on the magnetocaloric working
cycle. he purposes of the research work in this period mainly focus on the application and
performance of these magnetocaloric refrigerator/heat pump. In the following section,
we focus on the introduction of the second-generation prototypes.

There are two groups of devices, i.e., the ones operating in a reciprocating (linear
motion) manner and the others operating in a rotary manner. The reciprocating and
rotary operations of the magnetocaloric device are more or less related to the way how
the AMR is exposed to the alternating magnetic field. This is a widely used classification
principle of the magnetocaloric refrigerator/heat pumps.

Tura and Rowe (2011)[84] introduced PM-I, a rotary device with a magnetic field source
based on permanent magnets that produced a maximum temperature span of 29
K and a maximum cooling power of 50 W. In 2014, the same group presented a new
work PM-II[85], which provided a maximum temperature span of 33 K and a maximum
cooling power of 2.5 W. Engelbrecht et al. (2011)[86] provided detailed experimental
tests on their first prototype, which produced a maximum temperature span of 10.2 K
under no-load conditions with gadolinium. In 2012, the same group introduced a rotary
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regenerator refrigerator device that produced a maximum temperature span of 25.4
K under zero cooling load[87]. Lozano et al. (2014)[88] demonstrated that the device
could produce 1 kW as cooling power. In 2015, Eriksen et al. (2015) [89] announced
the building of a third prototype, a rotary refrigerator - MAGGIE, with a maximum
magnetic field of 1.4 T for commercial refrigeration. This prototype obtained a maximum
coefficient of performance (COP) of 3.6 at 7.2 K and 0.3 W cooling power, while reaches
a maximum span of 20 K.

In 2018, MagQueen a magnetocaloric heat pump, was presented by Dall’'Olio et al. Johra
etal. (2019)[90] further explored the performance of MagQueen for building applications
with a maximum operating frequency of 2 Hz and maximum COP of 5. MagQueen is the
first develop that achieved kW scale cooling and heating power when used as a heat pump.

Figure 1.8 The external design and suction view of MagQueen

The Federal University of Santa Catarina research group developed refrigerator
prototypes since 2011, which contains parallel-plates regenerator made of gadolinium.
They also developed a novel rotary magnetic refrigerator (Lozano et al.,, 2016)[91]
exhibiting a COP of 0.54 with 7.1 K as the maximum temperature span. Trevizoli et al.
(2016) reported on a prototype that could reach a maximum cooling power of 53.7 W
and a maximum temperature span of 30 K under zero cooling-load, with a COP of 4.6.
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Apreaetal. (2014) [92] developed the first Italian rotary device, called 8-Mag, which uses
a magnetic system with packed-bed regenerators crossed by distilled water. The device
exhibited good performances, producing COP=1.8 under a cooling power of 163W
and COP max=2.5 under a cooling load of 200W. In 2015, the device was tested in air-
conditioning operation mode, producing 100W in correspondence of 6K and COP=0.6.

In 2013, the University of Coruna developed a magnetocaloric prototype that used
permanent magnets[93]. The prototype had two AMR regenerators that were filled with
gadolinium plates and flowed with distilled water. The prototype achieved a maximum
temperature span of 3.5 K under zero-load conditions, and a specific cooling power of
16.7 W kg™ at zero-temperature span. A year later, the University of Zaragoza built a
magnetocaloric device with a magneticsystem made of permanent magnets of Nd2Fe14B
in Halbach configuration[94]. The device had a moving packed-bed regenerator filled
with gadolinium spheres and was crossed by a mixture of water and ethylene glycol.
During no-load tests, the device achieved a maximum temperature span of 19.3 K and
had a reference cooling power of 6 W during zero-temperature span investigations.
In 2014, Czernuszewicz et al from Wroclaw University of Technology introduced a
magnetocaloric test stand that mounted a Halbach array of permanent magnets[95].
The magnets magnetized an AMR packed-bed regenerator made of gadolinium within an
ethane-diol mixture. The device achieved a maximum temperature span of 6.9 K.

Also in 2014, Jacobs designed a rotary magnetic refrigeration system [96] for
Astronautics Corporation of America based on permanent magnets. The system had
21 static regenerators assembled with LaFeSiH alloys and connected by water circuit.
The magnetic prototype achieved a reference cooling power of 3042 W during zero-
temperature span investigations and a promising cooling power of 2502 W at a
temperature span of 11 K.

The KTH Royal Institute of Technology from Sweden introduced a prototype device with
a rotating magnet system made of LaFeMnSiH and a packed bed AMR with 12 static
irregular-shaped regenerators. The researchers investigated the prototype with only
two of the regenerators filled and found a temperature span of around 18 K, with a flow
rate of of 8.3 x10°® m3s~' and working frequency of 0.5 Hz[97]. The Baotou Research
Institute of Rare-earths from China presented a magnetic cabinet prototype for wine
storage using two concentric Halbach array permanent magnets and a multi-layer AMR
made of Gd and GdEr alloy particles[98]. They used demineralized water as the HTF
and achieved a maximum temperature span of 25 K at zero-load while operating at the
optimal frequency of 2 Hz and volumetric flow rate of 5.3 [ min~".
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One of the companies that have been actively involved in this field is Cooltech Application
Company, which has developed various prototypes of magnetocaloric devices over the
years. Their first prototype, a reciprocating AMR, was patented in 2009. In 2011, the
company launched their second reciprocating device, which was made with Nd-Fe-B
permanent magnets (B =1.27 T) and was able to operate up to 1.5 Hz. This device mounted
a parallel-plate AMR that was assembled with Gd and Gd-Tb and achieved a maximum heat
load of 150 W and a maximum temperature span of 38 K. In subsequent years, Cooltech
Application Company continued to develop their magnetocaloric devices. In 2013, they
introduced their first rotary permanent magnets magnetic prototype (B = 0.98 T) that
could reach 4 Hz by rotating on packed bed regenerators made with Gd or Gd-Tb[99].
This device produced a maximum temperature span of 42 K and a maximum heat load
of 120 W. In 2014, the company introduced their second rotary prototype (B = 1.17 T),
which mounted parallel-plates regenerators and was tested with Gd, Gd—Er/La—Fe-Si. This
prototype achieved a maximum temperature span of 38 K and a maximum heat load of
300 W. The latest updates about Cooltech Application Company’s magnetocaloric devices
were presented by Lionte et al. (2018) [100, 101] during Thermag VIII. They introduced
a rotary device that was designed for a possible replacement of Gd-based with LaFeSi-
based alloys. The prototype had three thermal loops and a hydraulic system moved by
an external pump. The magnetic system was made of permanent magnets (B = 1 T), and
the device could operate between f = 0.5-2 Hz and variable flow rates 1-6 L min —1. During
initial investigations, the prototype produced a maximum temperature span of 30.8 K.

To conclude this section, we find a summarizing plot from Kamran et al.[75] to list out the
well documented performance data from the existing prototypes.

Rotor with four-pole permanent magnet assembly

Electric motor

MCM bed mounted on a easy-to-access rig

Main hydraulic distribution

Heat transfer liquid tank — —A ‘_ CHEX placed inside an
" insulation box

Hydaulic pump

Control and measurement
electric cabinets

Figure 1.8 The last prototype built by Cooltech Application Company in 2020
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Figure 1.9 The temperature span vs cooling load performance of the magnetocaloric refrigerator
prototypes according to data available[75]

1.8.2 Thermomagnetic motors and thermomagnetic generators

Utilizing Magnetocaloric (MC) material, a thermomagnetic generator (TMG) device
converts a temperature difference into electrical power via the magnetocaloric effect
(MCE) and Faraday law[102]. By changing the temperature of an MC material, which
exhibits a large change of magnetization around its Curie temperature (Tc), the magnetic
flux flowing through the MC material willalso be changed. With this time-varying magnetic
flux, an electric voltage can be generated in a coil. This concept results in great flexibility
of magnetic circuits and heat transfer mechanisms to optimize the performance of
TMGs. Gueltig et al. developed a TMG with resonant self-actuation, which uses thin films
of Heusler alloys that vibrate resonantly due to the alternating magnetization and heat
transfer. This design is the first implementation of TMG at miniature length scales (mm
to cm-range) [103]. Liu et al. proposed an innovative design that uses a magnetocaloric
switch, which controls the magnetic circuit by changing the reluctance of the parallel
paths. The electrical power density per degree of temperature difference of this device
is by 2 to 3 orders of magnitude higher than those of other active TMGs, and also much
higher than existing TE and PE devices [104]. Although TMGs are proven to have higher
efficiency than thermoelectric generators at small temperature differences and have
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higher power density than pyroelectric generators, TMGs still face some challenges,
such as the need for high-quality magnetic materials, reliable heat transfer systems, and
effective magnetic shielding.

Another category of thermomagnetic device works with an indirect conversion method,
which converts thermal energy first into other form of energy (mostly kinetic energy
such as rotation, reciprocation, or swing), and then further converts into electricity
with some additional device such as an electrical generator. Devices falling into this
category are usually called thermomagnetic motor (TMM) or thermomagnetic actuator
(TMA). A TMM converts thermal energy into mechanical energy in the form of rotational
motion. The motor typically consists of a rotor with a soft magnetic material and a stator
containing permanent or electrically driven magnets. When a temperature gradient is
applied across the rotor, it creates a magnetization gradient across the rotorin response
to the magnetic field generated by the stator, causing it to rotate. This rotation can be
used to generate electrical power or perform mechanical work.[105] A TMA is a device
that converts thermal energy into mechanical energy in the form of linear motion. The
actuator typically consists of a soft magnetic core surrounded by a solenoid coil or a ring
of permanent magnet. When a temperature gradient is applied across the core, it moves
in a linear motion in response to the changing magnetization state. This linear motion
is usually used for precision control or triggering mechanism{106, 107]. Both TMA and
TMM can be used to convert low-temperature waste heat in the range from 35°C up to
100 °C from a wide range of heat sources into electricity.

Although TMMs have some disadvantages compared to TMAs, such as lower efficiency,
bulky design, and limited precision[108], TMMs still represent the most promising
approach for unlocking ultra-low-temperature heat as energy source for future
zero-emission electricity supply. TMMs are among the best available alternatives for
environmentally friendly thermal energy harvesting system [24].The earliest development
of the TMM is when Thomas Alva Edison and Nikola Tesla patented the first designs with
the “Pyromagnetic Generator” (US patent 476,983, Thomas Alva Edison, 1888) and the
“Thermo-Magnetic Motor” (US patent 396,121, Nikola Tesla, 1889), but none of them
have built the device due to a lack of suitable material. After that, in 1972 Murakami and
Nemoto[105] developed the first TMM prototype. The development had paused quite a
while since there is no “temperature sensitive magnetic material” that can fill the gap. Then
in 1997, with the discovery of room temperature Giant Magnetocaloric Effiect (GMCE)[21],
the development on TMM again started to move forward. From then on, serval prototypes
with various designs have been presented[109-111]. At Swiss Blue Energy AG, with 1 kW
power output, the TMM prototype has almost reached industrial scale[112]. In 2022,
Hey et al. [113] developed a TMM prototype with 88 W output power and 2.1% energy
conversion efficiency, which marks the highest energy efficiency up-to-date.
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1.9 THE SCOPE OF THE DISSERTATION

Throughout my PhD research, | delved deeply into the intricacies of magnetocaloric
technology and its diverse applications. My focus centered on the development of
magnetocaloric heat pumps and thermomagnetic motors, which represent highly
efficient and eco-friendly technologies that can be utilized for refrigeration and power
generation purposes. To maximize the performance of these systems, | integrated my
knowledge of system engineeringand materialshaping techniquesand devised innovative
approaches to optimize the performance of magnetocaloric devices and materials under
varying operating conditions. In pursuit of this goal, | conducted extensive experiments
and simulations to analyze the system efficiency over variety of temperature spans, and
applying optimizations on both the structural and controlling aspect of magnetocaloric
devices. The outline of this dissertation is as following:

Chapter 2: explains experimental method and measurement techniques

Chapter 3: introduces the design, implementation and performance analysis of a
reciprocating magnetocaloric refrigerator prototype -- MMFF Cooler.

Chapter 4: introduces the design, implementation and performance analysis of a rotary
magnetocaloric heat pump prototype — FAME Cooler. Further performance optimization
on FAME Cooler also included in this chapter.

Chapter 5: changes the focus to waste energy harvesting device. A thermomagnetic

motor prototype (TMMO) is introduced, and followed up with a numerical modelling
exploration for improving the system performance of TMMO.
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2.1 SQUID

A Superconducting Quantum Interference Device (SQUID) is a highly sensitive device
that can detect extremely small changes in magnetic flux.

The Squid operates through a superconducting loop that has two Josephson Junctions.
It is made up of two superconducting electrodes that are separated by an insulating
layer. As a magnetic sample moves through a series of magnetic coils, a current is
produced in the Pickup coil. This current is then transferred to a magnetic field by a
secondary coil, which penetrates the superconducting loop. The magnetic field is
known as the modulation of the critical supercurrent through the junctions. To keep this
current constant, a Feedback loop is used, which provides a signal proportional to the
magnetization of the sample.

The SQUID used for magnetic measurement in dissertation is a Quantum Design MPMS-
XL[1]. It can measure the Magnetic properties of various samples under temperature
range from 4 to 370 K and a field range from O - 8 Tesla.

2.2 MDSC

Heat-flux based Differential Scanning Calorimetry
(DSC) is a thermal analytical device that measures the
difference in the amount of heat required to increase
the temperature of a sample and a reference. In a DSC
the temperature of the sample unit, formed by a sample
and reference material, is varied in a specified program,
and the temperature difference between the sample
and the reference material is measured as a function
of temperature. The DSC comprises the sample and
reference holder, the heat resistor, the heat sink, and
the heater. The heat of the heater is supplied into the
sample and the reference through the heat sink and
heat resistor.

The special DSC used in this work is an in-Magnetic-field DSC (MDSC) developed in house

by BASF New Business. The features of this MDSC are:

* 0-1.5 T Halbach nested permanent magnet field source. The field strength is
adjustable mechanically with program control.

«  Thermoelectric heat flow sensors provide high sensitivity.

46

EXPERIMENTAL TECHNIQUES

- Temperature is regulated between 230 and 350 K using Peltier heating and cooling
with scanning rate up to 6 K/min.

e Turbo vacuum (<10° mbar) is used to reduce heat loss and to avoid moisture
condensation.

2.3 NI COMPACTRIO

CompactRIO[2] is a real-time embedded industrial controller made by National
Instruments for industrial control systems. It consists of a controller, a chassis, and a set
of 1/O modules that can be customized for different applications. The controller runs
the NI Linux Real-Time OS and executes LabVIEW Real-Time applications. The chassis
contains a user-programmable FPGA that caninterface with the I/O modules and perform
high-speed logic and timing tasks. The I/O modules are sensor- or protocol-specific and
provide signal conditioning and conversion. It supports various industrial I/O modules
from both NI and third-party vendors.

The 1/0 modules used with CompactRIO in this work are:

— NI 9213: A thermocouple input module that can measure up to 16 channels of
temperature with 24-bit resolution and 75 S/s sampling rate. It supports various
thermocouple types and provides cold-junction compensation, open-thermocouple
detection, and built-in noise filtering

— NI'9381: A multifunction I/O module that can perform analog input, analog output,
digital input, and digital output operations. It has 8 channels of 16-bit analog input,
8 channels of 16-bit analog output, 32 channels of 5 V/TTL digital input/output,
and two 32-bit counters. It can also generate PWM signals and measure frequency,
period, pulse width, and quadrature encoder signals.

2.4 DELTASM300-10 DC POWER SOURCE

The Delta SM300-10 D power source[3] is a programmable DC power supply that can
deliver up to 300V and 10 A. It is part of the SM6000 series of power supplies from Delta
Elektronika, which are designed for long life, high accuracy, low noise and excellent
dynamic response. The SM300-10 D power source has the following features:

It has a wide input voltage range of 85 to 264 VAC, and can deliver up to 300 W of
output power with a single output voltage of 10 VDC. The power source features
a high efficiency of up to 94%, and a low ripple and noise of less than 50 mVp-p. The
power source also has various protection functions, such as overvoltage, overcurrent,
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overtemperature, and short circuit protection, to ensure the safety and reliability of
the connected devices. The communication protocols can be: Ethernet, RS232 or other
isolated remote programming features can be factory installed.

2.5 SCHNEIDER SERVO DRIVE LXM32M

The Schneider Lexium 32M servo motor is a compact and powerful servo motor that
can be used with the Lexium 32 servo drive[4]. The Lexium 32M servo motor has a high
torque density and a low inertia, making it suitable for dynamic applications that require
precise positioning and speed control. The Lexium 32M servo motor can operate in two
control modes: speed profile and position profile. In speed profile mode, the servo drive
controls the speed of the motor according to a predefined speed profile, which can be
linear, trapezoidal, or S-shaped. In position profile mode, the servo drive controls the
position of the motor according to a predefined position profile, which can be absolute
or relative. The position profile can also include acceleration, deceleration, and dwell
times. The Lexium 32M servo motor can communicate with the Lexium 32 servo drive via
a digital encoder, which provides feedback on the motor speed and position. The Lexium
32M servo motor also has an optional integrated holding brake, which can prevent the
motor from rotating when the power is off or in case of an emergency stop.
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3.1 BACKGROUND OF DESIGN

The first-hand experience of prototyping magnetic refrigerator began in 2009: Zheng
et al. of the research group of Magnetic Materials and Functional Thin Films (MMFF) of
South China University of Technology developed a magnetic refrigerator setup[1]. This
system has a reciprocating operation design, 1.5 T magnetic field, and Gd sphere sized in
the range of 0.5-1.5 mm. As the first attempt of such research, a temperature span of 1.6
K has been reached after 50 minutes of operation.

Cold Heat Exchanger
A, BAMR Bed

i )

w2 —1 L

l Programmable
Controler

Electromagnetic valve

Hot Heat Exchanger

Figure 3.1: The magnetic refrigerator setup developed by Zheng et. al 2009

In the same period, the development of magnetic refrigerator prototype had set off a
boom all around the world[2]. Most of newly developed (between 2006-2011) prototypes
to be rotary type, for maximizing the utilization of the permanent magnet, and improve
the cooling power and COP, in order to make them more commercial-ready[3-6]. Despite
the advantages, magnetic refrigerator of rotary type has also disadvantages such as,
bulky structure, complicated hydraulic system and high demand of control system[7-9].
On the other hand, although limited on performance, the magnetic refrigerator of
reciprocating type has usually confined design, simple hydraulic system, and highly
flexible operation[10, 11].

To avoid complication and to gain more experience on system development, the second

prototyping attempt of MMFF was decided to be a reciprocation type, which can make
use of the gained experience from its predecessor and avoid the possible complication
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on the magnetic field source and hydraulic system. However, as a step forward, the new
prototype should adopt the advantage of the rotary type to the reciprocating type. “If
possible, make a hybrid!” this was the decision quoted from one progress meeting. The
main system of MMFF cooler was built in June of 2013 and followed by a few times
of partial upgrade since then. As a second attempt of MMFF, this prototype continues
the reciprocating design, while improving the performance by increasing the working
frequency, simplifying the hydraulic system, and optimizing the controland measurement
system. This prototype was also built for exploring the different packing method of the
MCM and the control strategy of a magnetic refrigerator.

3.2 SYSTEM FEATURES

Usually, to simplify the system and limit the cost, typical proof-of-principle magnetic heat
pump setups usually have only one regenerator. Due to the nature of the AMR cycle,
one regenerator can only work in the magnetization stage or demagnetization stage.
Therefore, if thereis only one regenerator, neither the heating cycle nor the cooling cycle
is continuous. To address this problem, the MMFF cooler was developed with the idea of
a continuous regeneration cycle. The combination of two pairs of mirror symmetrically
placed regenerator and permanent magnet assemblies enabled high working frequency
while the magnetic force was well balanced. Four linear rails can ensure the regenerators
only reciprocating in x-y plane while has no freedom in z-direction, to avoid unexpected
contact with magnet assemblies. A servo motor Panasonic MINAS A5 has been applied
to generate the reciprocating movement, this will also enable the self-adaptive control
of speed toward the position varying magnetic force. The operation principal schematic
of the MMFF cooler was shown in Fig. 3.2.

A 2D magnetic field simulation has been performed with Ansys, as shown in Fig. 3.3 ()
the magnetic flux in high field region of the airgap of the magnet assembly is focused
and homogenous. Fig. 3.3 (b) shows the internal configuration of the magnet assembly.
As can see, the red arrows indicate the magnetization direction of the N50M NdFeB
permanent magnet parts, while all the rest of the parts are DT4E pure iron. Note that
the layout of the permanent magnets has followed the rule of Halbach array. Fig.3.3 (c)
shows the field density measured with a Gaussmeter and 2D Hall probe. The colored
arrow symbols in Fig.3.3 (b) indicate the direction of the field density measurement.
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This prototype used gadolinium plates with a 99.9% purity as working material. With a
dimension 100x13x0.7 mm each, the parallel plate regenerator has in total 53 pieces
of gadolinium plate with a spacing of 0.3 mm. Thus, the overall porosity of each
regeneratoris 23.07%. The gadolinium plates have been processed with a wire saw, with
a subsequential polishing process to make a smooth finishing. Two pieces of SUS304
stainless steel plates of Tmm are used as guiding plates, which are carved with notches
for the gadolinium plates and then glued to the top and bottom of the chamber of
regenerators. The gadolinium plates can then be slid into the regenerator easily and will
be supported by the guiding plates to avoid the deformation caused by magnetic force.

(@) (b)

Figure 3.4: Magnetocaloric material in the regenerator

The two regenerators have an internal dimension of 130x13x53 mm, thus, a volume of
89.57 ml each. There are two connecting holes on the side lid, one for tubing and the
other for Pt100 temperature sensor.
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Figure 3.3: The permanent magnet assembly of MMFF Cooler Figure 3.5: Regenerator
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The hot heat exchanger of MMFF Cooler is inspired by spray cooling, which requires the
evaporation of water to remove heat. The spray cooling chamber of the MMFF Cooler
enhances the cooling efficiency by adding forced convection of air in the chamber with
two DC electric fans. A DC diaphragm pump was used to cycle the water in the chamber
between the water tank and the nozzles. In the trials, the spray cooling chamber can
keep the hot heat exchanger only 1~2 degrees above ambient temperature.

| Spray nozzle

Radiator Inlet

(warm water)
Vent Outlet -—
Water tank -—

\\ -— Fan
T Radiator Outiet
(Cool water)

~
Radiant Tube

@ (b)
Figure 3.6 the Hot end heat exchanger

The cold end of MMFF cooler was basically an insulation industrial foam box with warded
copper tube inside, as shown in Fig. 3.7(a). The Pt100 was attached to the surface of
the copper tube. The insulation elastomer foam in Fig. 3.7(b) was added after the first
experiment run of the system, which significantly improved the temperature span of
the system in the experiments later. Note that the inner diameter of the copper tube
was 6mm, while the inner diameter of the connection tube between all other parts of
the system was 9mm. Therefore, the velocity of the HTF in the cold end was much faster
than in other parts of the system.

The overalloperation controlof this prototypeishandled byaprogrammable logiccontroller
(PLC) unit FX1N-40MR from Mitsubishi. With 24 bits digital input and 16 relay output
available, the PLC unit receives signal from both the sensors and manual control interface
while sends control signals to the servo motor and the solenoid valves. The response
time for both input and output signals are 10 ms, which ensures the synchronization
for all the operations. The logical control flow chart is as Fig. 3.8: the initiation process
includes configuration of motor speed, pump speed, and start the data logging; then the
system enters automatic process, the valve switching is synchronized with the regenerator
movement; the system will only stop when “stop” command is triggered.
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Figure 3.7: the Cold end of the system
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Figure 3.8: control flow chart of MMFF prototype
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The hydraulic system of MMFF Cooler is shown in Fig. 2.7, which consists: two permanent
magnet assembly: 1 and 4; three PT100 temperature sensors: 2, 6, and 17; cold heat
exchanger: 3; two proximity switches: 5 and 16; hot heat exchangers (in the same
compartment): 7 and 13; four solenoid valves: 8, 9, 11, and 12; DC gear pump: 10;
Programable Logic Controller (PLC): 14; servo motor: 15; active magnetic regenerators:
A and B. All tubing in the hydraulic system is PVC tube with an inner diameter of 9mm.

2 3
Cold Heat Exchanger
1 Magnet 4
Ed v E 3
16 { ) 5
AR Bed
B B s
15 Servo Motor
6
13
(:=:m ¢
¢ )
) ( 7
|CE— E— P —))
Hot Heat Exchanger Hot Heat Exchanger

sol enoi d val ve
Figure 3.9: Schematic of Hydraulic system

The position of the AMRs was determined by two proximity switches (5 and 16).
Whenever one AMR enters the high-field region of the magnet, the proximity switch on
that side will be triggered and the configuration of the solenoid valves will be changed
via PLC. When valve pair 8 and 12 are opened while valve pair 9 and 11 are closed, the
cooled HTF flow from demagnetized AMR A will flow into the cold heat exchanger 3,

58

PROTOTYPE HEAT PUMP - MMFF COOLER

while the heated HTF from magnetized AMR B will flow into the hot heat exchanger 7;
When valve pair 9 and 11 are opened while valve pair 8 and 12 are closed, the cooled HTF
from demagnetized AMR B will flow into the cold heat exchanger while the heated HTF
from magnetized AMR A will flow into hot heat exchanger 13. Thanks to the proximity
switches, the timing for valve switching in this system is directly triggered by the position
of the AMR.

An overview of the completed MMFF Cooler can be found in Fig. 2.8

Figure 3.10: overview of the MMFF Cooler

3.3 EXPERIMENT AND RESULTS

Not many experiments on MMFF Cooler were successful due to the not optimized design.
The common failures were leakage at customized connectors, flow channels blocked by
deformed Gd plates, or broken draft coupling. After solving these critical problems, a
few performance measurements have been performed. The experimental conditions are
as followed:
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The results were measured under the condition of 1 Hz system frequency, which
equalled to 2 Hz AMR frequency as the two regenerators were in theirindependent AMR
cycle. The volumatic flow rate was fixed at 1400 ml/min flow rate, controlled by a PWM
motor driver. During the experiment room temperature was maintained at 27.5 °C by
air conditioner. The HTF used in the experiments was a solution of demi-water with 2%
(weight percent) of NaOH, which served as a corrosion inhibitor.

In the first trial run, the temperature span develop is quite small. As one can see in Fig.
3.11 (a) the major part of the temperature span was developed in the first 15 to 20
minutes, and since then only the temperature of hot side was slightly increased. The
temperature of the cold end was cooled from 27.4°C to 26.6°C, while the temperature of
the hot end was heated from 27.8°C to 29.1°C, the maximum temperature span is 2.5°C.
One can notice that the cooling power of the system was very small and the temperature
span at the cold end seemed to be supressed more the temperature span at the hot end.
One most possible reason for this was the large dead volume at the cold heat exchanger.
The two regenerators share the sample CHEX, however, since there was only one piece
of tube for both the inflow and outflow, almost all the volume contained in the tube
became dead volume. Besides, due to the long distance between the CHEX and the two
regenerators, it took a long time before the temperature in the CHEX started to respond
the cooling power generated by the regenerators.
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Figure 3.11: Performance data of the two trials

The temperature span in the second trial was significantly improved, while maintaining
the hot end temperature at around 31°C, a maximum temperature span of 6.2 K has been
reached atsteadystate, asshowninFig3.11 (b). However, there wasan unusualstepin the
temperature profile of the cold end. From 0 minute to 15 minute, the temperature span
developing was as little as 0 to 0.5 K. Then in just 4 minutes, a temperature span of 6.1 K
was developed, but only 0.1 K more span was developed in the rest of the experiment.
The long delay was probably caused by the long tube between the AMRs and the cold
end of the system, which was a big dead volume between the cold side of the AMRs and
the system cold end. In the second experiment, this part of tubing was better insulated
with industrial foam sleeves compared to the first experiment. Therefore, the cooled
HTF could accumulate in the dead volume. When the volumetric flow rate was not high
enough, it would take quite some cycles before the cooled HTF from the cold side of the
AMR to reach the cold end of the system. Besides, since the total volume of copper tube
in the cold heat exchanger is very small compare to the dead volume, the cooling down
process was respectively short.
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3.4 CONCLUSION

Aproof-of-principle magneticrefrigerator prototype -- MMFF Cooler has been developed.
The system was a reciprocating type, equipped with two permanent magnetic field
sources of 1.2 T, the working material in the system is gadolinium plate. With 2 Hz AMR
frequency, 1400 ml/min Volumatic flow rate, and hot end temperature 31°C, MMFF
Cooler can reach a zero load maximum temperature span of 6.1 K. This result proved
the AMR cycle has been successfully applied, though the system efficiency is far from
optimal.

The result of the performance tests indicated that the design of the prototype can
fulfil the requirement of a proof-of-principle prototype device. the performance of
the system can be tuned by adjust the control parameters via the servo motor and the
gear pump. Improved thermal insulation along the tubing results better temperature
span. however, the system design is still quite immature as heat leak and dead volume
significantly limited the cooling power, which is indicated by extended cooling time.
Too many customized components are used, which suppresses the system performance
and makes modification and expansion very difficult. Last but not least, the shaping
and assembly mechanism of gadolinium plate needs improvement. The big thickness of
Gd plate reduced the heat transfer efficiency and the lack of the supporting structure
caused signification deformation when leaving field region.
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4.1 INTRODUCTION

Magnetic refrigeration (MR) at room temperature (RT) is considered as a competitive
alternative of conventional vapor compression technology, which has led to various
studies on RT MR devices since the first prototype at RT was developed by Brown [1].
Different thermal dynamic cycles such as the Stirling, Ericsson, Brayton cycles, have been
invoked (for a review see e.g. [2]) to explore the magnetocaloric effect (MCE) until the
active magnetic regeneration (AMR) cycle was proposed by [3], which is nowadays still
the most promising cycle for magnetocaloric devices. Except for some early applications
which are driven by exorbitant superconducting magnets [4, 5] as the magnetic field
source, most MR devices today use permanent magnets, for its energy efficiency and
spatial compactness. Different magnetic field sources, from the simple “C" shaped
magnet to the complicated concentric Halbach cylinder, are developed for unique
prototypes [6]. The configurations of the existing devices can generally be divided
into two types depending on their magnetization and demagnetization operation: the
reciprocating type and the rotary type [7]. The reciprocating type devices, which are
usually with a simple structure and a low working frequency, are ideal for demonstrating
the principle of the MR or testing the properties of the materials [8-10]. The rotary type
devices are more compact, faster, performance oriented, and are thereby candidates for
pre-commercial applications [11-18]. The hydraulic system is a circuit in which an energy
storage and exchange medium called the heat transfer fluid (HTF) is implemented for
transferring heat between different parts. Generally, the HTF should be a liquid-state
material that is environmental friendly and has good heat transfer properties. Therefore,
water and water/ethylene glycol are widely accepted. However, helium [19], silicon oil
[20] and ferrofluid [21] are also used in a few applications. For the flow control system, as
it is essential to change the flow path according to the magnetization/demagnetization
condition during the working procedure, reliable automatic valves are widely employed.
Mechanicalvalves like poppet valve are preferred by rotary systems for their mechanically
synchronized switching and almost zero heat generation. However, the electrical valves
like solenoid valves are widely used in the reciprocating designs [22], as they can be
programmed for different purposes and are flexible to changes. Magnetocaloric
material (MCM), employed as the refrigerant in MR devices, is the critical factor that
decides the performance of the system. While most MR devices are still using gadolinium
as a standard reference material, some have already explored new systems like layered
magnetocaloric alloys such as Mn-Fe-P-Si(As) [23], La-Fe-Si [24], or Gd-X [25].

Significant progress has been made in the RT MR technology. Nevertheless, there are
still fields that deserve more study. For instance, many reciprocating type experimental
devices and many rotary type pre-commercial prototypes already exist, few of them can
provide a pre-commercial environment for performance tests on different MCMs. In this
paper, we present a new MR prototype for experimental proposes, named the FAME
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Cooler. With a flexible and extendable configuration, it possesses large potential for
MCM performance tests, and also capable of some MR studies toward commercialization.

4.2 DESIGN OVERVIEW

This prototype is designed specially for testing MCMs with different shapes and
properties. Therefore, the setup leaves great freedom for alterations on the regenerator
and working procedure while remaining a stable structure for pre-commercial scale
experiments. To achieve this target, a specific scheme for moving magnetic field
source, static regenerator/tubing and programmable solenoid valves are selected. The
appearance of the system is shown in Fig. 4.1.

Real-time .
05 Solenoid
valves
Heating Magnetic
power source field source
Control Regenerator
PC beds
CHEX Water.
reservoir
Diaphragm HHEX
pump

Figure 4.1: Configuration of FAME Cooler.

Different from the horizontal designs [13, 26], the architecture of the FAME Cooler
employs a vertical orientation [14, 16, 27-29]. Thus, the mechanical components are
stacked around a central shaft, and the HTF in the hydraulic system flows within a loop
with a height difference. This design benefits both the current intensive experimental
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works and the future extensions. For instance, all components in the hydraulic system
such as the regenerator, the hydraulic tubes, the sensors, and even the valves can be
accessed easily, and modification can be done in minutes.

The core system of the FAME Cooler consists of a magnetic field source, an AMR
regenerator, and a hydraulic system, as shown in Fig. 4.2. The magnetic field source
which is the rotary part of this prototype is driven by a DC servo motor with a gearbox
via a timing belt-pulley structure (total gear ratio is 1:48), while a belt tensioner is applied
for accurate positioning. This structure can generate a periodic magnetic field for the
AMR cycle with a frequency up to 3 Hz. The regenerator is fixed on the central shaft and
sited right in the middle of the air gap of the magnetic field source. Seven compartments
which are called regenerator beds are mounted on the bracket of the regenerator, with
an angular interval of 51.4°. Both the bracket and the regenerator beds are made of
fiberglass epoxy laminate in order to avoid the formation of eddy current and provide
better thermal insulation. The hydraulic system is shown on the right side of Fig. 2. On
both sides of each regenerator bed, a pair of programmable DC solenoid valves are
installed to control the working cycle of the bed, which is synchronized with the rotary
frequency of the magnetic field source. Under the working condition, the solenoid
valves sequence maintains a cyclic reciprocating flow within the AMR regenerator but
continuous unidirectional flow in the outside stream. At the cold end of the system, a
heat exchanger (CHEX) with a cartridge heater as the insert is insulated with polystyrene
foam. The cartridge heater here is used to mimic the heat load for performance analysis.
Atthe hotend of the system, a heat exchanger (HHEX) with a thermostatic bathisinvoked
to regulate both the initial temperature and the hot end temperature of the hydraulic
system, which is also the sink of the rejected heat from the regenerator. A DC diaphragm
pump with an attached flow meter can generate a volume flow rate up to 5 (min"' under
working conditions. Thermocouples are attached to both sides of each regenerator bed,
as well as the cold and hot end of the system. Two pressure gauges are placed at the
outlet of the pump and the outlet of the regenerator cold side, to measure the pressure
drop across the regenerator. The HTF used in this prototype is deionized water with 1%
of Sentinel X100 corrosion inhibitor, as suggested by Forchelet and coworkers [30]
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Figure 4.2: Architecture of the FAME Cooler.

4.2.1 Magnetic field source
The magnetic field source consists of two fan-shaped magnet assemblies that are
symmetrically placed in an aluminum rotary bracket as shown in Fig. 4.3.

Steel fixer 1

Air gap Ize
NdFeB 1

Iron yoke

120

Figure 4.3: Magnet field source.

Two pieces of grade N50m NdFeB magnets with the same magnetization direction are
glued in parallel into a field-conducting electric soft iron yoke. Four pieces of stainless-
steel frames are placed in front and behind the NdFeB magnet pieces to fix its horizontal
position. Two stainless steel side plates are used to support the whole structure. The
two magnet assemblies divide the whole rotary plane into four sectors of 90°, with two
high- field, and two low-field ranges. When rotated, the four sectors will sweep on each
regenerator bed, resulting in alternating magnetic fields. For each assembly, an average
field density of 0.875 T over an air gap of 26 mm height and 120 mm deep with a volume
of 0.71 (is generated. The detailed field distribution can be seen in Fig. 4.4. This dotted
profile of the magnetic field density is measured with a 2D Hall probe as a function of
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azimuthal angle, while the solid curve is a simulation result from the FEM measurement
of Ansys. Although the peak value of the field density within high field range is lower
than most of the existing designs (such as 1.5 T for the device of UF [31], 1.47 T for UVic
[8], 1.25 T for UNISA [32], 1.24 T for DTU [33], 1 T for UFSC [13]), the field plateaus are
more stable and extended. For the high field region of this design, the largest variation
is only 6.5% from the maximal field density through the whole high field range (60
degrees) for FAME Cooler. However, this number exceeds 15% over 60 degrees for the
device of UNISA (Aprea et al., 2014), 72% for the device of UFSC (Lozano et al.,, 2016).
For the low field range of the this design, due to the open space between two magnetic
assemblies, the field density remains zero (only background magnetic field of the earth),
but for all the Halbach type magnets, this is unachievable. This feature can improve the
timing of the AMR cycle, as the boundary between high and low field range is sharper,
so that the magnetization/demagnetization process can be completed before the flow
of HTF starts. Moreover, because of the simple design, the cost and the complexity of
construction are greatly reduced, compared to devices with Halbach type magnets [34].
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Figure 4.4: Density profile of the magnetic field in the air gap.

4.2.2 Regenerator

The regenerator is designed in an asymmetric layout with consideration of both
performance and usability. AsshowninFig.4.5,sevenregenerator beds made of fiberglass
with a capacity of 35.1 ml are mounted on a dish like bracket, as the odd number can
significantly reduce sudden changes in the magnetic torque [12], when the regenerator
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is entering and exiting the high field range. Each bed has four tube connectors attached,
which significantly reduce the dead volume between the regenerator and the cold and
hot end of the system. All the seven beds can be installed or removed, either in groups or
individually, so that different material combinations and different working procedures
can be implemented. The current MCM packed bed is fabricated from epoxy bonded
gadolinium spheres with a porosity of 36%, the ratio between the epoxy (Three Bond
2273D Thixotropic Single Component Epoxy Resin) and the MCM is 5:1000. This ensures
a good packing density, while the pressure drop across the regenerators stays at a low
level, the detailed value of system pressure will be shown in experiment section. For
each regenerator bed, two type-E thermocouples are attached to both sides of the bed
to measure the resulting temperature of each AMR cycle.

Figure 4.5: Regenerator bed and the bonded MCM.

4.2.3 Flow control system

The flow control system is the part which brings the greatest potential to the whole
device. As shown in Fig. 4.6, 28 DC solenoid valves are mounted on the two disks which
are placed opposite to each other. The on/off state of the valves are controlled by a Phar
Lap ETS real-time controller communicating with the optical encoder of the servo motor.
In the meantime, the pump speed is also real-timely adjusted by the real-time controller
via Pulse-width Modulation (PWM) method to ensure a constant flow rate. Regarding
the working process, the motor is continuously working at a fixed speed, and each
regenerator bed undergoes an independent AMR cycle, in which the operational timing
and duration of any valve can be changed by the program or manually, while the pumping
power output is adjusted according to the real-time pressure. This configuration allows
a comprehensive control of the flow profile of each regenerator bed. This function is
not only limited to the blow fraction mentioned by [35] , but also includes the phase
difference between the magnetic field profile and the flow profile, and even reversing
the cold and hot end of the system. This feature enables easy switching between a
refrigerator and a heating heat pump operation.
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Figure 4.6: control system block diagram of FAME Cooler

4.2.4 MCM properties

In the regenerator of the FAME Cooler, each bed has been filled with 169 g gadolinium
spheres with a size in the range of 400-800 um, which are provided by Baotou research
institute of rare earth, China.

The properties of the gadolinium spheres are shown in Fig. 4.7. Under an applied field
of 1T, a peak entropy change of 2.97 Jkg'K" has been measured directly, and a peak
adiabatic temperature change of 3.54 K has been calculated from the measured entropy
and specific heat. The lower property values of the employed gadolinium in comparison
with the pure Gd measured by Dan’kov and coworkers [36], may be due to a lesser purity.
The specific heat and entropy change data are measured with a Halbach cylinder based
in-field DSC setup, which is similar to the device built by Porcari and coworkers [37]. In
this setup, the iso-field calorimetric scans were performed at a rate of 20 mKmin™ under
different applied magnetic fields.
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Figure 4.7 Properties of the Gd spheres: (a)specific heat from direct measurements, (b) entropy change
from the integration of the specific heat, (c) adiabatic temperature change calculated from the above
two.
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4.3 PERFORMANCE METRICS

Table 1 summarizes the specifications of the FAME Cooler. Based on this, the performance
metrics are defined. In this study, the temperature span ATy, is always referring to the
system temperature span,

ATspan: Ty~ TC (4_1)

where Ty and T represent the outlet temperature of the system hot end and cold end,
respectively. As tested in the developing stage, the flow rate difference between each
regenerator bed is less than 4%, and there is always measurement error for each hot
side temperature of the regenerator beds, for a more representative evaluation, here
we consider

Ty = Hel (4-2)
The temperature of system hot end is calculated by an average over all hot side outlets
temperatures of all beds for each time step, while the temperature of the system cold
end T is directly measured by the thermocouple, see Fig. 2. All the temperature data
are acquired with a National Instruments DAQ system (NI 9213) combined with Omega
type-E thermocouples.

Table 1 FAME Cooler specifications.

Property Range/content Units
Magnetic field (average) 0-0.875 T
AMR frequency 0-3 Hz
Volume flow rate 0-5 (min!
Available regenerator bed 7

Regenerator bed volume (each) 35.1 cm?
Heat transfer fluid water (with 1% of Sentinel X100)

MCM properties for current experiments:

Composition Gadolinium

Geometry Spheres

Diameter 400-800 um
Porosity 36%

Mass (total) 1.18 kg

As an experimental platform, the motor and pump for this prototype have been selected
with the scalability taken into consideration. Therefore, it is not accurate to use energy
consumption directly for performance calculation. To achieve higher reliability, the
output power of the motor is calculated as the work on the shaft with a steady rotary
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frequency,
Pmotor = WIR = 21 finqyUR = wfymrl'R (4-3)

where T is the torque applied on the motor shaft, fayg = 2fmagis the rotary frequency
of the magnet, and famr = 2fmag (as two high field and low field ranges are generated
for one revolution of the magnetic field source), Ris the speed ratio between the motor
and the rotary magnetic field source. The torque of the motor is measured by the inbuilt
torque sensor of the servo driver (Schneider Lexium 32).

The work done by the pump is calculated as the work for generating the pressure
difference while maintaining the volume flow rate,

Ppump = APVHTF (4-4)
Here the pressure difference AP is measured as the difference between the readings of
the two pressure gauges (AB Elektronik 96760, 0-6 bar), which are placed at the cold and
hot end, respectively. The HTF flow rate Vyrr is the total volume flow rate of the system,

which is measured at the outlet of the pump with a Hall effect flow meter (Digiten FL-
S402B 0.3-10 (min™).

The system coefficient of performance, COP is defined as,

cop = —Feool (4-5)
PmotortPpump
where the cooling power P.,,; is measured as the input power of the insulated cartridge
heater at the system cold end when energy equilibrium is reached. Besides, the COP
here is simplified by ignoring the mechanical efficiency of the motor and pump.

The data measurement system and the driving system are plugged on different power

supplies to reduce the high-frequency noise in the measurement data. A detailed
summary of the measured data and the sensors are listed in table 2.

Table 2 Characteristics of the sensors used and their precision.

Quantity Characteristic Precision
Mass Electronic balance +0.1 [q]
Temperature Type-E thermal couple and NI 9213 +0.15 [K]
Volume flow rate Hall effect flowmeter +2%
Pressure drop Pressure gauge +3%
Torque Torque transducer +1%

AMR frequency Optical encoder +0.001 [°s]
Cooling power Cartridge heater and Delta SM300-10 D +0.5%
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4.4 EXPERIMENT AND DISCUSSION

For mapping the performance of the prototype, three groups of different utilization
conditions coupled with the most representative control parameters have been selected,
together with the resulting system characteristics as listed in table 3. The utilization here

is calculated as
— PHTFCHTFV HTF (4_6)
faMRMMCM totCMCM

where for the HTF, density pyrr is 1000 kg m=, specific heat cyrr is 4200 Jkg-1K-1. For

the MCM, specific heat cpycpyis 235 Jkg-1K-1 and the total mass of the MCM mycpm ot is
1.18 kg.

Table 3 Experimental condit'[ons for the three selected conditions (A, B and C) with @ the utilization,
famr the AMR frequency, Vyrr the volume flow rate of HTF, T the torque of the motor, and AP
the system pressure drop

Groups @ famr (Hz) Virr (Imin) I (Nm) AP (Bar)
A 0.06 0.5 1.18 0.34 1.12
B 0.15 1.2 1.84 0.29 1.31
C 0.25 1.7 4.34 0.34 2.26

Different experiments were then performed by varying the hot end temperature or
applying different thermal loads on the CHEX. The room temperature was maintained
within a range between 296 and 300 K with a ventilation system. To show the results in
a steady-state condition, all the data points presented here were average values over
the last 300 seconds, which were measured after the fluctuations of signals were of the
same amplitude as the measurement accuracy. As suggested by Fortkamp and coworkers
[35], the blow fraction (a time fraction of the AMR cycle during which there is flow in the
regenerator) of the HTF has a significant influence on the performance, therefore, for
simplifying the result comparison, the flow fraction in the experiments mentioned in this
paper was fixed at 60%.

The experiments start with the condition of zero load at the cold end, the temperature
of the hot end is set at the designated temperature with the assistance of a thermostatic
bath (T,.m). Then, all the regenerator beds are flushed with a cyclic flow until the
temperature in each bed is as close to T,q as possible. Here, the cyclic flow means the
same flow profile and the same valve switching procedure as during the normal working
process, but without rotation of the magnetic field source. After that, FAME Cooler is
started with one of the three specified utilization conditions, and will continuously work
until the temperature span between the cold end T; and hot end Ty no longer changes.
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Throughout the whole process, the hot end temperature Ty is maintained within a small
range (a mean absolute deviation less than 0.5 K) around the designated temperature.
Finally, the HTF flow and the rotation of the magnetic field source are both stopped,
then the regenerator beds are cooled to room temperature with a cyclic flow.
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Figure 4.8 Temperature span as a function of the hot-end temperature under different utilization
conditions: (a) temperature span versus hot-end temperature, (b) development profile of temperature
span over time at @ = 0.25,T; = 294.8 K

As canbeseen from Fig. 4.8 (a), the temperature spanincreases with increasing utilization
for each hot-end temperature Ty, due to a larger cooling power being achieved at a
higher working frequency and with a larger flow rate. Besides, the maximum zero-load
temperature span is observed for all three utilizations when the temperature of the hot
end Ty is around 295 K with values of 11.6 K at & = 0.25, 9.6 K at & = 0.15, 7.8 K at
@ = 0.06, respectively. This hot-end temperature is higher than the Curie temperature
of the MCM indicated in Fig. 7. As suggested by Nielsen and coworkers [38], there is
an offset between the maxima of the curves for temperature dependent adiabatic
temperature-change under magnetization and demagnetization condition. Therefore,
a higher Ty can result in a better temperature profile distribution in the regenerator
between magnetization and demagnetization process. Evolution with the time of the
temperature span under the condition of ¢ = 0.25, T, = 294.8 K is shown in Fig. 4.8 (b)
as an insert.
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To further explore the performance of the FAME Cooler, the cooling power is measured
by applying the cartridge heater in the CHEX. In this case, the hot end temperature is
maintained at 295 K, the optimized temperature of the hot end determined from the
earlier experiments. Then, we followed the same procedure asin the previous experiment
until the system reaches the maximum temperature span. Additionally, a series of
thermal loads are applied on the CCEX by energizing the cartridge heater, starting from
25 W with an increment of 25 W until the zero-span cooling power of the prototype is
reached. After each thermal load is applied, the temperature profile of the FAME Cooler
is continuously measured until the temperature fluctuations are of the same amplitude
as the measurement accuracy. Then the next thermal load is applied.

—B— 0 =0.06] 4
—0—d=0.15

Tspan [K]
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Figure 4.9 Temperature span as a function of the cooling power under different utilization conditions.
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Figure 4.10 COP as a function of the thermal load under different utilization conditions.

From Fig. 4.9 and 4.10 it is clear that the temperature span decreases when the heat load
increases. For group A with @ = 0.06, the zero-span cooling power is 40.2 W, with a COP
of 1.45, for group B with & = 0.15, the zero-span cooling power is 102.4 W, with a COP
of 1.85, and for group C with & = 0.25, the zero-span cooling power is 162.4 W, with a
COP of 1.59, respectively. It can be seen that the case with the highest cooling power
does not have the highest COP, which is caused by the increased dissipation due to the
hydraulic resistance and mechanical friction. Together with the high AMR frequency and
larger flow rate, the torque on the shaft of the motor and the pressure drop across the
hydraulic system also becomes large. This causes a reduction in the efficiency of the
mechanical system. Therefore, the result indicates that the system has a better energy
conversion rate under the conditions of group B. Besides, in Fig. 9, the nonlinear relation
between the cooling power and the temperature span, which is more significant at the
higher temperature span value, indicates that parasitic losses [39] become higher due to
a larger temperature span (a larger difference between the room temperature T;o,, and
the temperature of the cold end Ty).

Above all, although the maximum temperature span of this device is not maximized

due to the relatively low magnetic field density, the performance parameters like the
cooling power and the COP are still comparable to other devices that are considered
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to be innovative in the world. For example, a maximum temperature span of 7.1 K and
a cooling power of 80.4 W for the device of UFSC [13]; a maximum temperature span of Phase difference
11.9 Kand a maximum COP of 2.5 with a cooling power of 200 W for the device of UNISA
[11]; a maximum temperature span of 21 K and the maximum cooling power of 26 W at
a span of 1 K for the device of UF [31].

It should however be noted that the usage of solenoid valves (2 W each) is a

complementary source of heat input and energy consumption which increases with ™ Field

Amplitude (%)

the working frequency. However, the solenoid valves used here are normal closed
valves, which means they are energized only when opened. Therefore, the 2 W energy " Flow
consumption is valid only when the valve is switched on, otherwise, the valves use zero
energy. Normally, there are 2- 4 regenerator beds (depends on the angular position of the
magnetic field source and the duration of the opening) connected to the main hydraulic

loop, for each bed, there are two valves opened. Therefore, in the worst situation, eight

valves are energized simultaneously, which is 16 W, but most of the time, the value is 0 20 40 60 80 100 120 140 160 180 200 220 240
less. Besides, the solenoid valves implemented in this prototype are for experimental Angular position (steps)
flexibility reason, but not for an efficiency point of view. As a result, the small part of

heat input/energy consumption is neglect from system efficiency calculation.
Flow profile
Besides, because of the open design of the magnet assembly, the thermal insulation
for the regenerator is incomplete, the influence of the room temperature can be much
more than in compact designs [13, 26]. Therefore, in future experiments, a climatic lab
condition will be prepared for better performance and improved precision. The relation
between the flow profile and the performance of the system will be further explored in - Field
future experiments.

Amplitude (%)

™ Flow

4.5 SYSTEM FINE-TUNING AND THE RESULT

The advantage of the combination of real-time system, servo motor, and the solenoide
valves is the control flexibility of the working cycle. As shown in Fig. 4.11 the phase

T S S e S i e s S W S

. . . . . . 0 20 40 60 80 100 120 140 160 180 200 220 240
difference between the magnetic field profile and the HTF flow profile can be easily Angular position [Step]

adjusted, while the shape of flow profile itself can also be adjusted, which makes the
exploration of the influence of different working cycle possible for the FAME Cooler. Figure 4.11 control parameter configuration for fine-tuning the FAME Cooler
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As shown in Fig. 4.11 (a) the full coverage of the high field region is 196 position steps
(equalsto 100°in angular position), which is shown with the blue area. The default control
setting is, the flow profile central aligned with the high field region and has a duration
of 95 position steps, which is shown with the orange area. In the tuning experiment, we
compared the performance results by offsetting the timing of flow region 20 position
steps early and 20 position steps with regard to the field profile. In the other set of
experiment shown in Fig. 4.11(b), we kept the center of the flow region the same and
changing the timing and duration of the flow region. To make a fair comparison, the total
displacement of HTF was kept constant, which is shown with the changing shape of flow
region, the region is shorter when the flow rate is higher, while the regionis longer when
the flow rate is lower. All experiments have been configured with the working frequency
1 Hz and 26°C hot side temperature, while flow rate is notified with utilization (U), the
timing difference is notified with phase differences. The results are shown in Fig.4.12 as
temperature span vs cooling power plots, where subplot a, b, and ¢ show the result of
duration from 85 to 110, respectively.

From Fig. 4.12(a), we can see that when the duration fixed at 85 position steps, high
utilization results in best overall performance, both in temperature span and cooling
power. Regarding the timing of the flow, the delayed flow (phase +20) has the best
performance, while the hasted (phase -20) flow results in the worst performance in both
medium and higher utilization. However, in the low utilization case the trend is not the
same, where delayed flow (phase +20) performs the worst.

From Fig. 4.12(b) we can see that when the duration increases to 95 position steps, the
performance of all cases is a bit worse than the previous cases. Timing wise, however, the
default setting (phase 0) has the best performance, while the delayed (phase +20) flow
results in the worst performance in all the cases, especially when the heat load is high.
In Fig. 4.12(c) the cases widely spread over the plot. This time, in all cases, the hasted
(phase -20) flow results the best performance in all utilization cases, while the delayed
(phase +20) flow results in the worst performance in all the cases. Moreover, in this set of
experiment, most of the control parameter sets cannot generate cooling power above
60W, while this doesn’t happen to the experiment set with duration 80 and 95.

We can conclude from the result above that, the longer the duration of the flow, the more
sensitive the performance affected by the control parameters. This phenomenal is more
pronounced while the heat load is low, but become irrelevant when the heat load is high.
When the flow durationis shorter, the timing for starting the flow during the magnetization
better to be latter, while when the duration is longer, the starting of the flow should be
early. Besides, with shorter flow duration, one can tune the heat pump systems more
precisely better performance (temperature span and cooling power). However, when the
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heat load is high, the tuning becomes less effective. When the flow duration is too long,
the system become less efficient due the worse timing between magnetic and flow profile.
There is also some inconsistency with the experimental dataset listed above. This is mainly
due to the utilization control is not very accurate with diaphragm pump.
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Figure 4.12 Fine-tuning results of the FAME Cooler
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4.6 CONCLUSIONS

A rotary room-temperature AMR prototype named the FAME Cooler was developed to
investigate the magnetocaloric properties of different materials, as well as to further
explore the RT MR technology. This device maximizes the control flexibility of the AMR
cycles, not only the well-known working frequency, flow rate, and the temperature
of the hot end, but also the blow fraction, the phase offset, and even the switching
between cooling or heat-pump operation. As an experimental platform, the device gives
great freedom to modify the regenerator. For instance, it is simple to replace the MCM
in the regenerator beds and to change the number of beds installed. The performance of
this device is found to be promising compared to other devices of the same scale around
the world. With gadolinium as the MCM, on the condition of an AMR frequency of 1.7
Hz, a flow rate of 4.34 (min™, a hot end temperature of 295 K and a utilization of 0.25,
the maximum zero power temperature span is 11.6 K, the maximum zero-span cooling
poweris 162.4 W, and the simplified COP is 1.59. The maximum simplified COP of 1.85 is
found for a utilization of 0.15, an AMR frequency of 1.2 Hz and a flow rate of 1.84 (min™.
Fine-tuning system control parameters can further optimize performance. The duration
of the flow significantly affects performance, especially at low heat loads. Shorter flow
duration allows for precise tuning towards larger temperature spans. However, tuning
with flow control parameters becomes more difficult under high heat load.
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5.1 INTRODUCTION

Activities in cities produce a large amount of heat approximately 300TWh per year within
the EU[1] — but little of that heat is used properly today, resulting in high emissions
and low energy efficiency. High-temperature industrial waste heat is typically used
for industrial and residential heating, for instance redistributed in heat networks. By
contrast, low- and medium-temperature waste heat below 100°C, accounting for over
63% of the total waste heat[2], cannot be utilised efficiently by the industry using
conventional technologies like Organic Rankine cycle (ORC) or Kalina cycle, providing
a market niche with a huge potential for innovations that can use this kind of waste
heat. To address this niche, middle temperature (70°C - 100°C) to low temperature (30°C
- 70°C) waste-heat-to-power (WHP) technology has been extensively studied. Together
with the breakthrough in advanced materials, researchers successfully extended the low
temperature limit of WHP devices.

There are conventionally two categories of such devices which differentiate with
their conversion mechanism. A WHP device which converts thermal energy directly
into electricity is called WHP generator. In this category, usually Thermoelectric (TE),
pyroelectric (PE), or Magnetocaloric (MC) technology is applied. Thermoelectric (TE)
generators are devices that convert thermal energy into electrical energy through the
Seebeck effect. They are based on the principle that a temperature difference between
a junction of two different conductive materials can generate an electrical potential.
The absence of moving parts makes TE devices easy to install and reliable, suitable to
be applied to almost any WHP application where media with different temperatures are
present. With large scale assembly and large working temperature difference, the power
output of TE system can reach the kilo watts range[3], but it is usually much lower(at
the order of 0.5 - 1TW per TE module[4-6]) for practical applications due to high costs
and lower temperature differences. Besides, the efficiency of TE devices at middle
temperature (~5%) to low temperature (<1%) is not so impressive[7].

Like TE devices Pyroelectric (PE) materials respond with a change of polarization on a
change in temperature. However, instead of a temperature difference, the pyroelectric
effect generates an electrical charge with a change in temperature or heat flux over
time. PE materials are conventionally used as sensing component in sensors like infrared
radiation detectors or thermographic cameras. Moreover, the spontaneous polarization
and the dielectric permittivity can also benefit the application of WHP generation[8].
Thanks to the high sensitivity of PE materials, the PE device nowadays can easily convert
heat from sources with rather low temperature, such as the body temperature of humans
(~36°Q). Also, PE devices can usually be very small. For example, Yu et al.[9] explored PE
in a nanogenerator which serves as self-sustain power source for wearables. Potnuru
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et al.[10] designed a PC-mouse powered by human heat. Surmenev et al.[11] proposed
an anodic aluminium oxide (AAO) membrane based nanogenerator for biomedical
applications. According to the latest analysis, the efficiency of PE devices can be as high
as 15% in the middle to low temperature region, and possibly can be further improved by
combining with other caloric technology (like pyro-, thermo- or magnetocaloric)[12]. The
disadvantages of PE technology are, the power output is difficult to scale up, output can
have stability issue when subjected to a fluctuating heat source, and a high impedance.

Utilizing Magnetocaloric (MC) material, a thermomagnetic generator (TMG) device
converts a temperature difference into electrical power via the magnetocaloric effect
(MCE) and Faraday law[13]. By changing the temperature of an MC material, which exhibits
a large change of magnetization around its Curie temperature (Tc), the magnetic flux
flowing through the MC material will also be changed. With this time-varying magnetic
flux, an electric voltage can be generated in a coil. This concept results in great flexibility
of magnetic circuits and heat transfer mechanisms to optimize the performance of
TMGs. Gueltig et al. developed a TMG with resonant self-actuation, which uses thin films
of Heusler alloys that vibrate resonantly due to the alternating magnetization and heat
transfer. This design is the first implementation of TMG at miniature length scales (mm
to cm-range) [14]. Liu et al. proposed an innovative design that uses a magnetocaloric
switch, which controls the magnetic circuit by changing the reluctance of the parallel
paths. The electrical power density per degree of temperature difference of this device
is by 2 to 3 orders of magnitude higher than those of other active TMGs, and also much
higher than existing TE and PE devices [15]. Although TMGs are proven to have higher
efficiency than thermoelectric generators at small temperature differences and have
higher power density than pyroelectric generators, TMGs still face some challenges,
such as the need for high-quality magnetic materials, reliable heat transfer systems, and
effective magnetic shielding.

Another category of thermomagnetic device works with an indirect conversion method,
which converts thermal energy first into other form of energy (mostly kinetic energy
such as rotation, reciprocation, or swing), and then further converts into electricity with
some additional device such as an electrical generator. Devices falling into this category
are usually called thermomagnetic motor (TMM) or thermomagnetic actuator (TMA).

A TMM converts thermal energy into mechanical energy in the form of rotational
motion. The motor typically consists of a rotor with a soft magnetic material and a stator
containing permanent or electrically driven magnets. When a temperature gradient is
applied across the rotor, it creates a magnetization gradient across the rotor in response
to the magnetic field generated by the stator, causing it to rotate. This rotation can be
used to generate electrical power or perform mechanical work.[16] A TMA is a device
that converts thermal energy into mechanical energy in the form of linear motion. The
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actuator typically consists of a soft magnetic core surrounded by a solenoid coil or a ring
of permanent magnet. When a temperature gradient is applied across the core, it moves
in a linear motion in response to the changing magnetization state. This linear motion is
usually used for precision control or triggering mechanism[17, 18]. Both TMA and TMM
can be used to convert low-temperature waste heat in the range from 35°C up to 100 °C
from a wide range of heat sources into electricity.

Although TMMs have some disadvantages compared to TMAs, such as lower efficiency,
bulky design, and limited precision[12], TMMsstill represent the most promising approach
for unlocking ultra-low-temperature heat as energy source for future zero-emission
electricity supply. TMMs are among the best available alternatives for environmentally
friendly thermal energy harvesting system [24]. because compared to TMA, TMM have
the following advantages:

Wider material compatibility: TMMs usually have a relatively big and mechanically robust
working unit — the rotor, which has the capacity to be equipped with working material
with any shape, microstructure and working temperature range. On the other hand,
TMAs have a small and light weight structure. Therefore, being more demanding on the
working material to fill its precious internal space.

Higher power output: TMMs are designed to produce rotational motion, which is
continuous and can generate higher power output due to the inertia when compared to
the linear (reciprocating) motion produced by TMAs.

Greater versatility: TMMs, similar to typical motor, can be designed to produce torque
in any direction via transmission structure; while TMAs are typically limited to producing
linear motion along a specific axis.

Potential for use in larger systems: TMMs can be designed to produce sufficient power
to drive larger systems, such as vehicles or power plants, while TMAs are typically used in
smaller systems, such as microelectromechanical systems (MEMS) or sensors.

Continuous power output: this is the major advantage compared to most renewable
energy technologies which often have an intermittent power output or is limited by
certain geographic factor (such as hydropower). With this technology, it is possible
to produce electricity with low cost by utilizing freely available heat from industrial
processes that would otherwise be discarded. This may significantly increase energy
efficiency of power plants and industrial processes resulting in lower costs of production.
The compact and modular design allows a site independent and decentralized generation
of electricity world-wide. Due to an emission-free operation there is no negative impact
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on the environment.

The earliest development of the TMM is when Thomas Alva Edison and Nikola Tesla
patented the first designs with the “Pyromagnetic Generator” [19] and the “Thermo-
Magnetic Motor” [20], but none of them have built the device due to a lack of suitable
material. After that, in 1972 Murakami and Nemoto[16] developed the first TMM
prototype. The development had paused quite a while since there is no “temperature
sensitive magnetic material” that can fill the gap. Then in 1997, with the discovery of
room temperature Giant Magnetocaloric Effiect (GMCE)[21], the development on TMM
again started to move forward. From then on, serval prototypes with various designs
have been presented[22-24]. At Swiss Blue Energy AG, with 1 kW power output, the TMM
prototype has almost reached industrial scale[25]. In 2022, Hey et al. [26] developed a
TMM prototype with 88 W output power and 2.1% energy conversion efficiency, which
marks the highest energy efficiency up-to-date.

While we see the design of the TMM prototype is improving over time, the working
principle has barely changed. Just as the development in magnetocaloric heat pumps,
active magnetic regenerator with multilayer magnetocaloric materials replacing the
gadolinium-based regenerator and greatly expanding the performance of the device,
for TMM to develop further, the working material selection and the working principle
has to be innovated.

In this work, we developed a proof-of-concept TMM prototype Thermomagnetic Motor
MKO (TMMO), which serves as a demonstration setup for showcasing the WHP technology
as well as a material testing platform for the quality control of the 3D printed MCMs.
After that, we propose a work cycle with a magnetocaloric heat exchanger geometry
selection to improve the system efficiency of the TMM. An explicit numerical analysis is
used to show the advantage of the proposed method.

5.2 DESIGN AND FEATURES

The Thermomagnetic Motor MKO (TMMO) is an experimental prototype that utilizes
the soft magnetic property by continuously magnetizing and demagnetizing a
magnetocaloric material (MCM) wheel to create a rotating movement. The magnetic
force between the magnet and the MCM can be activated and deactivated by changing
the MCM's temperature with the flow of cold and hot water. A rotary wheel with 24 units
of Magnetocaloric heat exchanger (MCHE) mounted along its outer edge. The wheel has
apartinsertedinto the air gap of the magnet so that the MCHEs near the inserted section
are in the magnetic field. While a MCHE on one side of the magnet is in the magnetizing
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state and a MCHE on the other side is in the demagnetizing state, a net magnetic force
is applied, the wheel will start to rotate and all MCHEs will enter and exit the magnetic
field successively. By continuously applying a constant flow of cold and hot water to
the MCHE at the two sides of the magnet, the rotating movement of the wheel will be
stabilized. The major components of the TMM are: the heat exchanger units with MCM,
the permanent magnet assembly as magnetic field source, the rotary wheel to convert
the magnetic force into rotational torque and movement, and the hydraulic system for
heating and cooling the MCHEs.

Figure 5.1: the demo mode (Left) and the measurement mode (right) of the TMMO

As the purpose of TMMO are both a demonstrator and a material test platform. We
equipped TMMO with two working modes: the demo mode and measurement mode,
which are shown in Fig. 5.1.

5.2.1 the 3D mesh heat exchanger

Magneto produced several kilograms of magnetocaloric material (MCM) by atomization
using chemical compositions suitable for waste heat to power conversion in a
thermomagnetic motor. Atomizationisaproduction method suitable for mass production
of powders of magnetocaloric materials.

The atomized spherical particles were mixed with an organic binder to make a paste. The
paste was 3D printed to create heat exchanger units in form of 3D mesh structures (Fig.
5.2). After printing, the 3D mesh structure was put into a furnace for heat treatment
to form the magnetocaloric phase and activate the magnetic properties. The external
dimension of the blocks after heat treatment is around 50x30x10 mm (Length x width x
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height), the fibre diameter is about 500 ym and porosity ~50% (Fig. 5.2, middle).

The 3D mesh structure is then mounted in the 3D printed sample holder and then
becomes a heat exchanger. The glycolyzed polyester (PETG) sample holder is rigid
enough to handle the out of plane magnetic force on the MCM. Also, thanks to the low
conductivity no eddy current will be generated from the AC magnetic field. Besides, the

hollow design of the sample holder can ensure the hot/cold water stream can exchange
heat with the MCM efficiently.

i s n—
Figure 5.2: (Left) Pictures of 3D printed 3D mesh structures. (middle) Optical microscopy image of the
3D mesh structure. (Right) 3D mesh structure mounted in sample holder of the thermomagnetic motor

The magnetization as a function of temperature (M(T)) of the MCM 3D meshes are
measured by a superconducting quantum interference device (SQUID). M(T) is a
key property to evaluate the performance of MCMs. The MCM has a magnetic phase
transition marked by the Curie temperature (T,). At T_ the MCM changes from a magnetic
state (Ferromagnetic, below T ) with large magnetization to a practically non-magnetic
state (paramagnetic, above T ) state with low magnetization. The magnetization change
AM = M(Te, agnerid — M(T across T_is directly linked to the power output for
waste heat to power conversion in a thermomagnetic motor (TMM). Therefore, a large

paramagnetic)

AM between hot and cold source temperatures is preferable.

In the 3D meshes 210001 and 210003 (Fig. 5.3) we observe a large magnetization change
with large thermal hysteresis of ~18K. The original powder without binder has been heat
treated in quartz ampoules and has a TC = 269.2 K. After processing with 3D printing the
Tc increases and shifts to a higher temperature of 292.8K.
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Figure 5.3: Temperature dependent magnetization of 3D mesh structures.

In the next batch, the original powder (21007) without organic binder shows T =284.2 K
(11°C). When this powder was processed into 3D printed meshes (21007), the Tc,
decreased by 6.0°C to T_ = 278.2 K (5°C) (see Fig. 5.3 and 5.4). This is in contrast to the
first batch (210001, 210003), where the Tc increased after processing the powder with
3D printing.

3D printing has significant impact on the magnetocaloric properties of the MCM. The
different chemical compositions have impact on the behavior of the Tc after 3D printing
and increase in batch 1 (210001, 210003), whereas it decreases in batch 2 (21007).

5.2.2 Rotary wheel

The rotary wheel is the key component which supports the MCM and converts the
magnetic force into rotational torque. The body material for the wheel is High Pressure
Laminate (HPL), which is a non-magnetic laminate material both rigid enough to support
the heat exchangers against magnetic force and easy to shape. The wheel is mounted
between two sets of ball bearings, which lock the wheel right in the middle of the air gap
of the magnetic field source, as shown in Fig. 5.5.
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Figure 5.4: Temperature dependent magnetization of the 3D mesh structure.

Figure 5.5: the rotary wheel

5.2.3 Permanent magnetic field source

The permanent magnetic field source is the origin of the magnetic force in this system.
A “n” shape iron yoke combined with a set of NdFeB permanent magnet blocks forming
a Halbach array, which generates a 1.5 T magnetic field in the gap. A photo of thedevice
is shown in Fig. 5.6 (left). The Magnetic field is well contained near the air gap of the
magnet. Therefore, no stray field will endanger anybody even people with a pacemaker.
The magnetic field distribution is shown in Fig.5.6 (right). The maximum field density
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generated by the field source is right in the middle of the air gap, which is 1.57 T. From
the central to the edge of the air gap, the field density decreases gradually. However, in
atiny zone from the edge to the outside the airgap, the gradient of field density changes
dramatically from 1.34 T to ~0.43 T, which means that the highest magnetic force can be
induced in this region. Once the distance from the edge of the air gap exceeds 5 cm, the
field density decreases under 0.026 T, which produces negligible forces.

BI[T]

1.570

1.342

1.114

0.8856

0.6575

0.4294

0.2012

-0.02688

-0.2550

Figure 5.6: the magnetic field source (Left) and its magnetic field profile (right)

5.2.4 The hydraulic system

The core components of the hydraulic system are, two sets of thermostatic baths,
diaphragm pumps, Hall effect liquid fFlowmeters and water reservoirs (as bubble trap),
see Fig. 5.7. With the thermostatic bath, we can accurately control the temperature for
magnetizing and demagnetizing the MCMs, and if necessary, simulate the time-varying
temperature in the city environment. The DC diaphragm pump is controlled by a close-
loop PWM method, which results in an adjustable flow rate of 0.1 — 6.5 Lpm. The Hall
effect flow meter generates zero resistance to the water flow, while it has a quantitative
accuracy of 1%. The bubble trap is used to eliminate the air bubble formed in the water
stream due to pressure changes.

To enable independent control of the cold and warm side, we have a duplicate hydraulic
system for the cold and hot water cycle, respectively. The water with desired temperature
and flow rate will be injected to the MCM block by flexible nozzles, and flow back to the
hydraulic system through separate sinks.
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Figure 5.7: the hydraulic system includes pumps reservoirs and thermostatic baths

5.3 EXPERIMENT AND RESULT

The performance of the thermomagnetic motor is determined from the torque of the
system, which is caused by the difference of magnetization between heated and cooled
MCMs. In the measurement mode of TMMO, there are three major sensors for the
performance measurement, i.e., the NCTE 2300 non-contact torque & speed transmitter,
the PT-100 temperature sensor, and the Kobold MIK -5NA20-A-F300 hall effect liquid
flowmeter. As for output, we get the angular speed (w), axial rotary torque (), temperature
of cold and hot water stream (Tc and Th), and their volumetric flow rates (V).

The performance metric of the TMM can be evaluated by measuring the net axial torque
generated by the MCM under certain temperature differences, and the power generated
by the rotary movement of the wheel with some working load as torque. The power
generation of the TMM can be calculated with P, o0y = @I

Based on the MCM properties we learned, the performance analysis procedure for
TMMO is as followed:

Three pairs of hot and cold source temperature are selected in order to utilize the
magnetocaloric property of the MCM 210003, and try to mimic the temperature profile
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from the user cases that we learned from our previous investigation (Climate-KIC: Local,
Magnetocaloric Power Conversion Opportunities for Cities):
a. Hot source temperature at 303.15 K (30°C, waste water from industry like
chemistry, data center), deltaT = 50 K;
b. Hotsource temperature at 293.15 K (20°C, waste water from household), deltaT
=40K;
c. Hot source temperature at 283.15 K (10°C, natural canal/lake water), deltaT =
30 K.

Note that the temperature of cold source stays at 253.15 K (-20°C) to be able to cool
the MCMs’ down to the ferromagnetic state. The flow rates for both the hot and cold
streams are keeping at 3.2 Lpm. Due to the limited number of MCM 3D meshes, we
can only populate the rotary wheel with 3 heat exchangers. Therefore, the recorded
angular position range is set to 16° to show the torque profile pattern which has a rotary
symmetry of ~15.7°. After applying the hot and cold-water stream on the MCMs, a
torque load is applied on the NCTE 2300 to stop the rotary wheel, and the torque value
indicated by the NCTE 2300 is recorded.
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Figure 5.8: Performance of TMMO derived from torque of the systems for different temperature profiles.
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Figure 5.9: the mean power output of TMMO for different temperature profiles.

We can see from Fig. 5.8 and Fig. 5.9, although the magnetocaloric property of the MCM
210003 is not ideal, axial torques that are large enough to rotate the wheel can still be
generated. However, the axial torque decreased faster with a descending temperature
profile. This is in line with the fact that the smaller temperature span will depress the
efficiency of the TMM system. Note that, even for the highest temperature profile, the
mean power generation from the TMMO is only around 25W, which is lower than the
energy consumption of the pumps (~50W). Therefore, at this moment, the TMMO cannot
generate any net power by harvesting the heat from the water streams.

5.4 IMPROVE THE PERFORMANCE OF TMM WITH
MNFEPSIV

5.4.1 Working cycle design

As mentioned in 5.1, although the TMM has already become a "nostalgic classic”
application, the attempts of innovation are quite limited. Most improvements focused
on either the MCM properties, the magnetic field source, or the heat transfer fluid
flow. Besides, in many studies the MCE is considered as a negligible or even negative
property as its contribution to the temperature change is too small and has reverse
effect compared to the simple heat transfer from HTF[26, 27]. Most of the current
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TMM prototypes are gadolinium based due to availability and its decent mechanical and
thermodynamic properties. However, given the broad magnetocaloric phase transition
and the fixed Tc¢, Gd may not be a suitable working material for a TMM under various
conditions[28]. To explore the possible advantage that can be brought by a tuneable
first order material system like MnFePSiV and the impact of the geometry of the MCM
we performed a numerical analysis as follows:

Consider a working cycle of the TMM as shown in Fig. 5.10: Assume the magnetocaloric
heat exchanger on the wheel of the TMM starts from a low field BO at initial temperature
T1. During the magnetization process in stage (1), the MCM in the heat exchanger is
exposed to an elevated field B1, the temperature of the MCM rises to T2 due to the
adiabatic heating AT,, caused by the MCE effect; The Magnetization of the MCM first
reaches M0 and then decreases to M1 due to the elevated temperature. Then, during
the heat transfer process in stage (2), by applying flow of hot HTF, the MCM heats up
a ATy, to T4, which further reduce the magnetization to M2, suppress the magnetic
force and let the MCM leave the Magnet. The magnetization difference between the
MCM entering the high field region and the MCM exiting the high field region is AM.
Afterwards, during the demagnetization process in stage (3), the heat exchanger moves
from high field region B1 back to low field region BO while the temperature of the MCM
in the heat exchange decreases to T3 due to the MCE, the magnetization is greatly
supressed due the low field BO; Last but not least, during the cooling process in stage
(@), the temperature of the MCM is cooled down to T1, again. The heat exchange rotates
back to its initial position with the wheel, ready to enter the high field region.
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Figure 5.10: the operation cycle for the TMM numerical analysis: (a) cycle indicated in an entropy vs.
temperature diagram, (b) cycle indicate in a magnetization vs. temperature diagram

5.4.2 Performance analysis with a TMM model

To explore the possibility to improve the performance of the TMM, we built a numerical
model of a TMM based on explicit method. With this model, we will demonstrate the
influence of various control parameters like magnetocaloric effect and flow rate,
configuration parameters like heat source temperature, feature size, and porosity.

In this numerical model, we choose gadolinium as the benchmark of second order
magnetic phase transition (SOMT) material. Then, we select a recipe from MnFePSiV
series, which has a typical first order magnetic phase transition (FOMT). For a fair
comparison, we selected a composition of MnFePSiV with its Tc very close to that of Gd
(Tc_Gd =288.9 K, Tc_MnFePSiV = 297.9 K). The magnetic and thermodynamic properties
of both materials are shown in Fig. 5.11
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Figure 5.11: the material property used in this analysis: (a) cycle indicated in an entropy vs. temperature
diagram, (b) cycle indicate in a magnetization vs. temperature diagram

Table 5.1 Main system parameters

Parameter Value
Maximum applied field B 15T

Working frequency f 2Hz

Heat exchange duration t 10 ms

Heat exchanger dimension (LxWxH) 60x30x10 mm
Density of Gd pg, 7.90x10%kg/m?
Density of MnFePSi p,, 6.50x10°kg/m?
Gd thermal conductivity kg, 11 WmK?
MnFePSiV thermal conductivity r,, 6.7 Wm'K"!
Permeability of free space p, 1.26x10° NA?
Heat transfer fluid (HTF) Agueous solution with 40% v/v ethylene glycol

The system parameters for the simulation are listed in table 5.1. As for the geometry
of the heat exchange, three popular geometries are studied, namely: packed screen bed
(PSB), packed sphere bed (PB) and parallel plate matrix (PP). A PSB is a type of packed
bed that consists of a series of screens made by fibers or strips that are arranged in
parallel and staggered. The screens create channels for the fluid flow and enhance the
heat transfer between the fluid and the solid material i.e. the MCM. A spherical packed
bed is a type of packed bed that consists of spherical MCM particles that are randomly
packed in a container. The spherical particles provide a large surface area for the fluid-
solid contact but introduce large pressure drop across the bed. A parallel plate heat
exchanger geometry is a type of heat exchanger that consists of thin MCM plates that
are stacked in parallel and separated by a small gap. The plates create channels for the
hot and cold fluids to flow in alternate directions and exchange heat through conduction.
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Various fluid dynamic and heat transfer corelation functions exist for these typical
geometries, we made a selection based on their accuracy and wide applicability. Basically,
heat transfer coefficient h of all geometries can be calculated as:

h = Nuks /D, (5-1)

where Nu is the Nusselt number of given geometry, ks is the thermal conductivity of
fluid, and D, is the geometry feature size (diameter of the sphere, thickness of the plate
or fiber, etc.).

For packed screen bed (PSB), a flow friction correlation was developed by Armour and
Cannon[29] that can be applied to the flow through most types of these woven screens
with varying porosities.

2

dPpsp _ 8.61 Pf(v;s) )

= ( o ros >+0.52 [ o ] (5-2)
agung

On the other hand, Park et al.[30] presented a heat transfer correlation based on
experiments conducted on this geometry, which demonstrated the highest level of

precision when compared to others.

wre, \1/3 035 02
Nupgg = 1_315< fk:f) (Pf(v;/fa) Dg) (1_88) (5-3)

For packed bed (PB), the Ergun equation[31] is used to describe the friction factor,

dPpp __ (1_‘9)2”}’”555 B (1-e)pfvsSy
dx 2a &3 8 £3 (5 4)

- 2
Where a = (E) , B=24,and S, = 6/D,.
and the correlation presented by Wakao et al.[32] is used to calculate the Nusselt number
forits higher accuracy at low porosity and higher specific surface area.

0.6 sprcy, \1/3

Nupp =2 + 1.1 (M) (ﬂ) (5-5)
ue kg

For the parallel plate geometry Nickolay and Martin’s[33] correlation for overall Nusselt

number produced the most accurate estimations.

]l/n

Nupp = [7.541" + (1.84621/3)" (5-6)

2V5A c¢D
where Gz = 222179 3nd p = 3.592.
kfWnL
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Fanning developed the friction factor for laminar flow through parallel-plates heat
exchangers, which is presented as fr = 24/Re [34]. Therefore, the correlation function
for pressure drop calculation can be written as:

i aow (2|22 >

d 2Dy

This is further supported by similar expressions found in other related works.

In this simulation, the MCMs' time-dependent temperature response was investigated
using a lumped parameter analysis approach. This particular approach assumes that the
object has a uniform internal temperature, which is a reasonable assumption if the Biot
number for the given geometric shape of the material is small enough. The Biot number
is calculated with:

Bi=-L (5-8)

Where, h, kand L are the heat transfer coefficient, thermal conductivity and the length
along the flow channel, respectively.

The adiabatic temperature change of the MCM is calculated with:

_ (BT M (B,T) )
ATqq = By cp(B,T)( aT )B B (>-9)
Where By, By, T, ¢, are initial applied field density, final applied field density, temperature
of MCM, specific heat capacity of the MCM. Note here, both the temperature change of
magnetization process (heating) and that of demagnetization process (cooling) can be
calculated with the same equation, the only difference is the starting temperature.

The temperature change caused by the heat transfer from the HTF is calculated with:

In Ttran(®O-Turr _ _ __ h4s (5-10)
Ti—THTF pVep(B,T)

Where Tiren(t) is the temperature of the MCM after applying HTF flow for a duration t.
The final change of the temperature in the MCM is:

ATyor = ATgq p + ATran (t) + ATqa ¢ (5-11)

Where AT,4 » and AT,q4 . is the adiabatic temperature change for heating and cooling
respectively.
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The resulting magnetization change is:
AM = |M(B, Tiny) — M(B, Tin; + ATtor)| (5-12)
Note that this is an iso-field demagnetization process, therefore B is uniform.

The magnetization change percentage is a direct parameter which reflects the net
magnetic force induced by the magnetization change. It is calculated as:
AM |M(H,Tini+ATeor) =M (H,Tini) |

Rmag = m X 100% = [ MH,T D) | X 100% (5‘1 3)

When the TMM rotates due to the magnetic torque induced by the temperature
difference, the input of the system is the heat inflow and the pumping power to
overcome the pressure drop across the heat exchanger:

Nsys = —Qinvf"v;z — (5-14)

Where,
Winag = Ho $ H dM (5-15)
Qun = PV [, " cp (T, BYAT (5-16)

and the necessary pumping power to push the HTF through the shaped MCM can be
expressed as

Woump = PAcL (5-17)

Where P, A. and L are pressure drop, cross section area and the length of the flow
channel, respectively.

In order to have a fair comparison between the efficiency generated by different
geometries, we compared them with ideal Carnot efficiency over the maximum
temperature span in the system, which in our case is:

Tu—Tc _ Thrr—Tini (5_1 8)

CO P h =
Carnot
- Th THTF

Then the second-law efficiency can be written as:

Nang = —o— (5-19)

cop h_Carnot
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The last performance parameter we considered here is the hot HTF consumption
for generating 1 kWh electricity. In each cycle, the hot HTF flow through the MCM is
calculated as the sum of the HTF remains in the pores of MCM and the amount of HTF
flow through of the MCM:

Veycie_nrr = Vueme + vt (5-20)

For simplifying the case of the electrical power generation, we assume the magnetic work
generated by the MCM is fully converted into electricity (in the real case the mechanical
efficiency is around 95%) and there is only one magnetic field source in the system.
therefore, the HTF consumption for generate 1 kwWh electricity can be calculated as:

__3600x1000
Vcamsump T w
mag

Veycte HTF (5-21)
By implementing all the equations and corelation functions into the model, we can
perform simulations case by case with single sets of parameters orin groups with bundled
parameters. In the next section of this chapter, we list two batches of simulations. The 1%
batch focus on the contribution of the MCE and the 2 batch focuses on the influence
of the configuration parameters. We preset here the Magnetization change percentage,
the second-law efficiency and the hot HTF consumption as result for both simulation
batches.

5.4.3 Modelling result

In the first batch of simulation, beside the main analysis parameters, we also keep the
heat source temperature, the feature size, and the porosity the same, with T, = 333 K,
Gy=0.6x102mm, € = 30%, respectively. By varying the flow rate from low V = 1.6 x 1077
m3/s, middle V =9.26 X 107°m?/s, V = 1.75 x 10~% im?/s to high V = 2.17 x 107% m3/s, we
can observe how much the MCE contributes to the overall performance under different
initial temperature and heat-flow conditions.

For better comparison, we list the results with MCE effect in the columns on the left
and the results without MCE effect in the columns on the right. In the HTF consumption
plot y axis is with logarithmic scale in order to present both the extreme value around
the Cuire temperature of the MCMs and the mild value in the rest of the temperature
range well.
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Figure 5.12: Performance result versus initial temperature of the MCM with the analysis variables
set Gr=0.6x10°m, € =30%, Ty = 333K, V = 1.6 X 10~7m?/s, plots in left column are the results
considering MCE while right column are the results ruling out MCE
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Figure 5.13: Performance result versus initial temperature of the MCM with the analysis variables set Gy=

0.6x10°m, & =30% Ty =333K, V = 9.26 X 10~® m3/s, plots in left column are the results considering

Figure 5.14: Performance result versus initial temperature of the MCM with the analysis variables set Gy=
MCE while right column are the results ruling out MCE

0.6x103m, € =30%, Tn = 333K, V. = 1.75 X 1072 1m?3/s, plots in left column are the results considering
MCE while right column are the results ruling out MCE
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Figure 5.15: Performance result versus initial temperature of the MCM with the analysis variables set
Gr=0.6x10°m, € =30 %, Ty = 333 K, V = 2.17 x 10~5 m’/s, plots in left column are the results
considering MCE while right column are the results ruling out MCE

One can notice in Fig. 5.12-5.15, the MCE indeed contributes to the temperature
change of the MCM, but only when the initial temperature is near Tc of the MCM. The
size of the contribution of MCE is inversely proportional to the volumetric flow rate
of HTF. Moreover, MnFePSiV has an obvious peak of performance around its Tc at any
volumetric flow rate, while Gd only shows a gentle peak around its Tc at very low flow
rate, and at high flow rate all performance trends become monotonically decreasing
over an elevating initial temperature. Thanks to this peak of performance, MnFePSiV
outperforms Gd in an approximately 10 K temperature window (we call it the working
temperature window) around its Tc under low flow rate condition. This “out-performing”
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temperature window will widen and extend mostly toward lower temperature with
increasing flow rate. Besides, contribution of the MCE is much more significant in the
case of FOMT MCM than those of SOMT. Take the most pronounced case — MnFePSiV
with PSB geometry for example, when the flow rate 7 = 1.6 x 1077, 9.26 x 10, 1.75 x
10° and 2.17 x 105 m3/s, the peak magnetization change percentage contributed by the
MCE is always around 10%. As that of Gd, also with PSB geometry, the magnetization
change percentage contributed by the MCE is around 6%.

Another important point is, the volumetric flow rate has to be large enough to suppress
the cooling effect from demagnetization. In Fig. 5.12 under the case V = 1.6 x 10~"m%/s
, the MCE of Gd has a negative contribution to the magnetization change, due to its
famous second order magnetic phase transition (SOMT) behavior, which has a large
adiabatic temperature change over a wide temperature span. Therefore, the heat
contribution of the heat transfer fluid should be large enough to move the temperature
of Gd away from its Curie temperature. On the contrary, the MnFePSiV (a typical MCM
with first order phase transition (FOMT)) does not experience such a difficulty, even with
the extremely low flow rate case. This different indicate that comparing with the SOMT
MCMs, the FOMT MCMs can benefit from easier magnetic state switching.

The second law efficiency is a very interesting aspect. As the heat inflow has a big impact
on the efficiency, so the system becomes less efficient when more heat is absorbed.
Thus, the geometries with better heat transfer coefficient like PSB and PB have lower
efficiency than PP here. Regarding the contribution of the MCE, without MCE both Gd
and MnFePSiV result a system efficiency equal to 10% of Carnot engine. However, when
MCE is enabled, MnFePSiV has a spectacular 50% improvement in efficiency at its Cuire
Temperature, while Gd has an improvement of around 23%. Besides, the volumetric flow
rate has very little impact on the second law efficiency of both Gd and MnFePSiV. For all
geometries, the efficiency goes slightly downward with increasing flow rate.

When it comes to the consumption of HTF per kWh electricity generation, the Gd
outperforms MnFePSiV in most of the temperature range except in a very small
temperature window near the Curie temperature of MnFePSiV. However, when MCE is
enabled, the temperature window enlarges from 5 K at ¥ = 1.6 x 1077 m3/s, to 8 K at
V = 2.17 x 10~5 m3/s. By enabling MCE, the MnFePSiV requires 12% - 16% less HTF than
Gd near its Curie Temperature, this value has a positive correlation with the flow rate.
Regarding the geometries, PSB has the lowest HTF consumption thanks to its great heat
transfer coefficient, PB following PSB consumes a few percent more, PP has the highest
HTF consumption. The HTF consumption decreases with increasing flow rate, because
increasing the flow rate improves the heat transfer coefficient in all geometries. Last
but not least, the spikes in the Fig. 5.12(c) are caused by the singularities between the
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negative to positive values of magnetization change in Gd, which will not happen when
the MCE is switched off.

MCE has a significant contribution in the thermodynamic cycle of TMM. Therefore, we
take MCE into account in all the simulation cases listed below. Besides, for a better
observation of the influence of the volumetric flow rate on the performance, we plot
the performance metrics a a function of flow rate. The performance metrics indicated
below are either the peak value of each case, or the value at the MCM’s Tc in the case of
a linear relation.

During the 2" batch of simulations, we shift our focus from the independent simulation
cases on control parameter sets of initial temperature and independent flow rate points
to the configuration parametersi.e. the temperature of the heat source, the geometry
feature size and the porosity of the heat exchanger. Beside the main input parameters
listed in table 1, the analysis variables are listed below:

« geometry feature size D, = 0.6x103, 0.4x103, 0.2x102 m (this represents
the fibre diameter in PSB, the average sphere diameter in PB, and the plate
thickness in PP)

. porosity € = 15%, 30%, 45%

. HTF temperature T,=313, 333,353 K

+  HTFvolumetric Flow raterange V =16 x 1077 <V < 1.67 x 107% m?/s

The resulting performance metrics are plotted as a function of the flow rate of the hot
HTF to reveal the trend of system performance over differentinput. In order to maximize
the contribution of MCE, we assume the initial temperature of the MCM is always at its
Cuire temperature.
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Figure 5.16: Performance result versus volumetric flow rate of the MCM with the analysis variables set
Gr=0.4x10°m, € =30 %, Ty = 333 K, the base case for all the following results
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Figure 5.18: Performance result versus volumetric flow rate of the MCM with the analysis variables set
Gr=0.4x10°m, € =30 %, Th=348K

In the first group of simulations we vary the hot flow temperature, which is the most direct
control parameter in a TMM application — the “waste heat” itself. We have chosen three
temperature settings: 318 K, 333 K, 348 K, with a 15 Kincreasement, we hope to see how
the geometries benefit from the temperature of the hot source. (333 K'is used as base
case for performance analysis of other configuration parameters.) the results are shown
in Fig. 5.16 — 5.18. We can see that for the magnetization change, the PSB starts lowest
but rises the fastest with increasing flow rate, while the PP starts at the highest place
but ramps up very slowly and falls behind other two geometries at a flow rate between
0.5x10° to 1x10°m?3/s, the PB takes a middle path between the other two geometries.
The MnFePSiV has overall higher magnetization change percentage than Gd, the different
between these two MCMs has a negative correlation with the flow rate. The magnetization
change percentage of both Gd and MnFePSiV positively scale with HTF temperature.

With second law efficiency, in MnFePSiV the PSB starts highest and drops below PP and
PB with increasement of flow rate. With any flow rate above 7x70¢ m3/s, the PSB has the
lowest system efficiency. In Gd, this trend is totally reversed, the PSB starts at the lowest
position and goes above PB and PP at flow rate above 7x70¢ m?3/s, this is mainly due to
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the larger thermal conductivity of Gd, the efficiency of heat transfer scales much better
than that of MnFePSiV. Therefore, the second law efficiency of MnFePSiV is trending
downward with increasing flow rate, while the trend in Gd is just the opposite. Lower
HTF temperature results in higher efficiency, and larger efficiency difference between
Gd and MnFePSiV. With HTF temperature at 318 K, the second law efficiency of MnFePSiV
is 6 times of that with Gd with low flow rate, the ratio goes down to 2 times with HTF
temperature at 348 K.

When it comes to the HTF consumption, the correlation becomes very simple. The
consumption is reduced by higher heat transfer coefficient and higher temperature
difference. Therefore, PSB always has lowest consumption, followed by PB, and PP has
the highest consumption. With higher flow rate, the consumption of HTF decreases. When
the HTF temperature increases from 318 K to 333 K, the consumption decreases almost
10 times almost all cases. However, when the HTF temperature increase further from
333 K to 348 K, the consumption only decreases by around 2 times. This is a combined
effect of suppressed MCE (when the temperature of MCM is too far away from Curie
temperature) and lower magnetization change in the paramagnetic region. Thanks to the
intensive FOMT, MnFePSiV outperforms Gd in all cases regarding the HTF consumption,
this advantage become even largen when lower HTF temperature is applied.

Magnetization change ratio 35 2nd-law System Efficiency
60 ~—— MnFeSiPV_PSB —— MnFeSiPV_PSB
-=- MnFeSiPV_PP 30 —=- MnFeSiPV_PP
—-= MnFeSiPV_PB —-= MnFeSiPV_PB

— Gd_PSB
-=- Gd_PP
—-- Gd_PB

25

20

15

% Carnot

0 1 2 3 4 5 6 7
flow rate [m3/s] le-6

Water consumption to generate 1kWh electricity

-
o
~

-
1)

—— MnFeSiPV_PSB
~=- MnFeSiPV_PP
—-= MnFeSiPV_PB
— Gd_PsB
--- Gd_PP
—-- Gd_PB

water consumption [m3]

10°

0 1 2 3 4 5 6 7
flow rate [m3/s] le-6

Figure 5.19: Performance result versus volumetric flow rate of the MCM with the analysis variables set
Gr=0.6x10°mm, € =30 %, Th=333 K.
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Figure 5.20: Performance result versus volumetric flow rate of the MCM with the analysis variables set
Gr=0.2x10°m, € =30 %, Ty =333 K.

The second group of simulations focused on the influence of the geometry feature size
of the MCM. The 0.4x102 mis the base case, and we compare it with the cases of 0.6x107
m and 0.2x103m, the results are listed in Fig. 5.16, Fig. 5.19 and Fig. 5.20. In this group
of simulations, we can see that:

Most correlations and trends between the MCMs, geometries, and flow rate are similar
to the first simulation group in the case of G;=0.6x 70°m. However, when the geometry
feature size becomes 0.2x102% m, the magnetization change percentage gets a large
boost in both Gd and MnFePSiV, in all geometries, this value reaches its highest level
among all simulation cases. In the meantime, the HTF consumption also reaches its
lowest level among all cases. Regarding the second law efficiency, when feature size
becomes 0.2x103 m, the difference between geometries over the whole range of flow
rate in the case of MnFePSiV becomes more significant while the in the case of Gd, the
difference becomes much less comparing with other simulation cases. This may be
caused by the sharp ferro-to-para magnetic state transition with MnFePSiV, and as for
Gd, the temperature change may be too large and it brings Gd into paramagnetic state
even at low flow rate.
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Similarly, as in the first simulation group, regarding the trend of magnetization change,
PSB has low initial values but a high growth rate, PP has high initial values but a low
growth rate, PBisin between. PP falls behind PSB and PB at a flow rate between 0.05x10°
5t0 0.1x10° m3/s.
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Figure 5.2 1: Performance result versus volumetric flow rate of the MCM with the analysis variables set
Gr=0.4x10°mm, e = 20 %, Th=333 K,

The third group of simulations focuses on the influence of the porosity of the MCM. 30%
is the base case, and we compare it with the cases of 20% and 40%, the results are listed
in Fig. 5.16, Fig. 5.21 and Fig. 5.22.

As shown in Fig. 21, when the porosity decreases to 20%, all three geometries show
increases in magnetization change. However, PSB has a much larger rise in comparison
with PP and PB, and consumes much less HTF than PP and PB. At the largest flow rate,
all the performance parameters of PSB almost reaches the same level as in the case of
Gr = 0.2x1073*m (see Fig. 5.20).
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The situation becomes veryinterestingin Fig. 22, when the porosity increases to 40%, the
PB for the first time have the highest magnetization change and lowest HTF consumption
among the three geometries, about 8% higher than PSB and 25% higher than PP.

Efficiency wise, we see the efficiency becomes dramatically lower in the case of Gd when
applies 40% porosity, this is due the reduction on heat transfer coefficient in Gd, and for
Gd, temperature change is majorly caused by heat transfer from HTF.
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Figure 5.22: Performance result versus volumetric flow rate of the MCM with the analysis variables set
G =0.4x10°mm, e =40 %, Th=333 K,

5.4.4 Result discussion

All the simulations in this work are based on lumped parameter analysis, we notice
that the Biot number is quite large in some cases. To more accurately solve this one-
dimensional transient conductive problem, other analysis tools like the Heisler chart
method orimplicit space-time method are needed. However, either method will make the
model more complicated and time consuming. Given the fact that the lumped analysis
approach assumes the entire block of material has a uniformed temperature instead of a
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temperature gradient, it tends to overestimate the temperature change caused by HTF
flow. This will suppress the MCE effect, and lift the performance of the heat exchange
process. Therefore, when lumped parameter analysis is applied, one should notice that
the MCE effect would contribute more than the current results indicate, the geometries
with a high heat transfer coefficient would have outperformed the other geometries
more.

From the material property aspect: thankstoits low specificheat capacity and outstanding
thermal conductivity Gd has higher total temperature change than MnFePSiV or any
FOMT type MCM in a wide temperature span. Besides, Gd also has a large gradual
magnetization change over alarge temperature span. This feature makes it very tolerable
for any control parameters, very beneficial for prototyping and trialing. However, the
MnFePSiV has higher magnetization change than Gd within a small temperature span
near its Curie Temperature, combined with its intensive MCE. Therefore, with a good
control of initial temperature and an adequate flow rate, one just has to change the
temperature of MnFePSiV by a small amount to achieve a high magnetization change,
which will then result in a better efficiency than for Gd. With this consideration, we can
imagine that similar to the multi-layer magnetocaloric regenerator, we can also apply a
multi-layer heat exchangerin TMM. As there always is a temperature gradient in the heat
exchanger along the flow direction, only a well-designed multi-layer heat exchanger with
the Cuire temperatures of the MCM nicely aligned with the gradient can offer maximum
magnetic force output.

From the heat exchanger geometry aspect: Among the three types of geometry, under
the same geometry constrain. The packed screen bed has the highest heat transfer
coefficient and moderate pressure drop compared to the parallel plate and packed bed
geometry. The parallel plate geometry, has the lowest pressure drop and a moderate
heat transfer coefficient; The packed bed, has the lowest heat transfer and the highest
pressure drop amount the three. However, one additional feature for these three
geometries is the specific surface area. The pack bed has the highest specific surface
area, the PSB has slightly less, and the PP has the least.

Among the three configuration parameters, geometry feature size has the largest impact
on the performance, followed by the porosity, and the temperature of the heat source
has the least impact. However, judging from the complexity of implementation, the
order isjust the opposite, the temperature of the heat source has the lowest complexity
to adjust, the porosity of the MCM requires some engineering work, while the geometry
feature size is not always possible to adjust, the finer it goes the more complicated it
becomes.
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5.5 CONCLUSIONS

The performance of the thermomagnetic motor prototype is relatively low. This was
expected, because the magnetocaloric properties of the current 3D printed mesh
structures are not ideal for city conditions. To reach high performance, the Tc of the
heat exchanger units which is now at Tc = 273 K (0°C) need to be higher in the range of
T, =313 K (40°C). However, thanks to the strong magnetic field source, the MCM blocks
can still generate enough torque to move the rotary wheel in our experiment. This also
means a high magnetic field will bring higher system efficiency.

It proves to be very challenging to optimize the chemical composition of the MCM,
due to its extreme sensitivity to post processing procedures like 3D printing and heat
treatment. The chemical composition, production and processing of the magnetocaloric
materials and heat exchangers need to be further optimized to obtain better control
of the Tc. The magnetocaloric properties are very sensitive to changes in the chemical
composition, processing with 3D printing and heat treatment. The chemical composition,
3D printing process, paste refinement of the mixture of MCM and lubricant as well as the
heat treatment need to be further optimized for the 3D printed structure to increase the
efficiency of waste heat to power conversion in a thermomagnetic motor.

The magnetic transition is on the edge of the range of suitable temperatures. In the
next step, the chemical composition and heat treatment needs to be further optimized
to increase AM and reach higher temperatures of the Tc in the future 3D mesh
structure, which will increase the performance for waste heat to power conversion in a
thermomagnetic motor. By definition, the 3D mesh blocks produced by Magneto can be
seen as a PSB, which is the best choice among the popular heat exchanger geometries.

From the simulation results of our explicit TMM model, we can conclude that the FOMT
MCM like MnFePSiV can outperform Gd within a 10 K temperature window around its
Curie temperature. Therefore, the flow rate should be matching the volume of the MCM
appliedin the heat exchanger, to avoid moving the temperature of MCM too far from its
Cuire temperature. Among all three popular heat exchanger geometries, pack screen bed
(PSB) has the best overall performance thanks to its high heat transfer coefficient and
low pressure drop. By applying optimal control parameters, PSB geometry, a simulated
TMM with MnFePSiV can have 50% higher efficiency than Gd under the same conditions.
The Magnetocaloric heat exchanger in TMM works in a passive way in which the
temperature changes mainly introduced by the flow of hot and cold water. This feature
works very well when the structure of the heat exchanger stays relatively simple, there,
the temperature gradient is easy to control. However, when a multilayer strucuture is
applied, the temperature gradient will be more difficult to control, especially when the
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MCE effect is also utilized. The temperature change caused by both the MCE effect and
the water flow can be hard to predict and to utilize, a good thermodynamic model is
essential!
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SUMMARY

In this PhD thesis the focus is centered on the development of magnetocaloric heat
pumps and thermomagnetic motors. To maximize the performance of these systems,
the available knowledge from system engineering, material shaping techniques
and innovative device approaches are combined to optimize the performance of
magnetocaloric devices and materials under varying operating conditions. In pursuit of
this goal, extensive experiments and simulations were conducted to analyze the system
efficiency and performance, and developed novel methods to ensure the optimal
functioning of magnetocaloric devices.

In Chapter 3 the first implemented cooling system, a magnetic refrigerator prototype
MMFF Cooler, has been developed as a proof-of-principle. It has a reciprocating system
with two permanent magnetic field sources of 1.2 T and uses 0.7 mm thick gadolinium
plate as its working material. The MMFF Cooler can reach a maximum temperature
span of 6.1 K with a 2 Hz AMR frequency, 1400 ml/min volumetric flow rate, and hot
end temperature of 31°C. The prototype design meets the requirements of a proof-
of-principle device, but the system’s efficiency is far from optimal. The system’s
performance can be tuned by controlling the parameters with the servo motor and
gear pump. The system design is still quite immature due to heat leak and dead volume,
which significantly limit cooling power and extend the cooling time. The use of too many
customized components suppresses the system performance and makes modification
and expansion difficult. Lastly, the shaping of the gadolinium plates and the assembly
mechanism needs improvement, as the large thickness of the Gd plate reduces the heat
transfer efficiency and causes significant deformation when it leaves the field region.

In Chapter 4 the subsequent cooling system was developed in the form of a rotary room-
temperature AMR prototype. This device is named the FAME Cooler, the purpose is to
investigate the magnetocaloric properties of different materials, as well as to further
explore the room temperature magnetocaloric refrigeration technology. This device
offers extensive control over AMR cycles, including the working frequency, flow rate,
hot end temperature, blow fraction, phase offset, and operation mode. It also allows
for easy modification of the regenerator, such as replacing the MCM or changing the
number of beds. The device's performance is promising, outperforming similar scale
devices globally. The rotary magnetic field source generates an average magnetic field of
0.875 T within a volume of 0.71 |. The seven regenerators are placed in an asymmetrical
layout and hold in total 1.18 kg of gadolinium spheres. It achieved a maximum zero
power temperature span of 11.6 K, a maximum zero-span cooling power of 162.4 W,
and a simplified COP of 1.59 under specific conditions. A maximum simplified COP of
1.85 was achieved under optimal conditions. Fine-tuning the system control parameters
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can further optimize its performance. The duration of the flow significantly affects the
performance, especially at low heat loads. Shorter flow durations allow for precise fine
tuning towards larger temperature spans. However, this becomes irrelevant when the
focus lies on the cooling power.

In Chapter 5 the third developed system, a thermomagnetic Motor (TMM) prototype
called TMMO, has been developed. It uses a wheel with magnetocaloric material (MCM)
to create a rotating movement by continuously magnetizing and demagnetizing the
material. The magnetic force is controlled by changing the MCM'’s temperature with
the flow of cold and hot water. The prototype has 24 Magnetocaloric Heat Exchanger
(MCHE) units mounted along the wheel's outer edge and an N-shaped permanent
magnet assembly generating a 1.35-1.5 T field in the center of its air gap. The wheel
rotates when a net magnetic force is applied toit, with all MCHEs entering and exiting the
magnetic field successively. The wheel's rotating movement is stabilized by maintaining
a constant flow of cold and hot water to the MCHEs on both sides of the magnet. At
present, the TMMO system is still in its early development stage. Even at the highest
tested temperature span of 50 K, with both the cold and hot flow rate set at 3.2 Lpm,
the average power generation from the TMMO is only around 25 W. This value is lower
than the energy consumption of the pumps, which is about 50 W. Therefore, the TMMO is
unable to generate any net power by harvesting the heat from the water streams at this
moment. Via numerical simulation through an explicit TMM model, it can be concluded
that the FOMT MCM MnFePSiV can work better than Gd in a 10 K temperature range
around its Curie temperature. Among the three popular heat exchanger geometries, the
pack screen bed (PSB) performs the best. By using optimal control parameters and the
PSB geometry, a simulated TMM with MnFePSiV can have 50% higher efficiency than Gd.
When using a multilayer structure, the control of the temperature gradient becomes
more difficult, especially when the MCE effect takes place. The TMM numerical model
has to be further developed to fully optimize the system.
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NEDERLANDSE SAMENVATTING

Dit proefschriftis gericht op de ontwikkeling van magnetocalorische warmtepompen en
thermomagnetische motoren. Om de prestaties van deze systemen te maximaliseren,
de beschikbare kennis van systeemengineering en materiaalvervormingstechnieken
geintegreerd eninnovatieve methoden bedacht om de prestaties van magnetocalorische
apparaten en materialen onder wisselende bedrijfsomstandigheden te optimaliseren.
Met dit doel voor ogen zijn er uitgebreide experimenten en simulaties uitgevoerd om de
systeemefficiéntie en prestaties te analyseren en nieuwe methoden ontwikkeld om het
optimaal functioneren van magnetocalorische apparaten te waarborgen.

In Hoofdstuk 3 is het eerste prototype van een magnetische koelkast, de MMFF
Cooler, ontwikkeld als een proof-of-principle. Het heeft een heen-en-weer bewegend
systeem met twee permanente magnetische veldbronnen van 1,2 T en gebruikt
een gadoliniumplaat van 0,7 mm dik als actief materiaal. De MMFF Cooler kan een
maximaal temperatuursverschil van 6,1 K bereiken met een 2 Hz AMR-frequentie, een
volumetrische doorstroming van 1400 ml/min en een hot-end temperatuur van 31°C.
Het ontwerp van het prototype voldoet aan de eisen van een proof-of-principle apparaat,
maar de efficiéntie van het systeem is verre van optimaal. De prestaties van het systeem
kunnen worden afgestemd door de parameters af te regelen met de servomotor en
tandwielpomp. Het systeemontwerp is nog vrij rudimentair vanwege warmteverlies
en dode volume, die de koelcapaciteit aanzienlijk beperken en de koeltijd verlengen.
Het gebruik van te veel aangepaste componenten beperkt de systeemprestaties en
maakt modificatie en uitbreiding moeilijk. Tot slot moet de vorming en assemblage-
mechanisme van de gadoliniumplaat worden verbeterd, omdat de grote dikte van de
Gd-plaat de warmteoverdrachtsefficiéntie vermindert en een aanzienlijke vervorming
veroorzaakt wanneer deze de veldregio verlaat.

In Hoofdstuk 4 het volgende koelsysteem was ontwikkeld in de vorm van een
roterend kamer temperatuur AMR-prototype, genaamd de FAME Cooler, met
als doel de magnetocalorische eigenschappen van verschillende materialen te
onderzoeken en de magnetocalorische koeltechnologie op kamertemperatuur
verder te verkennen. Dit apparaat biedt uitgebreide controle over AMR-cycli, inclusief
werkfrequentie, doorstroomsnelheid, hot-end temperatuur, blow fractie, fase offset
en bedieningsmodus. Het maakt ook gemakkelijke aanpassingen van de regenerators
mogelijk, zoals het vervangen van de MCM of het wijzigen van het aantal bedden. De
prestaties van het apparaat zijn veelbelovend en overtreffen soortgelijke apparaten
wereldwijd. De roterende magnetische veldbron genereert een gemiddeld magnetisch
veld van 0,875 T binnen een volume van 0,71 |. De zeven regenerators zijn asymmetrisch
geplaatst en bevatten in totaal 1,18 kg gadolinium bolletjes. Het behaalde een
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maximaal nul-energieverbruik temperatuursverschil van 11,6 K, een maximale nul-span
koelingvermogen van 162,4 W en een vereenvoudigde COP van 1,59 onder specifieke
omstandigheden. De maximale vereenvoudigde COP van 1,85 werd bereikt onder
optimale omstandigheden. Het verfijnen van systeemparameters kan de prestaties
verder optimaliseren. De duur van de doorstroming beinvloedt de prestaties aanzienlijk,
vooral bij lage warmtebelastingen. Een kortere doorstroomduur maakt nauwkeurige
afstemming mogelijk voor grotere temperatuursverschillen. Dit wordt echter irrelevant
wanneer de focus op het koelvermogen ligt.

In Hoofdstuk 5 het derde ontwikkelde system, een thermomagnetisch motor (TMM)
prototype genaamd TMMO, is ontwikkeld. Het gebruikt een magnetocalorisch materiaal
(MCM) wiel om een roterende beweging te creéren door het continu magnetiseren en
demagnetiserenervan. De magnetische kracht wordt gecontroleerd doorde temperatuur
van het MCM te veranderen met de doorstroming van koud en warm water. Het prototype
heeft 24 magnetocalorische warmtewisselaar (MCHE) eenheden die langs de buitenrand
van het wiel zijn gemonteerd en een N-vormige permanente magneetopstelling die
een veld van 1,35-1,5 T genereert in het midden van de luchtspleet. Het wiel draait
wanneer er een netto magnetische kracht op wordt uitgeoefend, waarbij alle MCHEs
achtereenvolgens het magnetisch veld binnengaan en verlaten. De roterende beweging
van het wiel wordt gestabiliseerd door een constante doorstroming van koud en warm
water naar de MCHEs aan beide zijden van de magneet te handhaven. Momenteel bevindt
het TMMO-systeem zich nog in een vroeg ontwikkelingsstadium. Zelfs bij het hoogste
getestetemperatuursverschilvan 50K, metzowelkoude alswarme doorstroomsnelheden
ingesteld op 3,2 Lpm, is de gemiddelde stroomopwekking van de TMMO slechts ongeveer
25 W. Ditis lager dan het energieverbruik van de pompen, dat ongeveer 50 W bedraagt.
Daarom is de TMMO momenteel niet in staat om netto vermogen op te wekken door de
warmte van de waterstromen te oogsten. Via numerieke simulatie door middel van een
expliciet TMM-model kan worden geconcludeerd dat de FOMT MCM MnFePSiV beter
kan werken dan Gd in een temperatuurbereik van 10 K rond zijn Curie-temperatuur. Van
de drie populaire warmtewisselaar-geometrieén presteert het pack screen bed (PSB) het
beste. Door gebruik te maken van optimale controleparameters en PSB-geometrie kan
een gesimuleerde TMM met MnFePSiV een 50% hogere efficiéntie hebben dan Gd. Bij
gebruik van een meerlaagse structuur wordt het moeilijker om de temperatuurgradiént
te beheersen, vooral wanneer het MCE-effect plaats vindt. Tet TMM-numerieke model
verder worden ontwikkeld om het system volledig te optimaliseren.
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