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Abstract

Magnetic Refrigeration (MR) is a new cooling technology using a solid refrigerant instead of
a gaseous refrigerant used in conventional cooling technics. The solid refrigerant is
magnetocaloric material (MCM), its temperature increases when exposed to an external
magnetic field causing magnetization of MCM, and the demagnetization happens to MCM by
removing the external magnetic field which decreases the temperature of MCM. The
magnetocaloric effect (MCE) is the phenomenon that describes the change of temperature of
an MCM which is considered the basis of magnetocaloric refrigeration technologies.
Compared to the conventional vapor compression cycle, the magnetocaloric cooling cycle is
more energy-efficient and more environmentally friendly because it does not make use of

greenhouse gases.

In this thesis, we develop a prototype of a sustainable magnetocaloric cooling device. A
suitable design for the prototype was chosen and performed using the Autodesk inventor
professional 2021 3D design program.

The components of our magnetic refrigeration device were selected and divided into four sub-
systems: Magnetic Field Generator (MFG) consisting of the magnet and its mechanism,
Active Magnetic Regenerator (AMR) containing the Magneto-Caloric Material, Fluid

flow/heat transfer system, and the Control system.

An initial magnetic field generator was selected, which consists of two concentric 90 mm long
Halbach cylinders, made of 16 permanent magnet segments, which were integrated with a
support structure in optimized orientation, the outer cylinder is fixed and the inner one rotates
with respect to the outer one producing two areas of maximum (1.3 T) and minimum (0.0002
T) magnet flux densities used to magnetize and demagnetizing the MCM to produce the
cooling cycle.

The greatest effort expended in this master's thesis was to design an MFG at a low price.
Various designs of the MFG were implemented on Autodesk inventor and simulated on
Faraday simulation software. We decrease the number of segments to half (8 segments) and
replaced the other 8 with soft magnetic low-carbon steel. The simulation results showed that
the new design can generate a 0.8 T magnetic field, and thus the price of the magnet was

halved, but its price remained very expensive we were limited by budget money.



Magnetic Arrangement for Novel Discrete Halbach Layout (Mandhalas) consisting of the
final MFG. The final Mandhalas MFG produced a magnetic field of 0.82 T at the center of

the magnet fined by simulation results and 0.6 T calculated by equations.

The support structure for the magnet circuit was designed with the program Autodesk
inventor and the components were subsequently manufactured at the JCNS2 workshop. The
housing was designed for the final mandhala magnet by the Autodesk Inverter program, then
these designs were printed at the JCNS2 Institute, and the strong magnets were purchased and
arranged in a certain way according to the simulation results. The Mandhala produced a
magnetic field of 0.6 T at the center of the magnet measured by the axial Hall probe and

transverse flowmeter.

The magnet design was improved and developed, as we were able to reduce the price of the

magnet by 90%, while the decrease in the magnetic field of the magnet circuit was 36%.

The AMR was selected by choosing the type and the geometry of the MCM used to place into
the inner magnet cylinder. We used Calorivac material from Vacuumschmelze company. A

mixture of 80% water and 20% ethylene glycol is used as heat transfer fluid.

The control system was planned and relies on individual components which are easily
accessible and are already available. The fluid flow/heat transfer system was also designed

and the components were ordered.
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Chapter 1

1. Introduction

1.1.1. Motivation:

Magnetic refrigeration at room temperature has been considered a competing alternative to
the traditional cooling technology[1]. The traditional vapor-compression refrigeration devices
use a compressor for compressing refrigerants, which absorb and release heat when
compressed or decompressed [2, 3]. The refrigerants that were commonly used in vapor
compressions systems such as hydro-chlorofluorocarbons (HCFCs), chlorofluorocarbons
(CFCs), and hazardous chemicals (ammonia), were already banned some time ago because
they are related to ozone depletion and global warming. HCFCs and CFCs have therefore
been replaced by hydrofluorocarbons (HFCs). However, HFCs are now considered one of the
main perpetrators of the greenhouse effect, so they will be prohibited soon according to the
Montreal Protocol [4].

These compounds are harmful to the environment as they are ozone-depleting or greenhouse

gases and thus contribute to the increase in global warming [3].

Cooling applications represent about 17% of the overall electricity consumption[3], which
equates to 300 TWh. It is predicted that the demand will increase to 10,000 TWh in the year
2100 [3].

Conventional refrigeration is a well-established technology for more than 100 years [3], but in
the past two decades, a great interest has emerged in alternative technologies based on
magnetic refrigeration. This interest is directly linked to recent achievements in materials
science and the development of new technologies that make it realistic to obtain solid

refrigerators that make use of magnetic refrigeration [5].

Magnetic refrigeration depends mainly on the magneto-caloric effect (MCE), that is the
change in the temperature of magnetic material when subjected to a change in the magnetic
field. The MCE was discovered by Warburg in 1880 [3, 6, 4].



The magnetocaloric cooling cycle is based on magnetizing and demagnetizing a solid
refrigerant and is largely analogous to the vapor-compression cycle used in conventional

refrigerators [7].

Magnetocaloric cooling technologies have several benefits, e.g. the absence of a vapor
refrigerant that is harmful to the environment [6], the provision of more comfortable and
environmentally friendly living conditions [3], as well as the absence of a compressor and
thus a more silent cooling device [7]. It has been shown that magnetic refrigerators operating
with gadolinium (Gd) as a refrigerant have a high efficiency that reaches up to 60% of the
Carnot cycle system, whereas in the conventional refrigerator the Carnot efficiency is only
40%. This means that magnetic refrigeration could save up to 20% in energy when compared

to the vapor-compressor refrigerator [4].

1.1.2. Place of work

This master's thesis was completed in Germany at the Jilich Research Center, specifically at
the Institute of Jilich Centre for Neutron Science (JCNS-2; figure 1), and with an integrated
work of a team consisting of the supervisor Prof. Karen Friese ( deputy institute director) and
Dr. Jorg Voigt, head of instrument technology. The team is completed by technical staff from
the JCNS-2: Micha Hoélzle (technician for mechanical engineering and institute responsible
for IT services), Klaus Bussmann (electronics engineer and health and safety representative),
Andreas Moller (electronics engineer) from the instrument technology at JCNS, Dr. Helmut
Soltner (expert on magnetism and magnetic devices ) from Central Institute for Engineering
Electronics and Analytics, Engineering and Technology (ZEA-1), and me.



Figure 1.1: Julich Center for Neutron Science (JCNS)

1.2. The general theory of refrigeration system

Refrigeration is defined as lowering the temperature of an enclosed space by removing heat
from that space and transferring it to another place. This function is performed e.g. by a

refrigerator.

The basic refrigeration cycle depends on the laws of thermodynamics. Energy can be stored
within systems in different forms: kinetic energy, potential energy, and internal energy [8].
The different forms of energy can be transformed from one form to another, and transferred
between systems, by work and heat transfer. The first law of thermodynamics states that, in
closed systems, the total amount of energy is conserved in all transformations. The second
law of thermodynamics states that the sum of the entropies of the interacting systems never
decreases[8]. It also states that heat always flows from a material at a high temperature to a

material at a low temperature.

1.3. The principle work of the Magnetic Refrigeration System

The development of MR started when the German physicist Emil Warburg discovered the
magneto-caloric effect (MCE) in iron in 1881 [3, 6], yet the use of the MR at room
temperature was practically made possible much later with the discovery of magneto-caloric

3
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materials (MCMs), such as Gadolinium (Gd) and its alloys, which show the MCE at room

temperature [9].

1.3.1. Magneto-Caloric Effect (MCE):

The MCE describes the change of temperature of a material when exposed to a changing

external magnetic field under adiabatic conditions. Materials exhibiting this effect are called

magneto-caloric materials (MCMs)[10].

The MCE can be described by the isothermal magnetic entropy change ( AS,,), or the

adiabatic temperature change ( AT,q4) of the MCM, induced by increasing or decreasing an

external magnetic field that the material is subjected to [11].

1.3.2. Magnetic Refrigeration Cycle:

The magnetic refrigeration cycle is shown in figure 1.2 and figure 1.3, it consists of the

following steps:

(i)

(i)

(iii)

Adiabatic magnetization: by increasing adiabatically the magnetic field (+H)
applied on a magneto-caloric material (MCM) at temperature (T), the total
entropy of the magnetic solid matrix remains constant. However, the decrease of
the magnetic entropy due to the magnetic field variation is compensated by an
increase in the lattice and electronic entropy contributions, forcing the magnetic
spins to align. As a consequence the temperature of the material increases to
(T+AT,q), (figure 1.3). [8] [12].

Keeping the applied magnetic field constant, a heat transfer fluid (HTF) is then
circulated from CHEX through the regenerator (MCM). The HTF absorbs heat
from the MCM, which cools down the MCM and releases heat to the fluid, and
rejects heat to a hot source (ambient) at HHEX [12, 13].

Adiabatic demagnetization: Keeping the refrigerant thermally insulated in the
magnetized condition, the magnetic field is then switched off (-H). The magnetic



spins disorder and the temperature of the MCM decrease (T -AT,q). This process

is called adiabatic demagnetization [13].

(iv) Now the HTF is circulated on the MCM and gets cooled. The cooled fluid is then
circulated to a device that is cooled down with it. This process corresponds to heat

absorption (+Q). These four steps are repeated for continuous cooling [13].

| ’ Step1l: Heats up when

material is magnetised

‘ Hot fluid out

Step2: Remove heat using
heat-transfer fluid

‘ Cold fluid in

i

i

-

Step3: Cools down when = ‘-C. )))

material is demagnetised \ﬁ/

‘ Cold fluid out
h Step4: Absorb heat from L- ’\ 1))
cooling load w

Cold fluid in

Figure 1.2: The basic working principle of magnetic refrigeration (MR) [14].

1.4. Comparison between conventional and magnetic refrigeration:

The magnetic refrigeration cycle is analogous to the conventional vapor compression
cycle. A comparison between the two cooling cycles is explained in the following points
(figure 1.3).

% The magneto-caloric refrigeration requires the input of energy to magnetize the
magneto-caloric material (MCM), which acts as a solid refrigerant, while vapor-
compression refrigeration requires mechanical energy to compress the vapor
refrigerant.

% In an MR cycle, the solid refrigerant is magnetized which then leads to an increase in
its temperature. In the vapor compression cycle, the vapor refrigerant is compressed,

which leads to an increase in temperature.



¢+ The demagnetization decreases the temperature of the MCM material, while in the
vapor compression cycle the expansion process leads to a cooling down of the vapor
refrigerant. [15].

___
Adiabatic

l +H process

T+AT,, m T+l

Adiabatic i P
process

HQ

iT

Magnetic refrigeration Vapor cycle refrigeration

Figure 1.3: Magnetic refrigeration Vs. conventional vapor compression refrigeration
cycles [16].

Chapter one explained magnetic refrigeration. A comparison was made between magnetic
refrigeration and traditional refrigeration. In chapter two, we will talk about MR theory and
display some prototypes of magnetic refrigeration that were built in previous years that were
discussed in the literature of MR. In chapter three, the methodology and results of the work
carried out in this research will be clarified, which broadly and accurately presents the process
of designing, developing, and building the magnetic field generator at the lowest possible
price. In chapter four, the conclusions of the thesis, and the future work were presented.



Chapter 2

2. Magnetic Refrigeration Theory and Literature review of
magnetic refrigeration

This chapter discusses the theory of magnetic refrigeration and how the magnetocaloric effect
(MCE) can be measured directly and indirectly. The history of magnetic refrigeration was
also discussed and presented some prototypes that show how magnetic refrigeration has

evolved from its appearance to the present time.

2.1. Thermodynamics of Magneto-caloric Effect (MCE)

The MCE is described by the isothermal entropy change (AS,,,), or the adiabatic temperature
change (AT,4) of the MCM, induced by increasing or decreasing the external magnetic field
strength (H). It is defined in equations (2.1) and (2.2) and graphically illustrated in Figure 2.1
[13].

AS, (T, Hy, H;) = S¢(T, Hy) — S;(T, H;) (2.1)
AT,.q(S, Hy, H;) = T;(S, Hy ) — Ti(S, Hy) (2.2)

Where Hy and H;are the final and initial magnetic fields, S,, is the magnetic entropy [17].

68.5
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65.51

6 =~ I 1 L
385 290 295 300 305
Temperature [K]

Figure 2.1: The S-T diagram represents the existence of the MCE [13].



The direct way to characterize the MCE is by measuring the temperatures (T; & Ty) by using a

temperature sensor in thermal contact with the MCM. This yields the adiabatic temperature
change AT, [18].

The indirect way for characterizing the MCE is by determining the magnetic entropy change
AS,,.

The total entropy in a system consists of magnetic entropy (Sy), lattice entropy (S;,:), and

electric entropy (See):
S :SM + Slat + Sele (2-3)

In an adiabatic system, the magnetic entropy S,, is a function of temperature and magnetic
field strength s(T, H). At constant volume and pressure, the differential change in entropy can
be written as [17]:

dSy = (Z—;)H dr + (j—;)T dH (2.4)

Where, () is the specefic entropy.

By using the definition of the specific heat (at a constant field) Cy, =T Z—;, equation (2.4) can

be rewritten as [17] :

ds(T, H) = 40 ar 4 (22 an (2.5)
T

If the magnetic field is changed adiabatically, the temperature change is [17]:

— __T (9o
dT = cy(T,H) (aH)T dH (2.6)

By integrating from the initial to the final magnetic field (H; and H), one obtains the

adiabatic temperature change as follows [17, 19]:

_ Hf T ﬁ
ATaa = in ey (TH) (aH)T aH (2.7)

And by using Maxwell’s relations for the equivalence of the second derivatives of (2.6) [17]:



_ T (OM(TH)
dT = CH(T,H)( T )HdH (2:8)

Finally, MCE can obtain from equation (2.9) [17, 19]:

H T om(T,H
MCE = AT,q (T, AH) = — in‘m( o ))H dH (2.9)

Where, AH = Hy — H;.

2.2. Literature review of magnetic refrigeration and the most common

devices :

The first step in magnetic refrigeration (MR), was taken by Warburg, who discovered the
MCE in iron in the 1880s [5]. Then in 1890, Tesla tried to run a heat engine depending on this
effect, later; the low sub-Kelvin temperature was obtained by proposed MR in low-
temperature physics by Debye and Giauque [20]. MR took a quantum leap in 1976 when
NASA built the first magnetic heat pump working at room temperature [20, 21, 22, 23, 24].
This prototype is shown in figure 2.2

MAGNETIC MATERIAL
ACTUATOR ——
~

FLEXIBLE ™~
CONNEC'ION]

_~REGENERATOR
ACTUATOR

AUXILIARY HELIUM
LIQUIFIER (SUE-WATT)-I-

/

LcoLo con
ABSORBS '\
HEAT

ADOLINIUM
SCREEN WIRE

Figure2.2: The first room-temperature magnetic heat pump was designed by Brown in 1976 [22].

Brown had obtained a breakthrough by building this heat pump, it contained a
superconducting magnet, cooled by liquid helium, and produced a 7 T magnetic field. It
covered a temperature range of 47 K. The principle of operation of Brown’s machine was
based on the linear movement of the magneto-caloric material (MCM) through the magnetic
field. The magnetic material was a stack filled with 1 mm thickness parallel plates of



gadolinium (Gd). The heat transfer fluid (HTF) used was a mixture of 20% ethyl alcohol with
80 % of water mixture [21]. The maximum temperature span was 80 K (from 248 to 328 K).

The frequency of operation was low, which caused low efficiency and cooling power [22].

After 1976, many scientific inputs occurred into the field of magneto-caloric energy
conversion near room temperature. Over the past 45 years, a large number of different

prototypes have been designed and built [21].

In 1998, Zimm et al. built and presented a reciprocating device, shown in figure 2.3, by

Astronautics Technology Center and Ames Laboratory from lowa State University [21].

[
2
-
©
L2
=
@©
E
>
@
b=
o

Liquid
helium |

Figure 2.3: Prototype built by Astronautics Technology Center and Ames Laboratory in 1998: (a)
schematic and (b) photograph [25].

This prototype consisted of fixed Niobium—titanium (Nb—Ti) superconducting magnets, and
two active magnetic regenerators (AMRs), moving reciprocally in and out of this magnet.
Each AMR contained 1.5 kg of Gd spherical particles with a diameter varying between 0.15
and 0.3 mm, and the produced magnetic field was 5 T, using water as HTF. This device
produced a cooling power of 200 W kg—1 for a temperature span of 9 K at 5 T magnetic
field, and 70 W kg—1 cooling power at 7 K and 1.5 T [21, 25].
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Great attention had been attracted to magnetic refrigeration in recent years. In the beginning,
the magnetic prototypes used superconducting magnets to obtain high magnetic flux densities
in the MCM, but later; most prototypes obtained magnetic flux densities from permanent
magnets [20], in order to take advantage of their energy efficiency and spatial compactness

[1].

In 2007, Buchelnikov, V. D., et al. built a rotary prototype shown in figure 2.4, which consists
of a fixed permanent magnet that acted as a source of 1 T magnetic field, and a rotary
magnetic refrigerant made of Gd, This prototype was presented by the Chelyabinsk State
University, it produced 40 W cooling power, by using 0.6 — 1.5 I/min flow rate of the heat
transfer fluid, at an operation frequency of 1-10 Hz [22].

Figure. 2.4: Rotary magnetic refrigerator, presented by the Chelyabinsk State University, in 2007 [22]

A slow increase in the number of prototypes built at the beginning, but suddenly, the interest
of scientists increased significantly in studying this technology. They began competing to
produce a commercial product. 6 devices were built in 2007, then 11 different MC refrigerator
units had been built and designed in 2009, it had been built in Japan, China, Brazil, 2 devices

in France, Korea, Denmark, Switzerland, Italy, Canada, and Slovenia [22].

In 2010, Yu, B., et al. presented in detail 41 devices and operation principles, which had been

built before 2010. Yu, B., et al. confirmed that the efficiency of these devices that were built

11



during that period was still low, because of pressure losses by the HTF, which is too
significant to achieve a high refrigeration performance. However, efficiency improvements of

20% - 30% compared to traditional refrigerators today [22].

In 2015, Kitanovski, A., et al. posted an overview of existing magnetocaloric (MC) prototype
devices before the year 2015 [23]. The same team had written a book in 2016, about MC

energy conversion, which includes a detailed explanation of all these devices [21].

Kitanovski, A., et al. confirmed that magnetic refrigeration was on the brink of
commercialization in that period, and there was a slow improvement achieved with every new
prototype that had been built, but these improvements were measurable toward the magnetic
refrigeration goal. The number of prototypes increased every year, according to expanding
research activities in the magnetocaloric (MC) energy conversion research community, but
several obstacles needed to be overcome before finalizing the idea of commercializing MC
technology. Prototypes in this period had been divided into two groups; according to the

motion of the magnet source and AMR, reciprocating motion, and rotation motion [23].

Kitanovski, A., et al. introduced 29 devices of reciprocating motion prototypes, the operating

frequencies in these devices were limited to 1 Hz and below, which affects the specific
cooling power, those devices were mostly used as AMR testing devices. They were designed
in such a manner that different AMRs can be easily interchangeable, the first one was
Brown’s device [21, 23].

The other group of prototypes was operating in a rotary motion, Kitanovski, A., et al.
described in detail 32 different rotary devices, those prototypes focusing on the AMR and
magnet assembly design, also on the fluid-flow circuits, valve systems, heat exchangers, the
choice of the MC material geometry and driving system for rotating the AMR/magnets,
because; all of these components affected the efficiency of the device. But these devices still

need a lot of optimization and development [21].

in 2018, the first MC prototype used recycled Nd-Fe-B permanent magnets, shown in figure
2.5, and a La—Fe—Mn-Si for the MC heat exchanger, as a Gd replacement material [3, 24, 26].
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Figure 2.5: The first MC prototype used recycled Nd—Fe—B permanent magnets, source [3]

A: Photograph, B: Magnetocaloric demonstrator with components: 1) Power supply 2) fluid pump; 3) setting for
phase difference; 4) water reservoir with heating and cooling conditioner; 5) water hoses pipes; 6) recycled

Halbach-magnet; 7) regenerator insert., B: Schematic

In 2019, Greco, A., et al. published a review about solid-state prototypes used as cooling and
heat pumps, developed before the year 2019 [24]. Greco, A., et al. focused on prototypes built
between 2015 and 2019, where they discussed in detail almost 11 prototypes that adopt MCE
in refrigeration technology [24]. With the increasing energy demand, research had been
increased in cooling technology, so by focusing on magnetic field generators, side by side
with the search for materials with high MCE. In this period, most MR devices used permanent
magnets. These magnets developed from the simple (C) shaped, into a complicated

concentric Halbach cylinder [1].

A lot of steps were taken in MC prototype development, so we had devices that can produce

cooling powers up to 3042 W and temperature spans around 40 K [24].

Niamjan, N., et al. in 2020, modified the magnetic flux distribution in the Halbach cylinder,
by inserting a soft magnetic rod in the core of the magnet cylinder, also presented the effect of
substitution of some permanent magnet segments in a Halbach cylinder with soft magnetic
materials, which reduces the cost in the real structure but it decreased the flux density in the

air gap [27].
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Many studies and experiments had been done in the field of materials science, for the
processing of MCMs, focusing on the development of efficient and rapid heat transfer
methods. In 2020, He, J., et al. presented a comparative study on the series, parallel, and
cascade cycles of a multi-mode room temperature MR system. They were comparing the
refrigeration characteristics of three modes, the MCM used is 277.4 g of gadolinium, and two
Nd-Fe-B permanent magnets provide 1.5 T maximum magnetic field intensity. The results

provide some guidelines for designing MR prototypes [28].

Also in 2020, He, J., et al., presented ‘active magneto-caloric heat pipe shown in figure 2.6.

Figure 2.6: Schematic structure of the active MC heat pipe. (1) MCM, (2) check valve, (3) the
magnetic field [29].

A single segment described in figure 2.6, consists of a sphere of La(Fe — Mn — Si),3 with a
diameter of 200-400um, like 3.5g MCM, and a 1.2 T magnet system, with a peak temperature
of 20.7°C. Methanol acts as a heat transfer fluid (HTF), two check valves, an evaporator
wrapped with heating wire insulated thermally to the environment, and a condenser connected
to a thermal bath at an adjustable temperature. This system detected a maximum specific
cooling power of 12.5W/g at a frequency of 20 HZ [29].

Until the moment of writing this thesis, many kinds of research written and prototypes build,
to improve the performance of magnetic refrigeration (MR). These works focus on the most
critical two parts of MR, the first one is the magnetic field generator (MFG), The second

critical part is the active magnetic regenerator (AMR).
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any small change in the components of the MR system, specifically the MFG and AMR leads
to a change in the whole system, and therefore scientists and researchers are still trying
finalizing the idea of commercializing MC technology, used to transition from conventional
cooling to MR.

What we seek to develop in this master thesis, is to collect all that was recommended in
previous research in one prototype. We want to start where others ended. The magnetic field
generator (MFG) is made of permanent magnets recommended according to the latest
research. A rotary motion prototype. Two concentric Halbach cylinders as MFG. Building an
MFG at the lowest possible price. All these points meet together in some previously built MC
prototypes, but the MFG is always very expensive, so we will combine all these points in

building an MR prototype with a very low magnet price.
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Chapter 3

3.  Development and Improvement of our Magneto-Caloric
cooling prototype.

In this chapter, the practical part of building the magnetocaloric cooling prototype was
described, the initial designs that were implemented, and how they were improved and

developed until we reached the final design in detail.

3.1. Choice of the basic design

In magnetic refrigeration, to obtain a complete cooling cycle, any prototype must consist of
four integrated sub-systems, that work together to complete this cycle. As shown in figure 3.1,
these main sub-systems are; the Magnetic Field Generator (MFG), Active Magnetic
Regenerator (AMR), which consists of Magneto-Caloric Material (MCM), Fluid Flow/Heat
Transfer System, inside this system the Heat Transfer Fluid (HTF) circulates, and the Control

System that controls and synchronizes all these systems together.

Magnetic
Field
Generator

(MFG)

Control
System

Fluid Active

Flow/Heat Magnetic
Transfer Regenerator

Tystem. (AMR)

Figure 3.1: Main four sub- systems of Magneto-Caloric cooling

The methodology of building our magnetic refrigerator prototype consisted of the following

steps, which are described briefly in figure 3.2
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First step choose MFG

configuration

choose components and MEG Control Fluid flow
materials for: AMR system system

Construct 4 subsystems and
arrange them together to build
our magnetocaloric cooling
device.

Figure 3.2: Flowchart describes the steps of building our magnetic cooling prototype.

Due to the closures resulting from the Corona pandemic and the disruption of the work of
some factories and institutions in Germany, there was a delay in building the prototype. The
greatest effort that has been made in this master's thesis is to develop, improve and construct

the magnetic field generator (MFG).

3.2. The main components of the introduced Rotary Magneto-
caloric Cooling Prototype

The most important components of the final rotary magneto-caloric cooling prototype are

illustrated in Figure 3.3. And table 3.1 summarizes the specifications of the

prototype.

Table 3.1: The specifications of the introduced magneto-caloric cooling prototype.

Property Range units
Magnetic Field 0.0002- 0.6 T
Operating frequency 5 Hz
Heat Transfer Fluid water-glycol mixture (80 % water, 20 % glycol)
Regenerator Volume 55.3 cm3
Regenerator Diameter 28 mm
Regenerator Length 90 mm
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Figure 3.3: (A): The final design of the magnetocaloric cooling prototype, showing the bearing
structure to enable the rotation of the internal magnet. (B): cross-section in the Y direction shows the
magnetic circuit and AMR configuration,(C): closer look the magnet circuit housing showing the
MCM at the core of the magnet circuit.

This final 3D design for our magnet field generator and the magneto-caloric material
configuration, and the parts responsible for the movement mechanism to produce a continuous
change of the magnetic field on the area that covers the MCM, is designed on the Autodesk

inventor professional 2021 program.

Figure 3.3 shows the details of the drive system and the arrangement of the main components.
The nested Mandhalas cylinders are installed vertically with the fixed outer magnet cylinder
and the rotating inner magnet cylinder. The solid refrigerant (MCM) is accommodated in the
magnet generator core. The system needs Pipes to transfer HTF between the hot and cold heat
exchangers. The timing belt is used to drive the inner magnet relative to the outer magnet.
Also, the system needs to measure the temperature change inside the heat exchangers using a
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temperature sensor. Also, it needs a control system to synchronize the work of all these
components.

The main motivation for this thesis is to improve the magnet design and reduce its price while
maintaining its high performance, to generate the entropy change in the magnetocaloric

refrigerant.

3.3. Designing the Magnetic Field Generator (MFG):

Researchers and scientists used different types of magnets to generate the magnetic field, but
in recent years, the permanent magnets (PMs) were the greater majority used to build
magnetic field generators. The PMs are preferred because they do not require power to
generate a magnetic field [30].

As we mentioned before in the magnetic refrigeration cycle in chapter 1 section 1.3.2, in
magnetic refrigeration systems we need to design a magnetic field generator to
generate magnetic field profiles with regions of high and low magnetic flux density used to
magnetize and demagnetize the MCM.

Different designs of permanent magnet configurations have been developed for magnetic
refrigeration devices, the Nested Halbach cylinders configuration was used recently [31].

3.3.1. Nested Halbach cylinders configuration:

A Halbach magnet array is a specialized and interesting arrangement of permanent magnets,
that was invented by Klaus Halbach in 1979 to increase the magnetic field on one side of the
array while canceling it on the other side [32, 33]. Halbach arrays shown in Figure 3.4 can
have linear, circular, or spherical geometry and generate dipolar or multipolar magnetic fields
inside or outside the structure. The blue lines indicate the magnet flux. The magnetization
directions are indicated by the red arrows located on a circle of radius r and at an angle 0
while pointing at an angle a (see figure 3.4 (d)). This magnetization (M) is indicated in
equation (3.1)[33]:

M(R, 8) = My (%) with @ = (L +m)f andm € Z (3.1)

cosa

Where: M, is the magnetization at the center, m is the number of pole pairs, for example, m =

+1 for a dipolar, m = £2 for a quadrupolar field, and the sign of m directs the flux either

inwards (positive m) or outwards (negative m), 7Z is the set of integers [33].
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Figure 3.4: Schematic illustration of (a) linear, (b) cylindrical, and (c) spherical Halbach arrays. (d)
Sketch of the coordinate system and the angles used for the construction of (b) and (c) [33].

The flux density inside the bore of an infinitely long Halbach cylinder is [34]:

Binfin = Brln (:_‘: (3-2)

Where B,: is the magnitude of the remanent flux density of the permanent magnet used, r;, 7,
are the inner and outer radius of the magnet cylinders.

The flux density inside the bore of the finite length of the Halbach cylinder shown in figure
3.51is given in equation (3.3) [31] :

2
1, L
~+ |7 +712

;)-mziz) (3.3)

1
/£+r2 /L—+r2 SN
4 470 27 Vs 7T

Where L is the length of the Halbach cylinder.

) L
Bfin = B, (In72+  (

Outer radius,

\
Inner radius,

Figure 3.5: A sketch of a Halbach cylinder with an inner radius, r;,, and outer radius, r,,, and length,
L. Also, black arrows showed the direction of the magnetization of the magnetic material [34].
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By dividing the Halbach cylinder into segments as shown in figure 3.6, each segment has its
direction of magnetization with finite length. A Halbach cylinder with n segments has a

magnetic flux density (By) at its center given by equation (3.4) [31]:

sin(2m/n)

Figure 3.4 shows the nested Halbach cylinders configuration which consists of two concentric
Halbach cylinders so that each magnet array generates a magnetic field in its core, each finite
length non-segmented Halbach cylinder generates a magnetic field density in its core equal to
By, in equation (3.3) [31]. Halbach cylinders give a static magnetic field. In order to generate
a variable field within the bore of the cylinder, we can nest two Halbach cylinders, and then
control the magnetic field in the bore by changing the relative angle between the two
cylinders [35].

The blue arrows in figure 3.6 indicate the remanent flux density of the permanent
magnet segments, If the magnetic field contributions of each magnet are added, then the
maximum magnetic flux density (B,,q,) Of the NHC is observed at the core of the inner
magnet, as shown in Figure 3.6 (A). Conversely, when the magnetic field contributions are

subtracted, the minimum magnetic flux density (B,,;») IS obtained, as seen in figure 3.6 (B).

The maximum and minimum magnetic flux densities for the nested configuration are
calculated by [31] :

Bmax = BHC,O + BHC,I (35)
Bmin = |BHC,0 - BHC,Il (3.6)

, Where By o is the magnetic flux density of the outer magnet cylinder and By ;: is the
magnetic flux density of the inner cylinder.
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Figure 3.6: Nested Halbach cylinders magnet array: (A) The maximum magnetic field

position (magnetization process) (B) The minimum magnetic field position (demagnetization process)

3.3.2.The Initial Design of the Presented Nested Halbach Magnet
cylinder:

The initial magnet design, shown in figure 3.7, was designed by Autodesk inventor
professional 2021 software, and the geometry dimensions are summarized in table 3.2.

Table3.2: Geometry of the initial magnet design

Cylinder Inner Diameter Outer Diameter Length

(mm) (mm) (mm)
Inner Halbach magnet 30 48.4 90
Outer Halbach magnet 58.4 96.6 90

This configuration consists of two concentric Halbach cylinders. Each magnet array consists
of 16 permanent magnet segments. The dimensions of this magnet circuit have been chosen
according to the restrictions discussed in the next section.
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96.6mm

Figure 3.7: The initial design of our Nested Halbach magnet cylinder.

Figure 3.8 shows the initial design of the magnet housing circuit.

Screws and Plates used to fix

% / the magnet
&

Initial inner rotating magnet /Initial outer fixed magnet

Figure 3.8: The housing design of the initial magnet.
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3.3.3. Parameters and constraints in designing our magnet
circuit:

We are restricted to the budget specified for the active magnet regenerator (AMR). Then the
MFG is designed due to the regenerator dimensions. The inner diameter of the internal
cylinder is directly related to the regenerator housing diameter. The air gap between the inner
and outer magnet cylinders must be as small as possible, just to allow the inner magnet to
rotate inside the outer cylinder without friction. The smaller the air gap the higher the
magnetic field intensity at the nested Halbach cylinder core [31].

Since the magnet is the most expensive part of the magneto-caloric cooling device, the
magnet price played an important role in choosing the final magnet design, which will be

highlighted and discussed in the next sections.

3.3.4. The simulation results and discussion of the Initial magnet design
(Nested Halbach):

The simulation results of the magnetic flux density profile for the initial magnet field
generator are obtained at the center of the magnet by Faraday magnet simulating software,
this result alternating from 1.4 T (maximum magnetic flux density) to O T (minimum magnet
flux density) according to the rotating of the inner magnet cylinder 180° with respect to the

outer fixed magnet by 10° every step, these results are shown in figure 3.9(A).
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Figure 3.9: The simulation results of our initial nested Halbach magnet array using Faraday software,
show the magnetic flux density at the cylinder core. The magnet length is 90 mm.

A: Magnetic flux density along the axial z-direction for different rotation angles B: Maximum

magnetic flux density (magnetization) C: Minimum magnetic flux density (demagnetization).

Figure 3.9 (B and C) shows the maximum and minimum magnetic flux densities at the core of
the magnet, which equals (1.4 T and 0.003 T), respectively. We obtained the maximum
magnetic flux density when the magnetization directions of the two-cylinder magnets are
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parallel ( in the same directions), as shown in figure 3.6 (A). We obtained the minimum
magnet flux density when the magnetization directions of the two magnet segments were in
opposite directions (see figure 3.6(B)), Note that a different map is used for each magnet

profile simulation.

Although this initial design can provide our cooling system with a 1.4 T magnet flux density.
But it is very expensive according to the manufacturing of magnet material and its
magnetization. For this reason, we decided to search for other solutions to decrease the

magnet price, according to our budget constraints.

3.4. Optimizing the Initial Halbach magnet design:

The following sections discussed the design development process of the magnetic field
generator to transition from the initial design to the final design that was used in our

prototype.

3.4.1. Substitution of some permanent magnet segments by soft magnetic

low-carbon steels

Niamjan, N, et al, had simulated a Halbach magnet cylinder consisting of 16 permanent
magnet segments. According to their simulation results, they find that the magnetic flux is
depleted in some areas (the top and the bottom segments of the magnet cylinder near the edge
of the core), so they substituted this Neodymium-Iron—Boron (NdFeB) permanent magnets
segments in these areas by soft magnetic low-carbon steel pieces. The introduction of soft
magnetic steel reduces the flux density in the air gap but also reduces the cost of the magnet
structure[27].

3.4.2. Simulation and results:

To reduce our magnet price we decided to reduce the number of the permanent magnet
segments, we applied the previous Niamjan study [27] to our initial magnet design shown in
figure 3.7, which consisted of 16 PM segments. We have designed two different geometries
that appear in figure 3.10. Eight magnet segments were replaced by soft magnetic low carbon

steel (white), which decreases the price of the magnet by half.
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Figure. 3.10: Two different designs of a modified Halbach cylinder composed of adjusted
eight permanent magnets and soft magnetic segments.

We perform the two different designs on the Autodesk inventor professional 2021 program,
these designs had been simulated by Faraday simulation software, by choosing a point
moving in the Y direction at the center of these new designs to measure the magnetic flux
density, the simulation results shown in figure 3.11, turns out that the magnetic field has
fallen below 1.4 T (obtained from the initial magnet design), to 0.5 T obtained from the
modified first design and 0.4 T obtained from the modified second design.
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Figure 3.11: Simulating two different designs of a modified Halbach cylinder composed of adjusted
eight permanent magnets and soft magnetic segments.

Despite our success in reducing the price of magnets in half by reducing the number of
segments, the cost of building magnets is still high, exceeding the budget allocated for this
project.
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Therefore, we did not apply this study to the magnetic field generator, and we decided to

search for another way to reduce the price of building the magnetic field generator.

In the following section, we will show how we have overcome the problem of the high cost of

building the magnet.

3.4.3. Transition from ideal Halbach cylinders to discretized cylinders.

Since the price of the magnet remained high despite the reduction of the magnet material, we
decided to build the magnet we needed by ourselves, by taking advantage of the presence of
manufactured and magnetized ready-made super magnets in different shapes. We kept the
dimensions of our initial magnet design shown in black lines in figure 3.12, we choose Super
Magnets with dimensions (see figure 3.16 ) close to the dimensions of the initial magnet

cylinders while keeping the length of the cylinder at 90 mm.
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Figure 3.12: A cross-section showing the process of adding the discretized fashion

of the magnet to the initial design

The simulation results of this magnet design are shown in figure 3.13.
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Figure 3.13: The magnetic field along the y axis of the discretized magnet design (0.006 T - 0.7 T),

for rotation of the inner magnet cylinder from 0° to 180° (15° every step), the magnet length is 90 mm.

This new design can produce ( from 0.0063 T to 0.77 T) at the core of the magnet center.
According to the rotation of the inner magnet cylinder with respect to the outer one by 15°,
every step appears in different line colors in figure 3.13. But the magnetic field homogeneity

needs improvement at the center of the magnet, this point we worked on in the next section.

3.4.4. Improvement of the magnetic field homogeneity

The simulation results in figure 3.14 show the magnetic flux density at the maximum position
along with the magnet core for different magnet lengths. The black line represents the magnet
flux density along the 90 mm magnet length. The upper orange line represents the magnet
flux density along the 180 mm magnet length. It seems clear that linearly increasing the
magnet length can improve the magnetic field homogeneity.

But at the same time increasing the length of the magnet does not increase the maximum
magnet flux at the center of the magnet. The increase of the length of the magnet from 90 mm
— to 180 mm resulted in an increase of just 0.1 T (from 0.7 T produced by 90 mm magnet

length to 0.8 T produced by 180 mm magnet length) in the magnetic field.
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This result makes us sure that the length of the magnet cylinder does not have a significant

impact on the magnetic field density, which was confirmed in equation (3.7).
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Figure 3.14: Magnetic flux density at the maximum position along the axial direction for different
values of magnet lengths (90 mm — 180 mm).

These results encouraged us to improve the magnet and reduce its price by a transition from
the expensive nested Halbach initial magnet design (90 mm length) to the final magnet design

(180 mm length), which will be discussed in detail in the next section.

3.5. Magnetic Arrangement for Novel Discrete Halbach Layout

(Mandhala)

The Mandhalas were introduced in 2004 as an effective way of providing the homogeneous
magnetic field at a low cost since the ideal Halbach cylinders introduced in section 3.3.1 are

very expensive. Mandhalas is the discrete version of the ideal one that builds on a single

magnet type with one shape and one magnetization direction.
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The Mandhalas in figure 3.15 consist of identical cubic bar magnets arranged on a circle, it
can produce a magnetic field in the center of the circle. The i®® (i = 0, 1,..., n-1) magnet is
placed at an angle ai = 27i/n and its magnetization axis is rotated by pi = 2ai du to the z-axis,

with their center vectors, cp at an angle «; on a circle of radius r [36].

A

X
]<
.J/F

Figure 3.15: Magnetic Arrangement for Novel Discrete Halbach Layout (Mandhala) (A) The

coordinate system. (B) Construction principle of Mandhalas (C) Construction using square (cube)

magnets [36].

Raich and Blumler [37] indicate that the magnetic field in the center of a Mandhala (Bj) can

be calculated by equation ( 3.7):

- 3
B, = M.Br 3.7)

I

Where: n is the number of magnets, B, is the magnet remanence, abbreviation = is a function
calculated by [36, 37]:

o cos(%n)—sin(%n)—\/fsin(%—%) (3.8)
- 2.cos(§—4—n)+\/2_ .

n

Equation 3.8 states that the magnetic field at the center of the Mandhala is determined by the
number of magnets (n). Thus, with two concentric magnet cylinders we can have the same
magnetic flux density at the center of each Mandhala, this means that we can increase the
radius of the mandhala without loss in the field, but the volume of the magnet and the weight
will increase, so we should think carefully about the need to increase the radius of the
Mandhalas [36].
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3.5.1. The final design of the Nested Mandhala magnet cylinders:

The magnetic field source for our magnetocaloric cooling prototype, which had been
developed at the Julich Center for Neutron Science (JCNS2) institute is the Nested Mandhala
cylinders configuration shown in figure 3.16, which consists of two concentric cylinders, with
a length of 180 mm, its length is doubled to increase the magnetic field homogeneity at the

magnet core.

A

Figure 3.16: Our final nested Mandhala magnet cylinders.
A: The magnet arrays structure B: Cross-section of the magnet C: The magnetic field source.

These magnet arrays are made of cube Neodymium (NdFeB) permanent magnets, its magnet
remanence B, = 1.26-1.32 T (1.3 T average) with dimensions 10 x 10 x 10 mm?3 for the inner
rotating cylinder, and cuboid NdFeB magnets, its Remanence B, = 1.29-1.35 T (1.3 T
average) with dimensions 25.4 x 25.4 x 12.7 mm3 for the outer fixed cylinder shown in
Figures 3.17 (A) and (B).
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Figure 3.17: Neodymium Super magnets A: Cube magnets (10 x 10 x 10 mm?), B: Cuboid NdFeB
magnet (25.4 x 25.4 x 12.7 mm3).

The inner Mandhala magnet cylinder consists of 10 columns. Each column consists of 20
cube magnets, each weighing 7.6 g. The outer cylinder consists also of 10 columns, each

column consists of 20 cuboid magnets. Each magnet's weight is 62 g.

The magnet flux density (By) in the center of the inner Mandhala calculated by using
equations (3.7) and (3.8), B, =0.3 T. And also 0.3 T for outer Mandhala. Table 3.3 contains

a summary of the specifications of our final Mandhala.

Table 3.3: Dimensions and magnitudes of the magnets for the final Mandhala cylinders.

Cylinder
Inner Outer Each Each magnet Cylinder Magnet B, B,
Cylinder Radius Radius Magnet Dimensions Volume length ;
i grade T T
(mm)  (mm)  weight(gm) mm? , (mm) m (@
cm
Inner
. 30 65 7.6 10 x 10 x 10 4.95 180 N42 1.3 03
cylinder
Outer 25.4x25.4 x
) 75 160 62 510.4 180 N40 1.3 03
cylinder 12.7

If the magnetic field contributions of each magnet are added as shown in figure 3.18(A) (the
inner and outer magnetization in the same direction which means we have 0 degrees between
the magnetization direction of the inner magnet arrays and the outer ones), then the maximum
magnetic flux density ( B, ) Of the magnet circuit is observed at the core of the inner

magnet (see figure 3.19 B) where the magneto-caloric material is located. This process led to

34


https://www.supermagnete.de/supermagnete-starke-neodym-magnete

the magnetization of the MCM, which is represented by the red color as a result of its high
temperature, the orange arrows represent the remanent flux density orientation of each
segment. Conversely, when the magnetic field contributions are subtracted as shown in figure
3.18(B)( the inner and outer magnetization are in opposite directions), then the minimum
magnetic flux density (B, )is obtained (shown in figure 3.19 C). It is presented in blue color

(see figure 3.18 B) as a result of the low temperature of the refrigerant, due to the
demagnetization process.

Nested Halbach structure of permanent
NdFeB Permanent Magnets magnet cuicuit with inner rotating cylinder

and fixed outer cylinder.

Magneto-Caloric Material
Figure 3.18: The rotary operation principle of magnetic refrigeration Nested Mandhala Halbach

structure, (A): Magnetization process (B): Demagnetization process.

The simulation results for the final nested Mandhala magnet show changes continuously
between the maximum flux density (0.8 T) and the minimum flux density (0.001 T) as shown

in figure 3.19, these simulation results are performed by Faraday simulation software.
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Figure 3.19: The simulation results of our final nested Mandhala magnet cylinders using Faraday
software, show the magnetic flux density at the cylinder core. The magnet length is 180 mm.

(A) Magnetic flux density along the axial z-direction for different rotation angles (B): Maximum
magnetic flux density (Magnetization) C: Minimum magnetic flux density (Demagnetization).
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The different colors of the lines in figure 3.19 A represent the different values of the magnetic
field inside the core of the magnet cylinder due to different rotation angles of the inner

Mandhala with respect to the outer Mandhala.

Each line represents the rotation of the inner cylinder by 10 degrees, the upper black line
represents the 0° (the maximum magnetic flux density which is also shown in figure 3.19 (B),
which equals 0.8 T). The red line in figure 3.19 (A) represents the magnetic flux density at the
magnet core when the inner magnet Mandhala rotates by 20°. and so on, with continue
rotating the inner Mandhala, we reached 180° represented by the lower green line in figure
3.19 A. this line represents the minimum magnet flux density in figure 3.19 C, which equals
0.001T.

3.5.2. Manufacturing Our final Nested Mandhala magnet

cylinders:

Figure 3.20 shows the final design of the housing used for the magnet circuit, these designs
were performed on the Autodesk inventor program. We have Plates used to fix the magnets
and wholes to contain the magnet pieces in order to build our Mandhalas.

Outer fixed magnet housing

X

------

Inner rotating magnet housing

Figure 3.20: The final design of the magnet housing circuit.
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The plates are fabricated at the JCNS workshop. And the magnet housings shown in figure
3.21 are made of Polylactide acid (PLA) material produced by a 3D printer at the JCNS2 also.

dul

}f;{
: 1
= 1

Figure 3.21: 3D printed magnet circuit housing from PLA material.

Figure 3.22 shows the manufacturing of the final design of the magnet circuit (Mandhala) So
that we determine the magnetization directions of the magnets using the compass and set their
direction on the magnet cover using the marker. After that, the magnet cubes are installed by

the pliers using the hammer.
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Figure 3.22: Manufacturing Process of our final Mandhala, (A): magnet manufacturing tools, (1):
Magnet design, (2): Marker pen, (3): compass, (4): Hammer and (5): pliers, (B): The process of
inserting cubic magnets pieces into the Mandhala using the hammer (C): Our Final Manufactured
Inner Mandhala cylinder (C): The Final Manufactured Outer Mandhala cylinder.

3.5.3. The magnetic measurement at the center of the internal Mandhala:

We present measurements of the magnetic field generated at the center of our internal
Mandhala in figure 3.23 (A), we use an axial Hall probe and transverse fluxmeter for our
measurements, shown in figure 3.23 (B). The internal mandhala generated an almost 0.3 T
magnetic field at the center along the x-axis. We observe that any remnant field strengths
along the other two axes (y and z) are less than 4% of the maximum attainable field strength

along the x-axis, shown in figure 3.23 (B).
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Figure 3.23: Measure the magnet flux density inside the inner magnet Mandhala
(A): The inner magnet Mandhala is raised to allow the probe to reach the center of it.

(B): The fluxmeter displays the measured magnetic field inside the inner magnet cylinder.

Table 3.4 represents a comparison between the magnetic field inside the center of the
Mandhala, which has been measured practically by fluxmeter, mathematically by equations,

and theoretically by simulation results. The results show closeness in the values.

Table 3.4: Results of our nested Halbach magnet cylinders

Results Bax(T) B min(T) AB (T)
measurements 0.6 ** 0.6
Faraday software 0.8 0.001 0.799

Analytical 0.6 0.001 0.599

** Bmin 1S NOt measured, it supposes to be around 0 T.

3.6. Active Magnetic Regenerator (AMR) Design

An AMR consists of a porous matrix of a solid MCM, and an HTF that can flow through the
matrix and reject or absorb heat. As we mentioned before in the magnetic refrigeration cycle,
it depends on the adiabatic temperature change (AT,q) produced by the MCM, this
temperature is not big enough for cooling applications, so researchers and scientists utilize a

40



regenerative process to produce a large enough temperature span to be useful for refrigeration

purposes called the active magnetic regeneration (AMR) [38, 39].

3.6.1. Active Magnetic Regenerator (AMR)

AMR is a technique that had been used to increase heat exchange, by using a heat-transfer
fluid (HTF) in contact with the magnetocaloric materials (MCM), flowing from the cold side
to the hot side when the MCM is heated (magnetized), and from the hot side to the cold side

when the MCM is cooled down (demagnetized).

This progressively increases the temperature difference between the cold and hot sources,

making the system potentially suitable for commercial applications [30], [39].

3.6.2. The type of our Magnetocaloric Material (MCM)

The MCM is the heart of a magnetocaloric cooling device [38]. This material needs to have a
large adiabatic temperature and entropy change. Also, needs heat conductivity to be as high as
possible to efficiently remove the heat generated by the MCE. Furthermore, it needs to be
chemically and mechanically stable and shapeable to form a diversity of structures, and cheap.
It should have a low rare-earth content, and it needs to be commercially available to be

applied in cooling applications widely [3].

One of the most promising solid-state refrigerants, which fulfills all of the above conditions is
MC alloys with La(Fe, Si),5 intermetallic compounds used manganese and hydrogen to adjust
the magnetic characteristics of the material [40, 41], which was supplied by
Vacuumschmelze; a company expert in manufacturing advanced magnetic materials and
delivering excellence for over 90 years. This family of MCM products is called Calorivac C
[40].

3.6.3. The MCM (Calorivac C) properties

Vacuumschmelze describes in figure 3.24 the the isothermal entropy change of the Calorivac
C alloys. When these alloyes exposed to different external magnetic fields (0.8 T—1.5T).
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Figure 3.24: Entropy change for Calorivac C alloys for different levels of external magnetic fields
(0.8T-1.5T) [40].

And the adiabatic temperature change which shown in figure 3.25, according to exposed

Calorivac C alloys to different external magnetic fiels (0.8 T —1.5T).
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Figure 3.25: Adiabatic temperature change for Calorivac C alloys for different external magnetic
fiels (0.8 T — 1.5 T) [40].
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Figure 3.26 shows the typical adiabatic temperature change of a series of Calorivac C alloys
for an external magnetic induction change of 1.5 T. Calorivac C alloys are available with

Curie temperatures over a wide temperature range.
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Figure 3.26: Adiabatic temperature change for Calorivac C alloys for a magnetic induction
change of 1.5 T [40].

further properties of Calorivac alloys are summarized in table 3.5

Table 3.5: Properties of Calorivac alloys

. k-1

Thermal conductivity 6-8 Wm™K
DETET) 7.0-7.2 glem3

800 - 1200

Relative permeability
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3.6.4. Sample size and geometry

Calorivac alloys can be shaped into various geometries, which makes them the ideal material
for complex regenerator designs for magnetocaloric refrigerators. We used a 90 mm
cylindrical regenerator shown in figure 3.27 with a diameter of 28 mm consisting of MCM
channels equilateral triangles, each edge approximately 30 microns made of La(Fe,
Si);z alloys. The HTF passes through these channels to make heat exchange between the
MCM and the HTF.

MCM channels equilateral
an ¥ triangles, each edge 30 microns.

MagnetoCaloric

Material

Figure 3.27: Magnetocaloric material geometry.

3.7. Fluid flow/ Heat transfer system

The fluid flow/heat transfer system is responsible for oscillating fluid flow in the magnet

regenerator.

Figure 3.28 shows the flowchart of the fluid flow system, which consists of fluid pipes, heat
exchangers, pumps, valves, and the fluid reservoir, the components of the fluid flow system is

described in detail in Appendix A.
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In most cases, water, or aqueous solutions with inhibitors and freezing depressants were used
as heat transfer fluid (HTF). Our HTF used in this system consists of 80% water and 20%
ethylene glycol. These percentages are used according to literature studies [21]. The heat
transfer fluid is moved through the regenerator using a pump. The temperatures of the hot
reservoir and the cold reservoir are measured by the temperature sensor. The stepper motor is
used to limit the length of the magnetization and demagnetization periods by moving the
internal magnet cylinder. The motor and the pump are software-controlled by PLC which
also controlled the valves according to the periods of the cooling cycle (magnetization period,

demagnetization period, hot fluid flow period, and cold fluid flow period).

Valves

f FIowMeter\‘ ’ f

Absorb

Cold Heat A S

Exchanger Exchanger

Temperature

sensor \A

Valve 1/2

10IAIaSaM

Figure 3.28: Flowchart of the hydraulic system in the magnetic refrigeration system.
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3.8. Control system

The flow control system is the part that brings the greatest potential to the whole device,
because it is responsible for synchronizing the work of all components, also specifying the

timing for every process in the cooling system.

Figure 3.29 shows a schematic diagram illustrating the magnetic refrigeration control system. The
components of the control system are described in detail in Appendix B. The central
processing unit (S7 — 300) is used to control the state of the valves, according to the blow
periods. Also, the pump and motor working are controlled by PLC (S7 — 300) through
programming modules (ET 200 S), thus controlling the magnetic field and the flow profile.
The operational timing and duration of any valve can be changed by programming the 1/0O

module, which allows comprehensive control of the flow profile of the system.

Operation
panel

> Remote

desk
DC-Power supply e

-

Ll

5 Amplifier

D steppermotor
i

2 © Thermo .
ﬁ - coupler ‘%‘E /-/? Stepper

P 6 21 W e
Valve cluster Thermo

resistance

Figure 3.29: A schematic diagram illustrating our magnetic refrigeration control system.

Figure 3.30 presents the control system that we have built.
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Figure 3.30: Control system of our magneto-caloric cooling device
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Chapter 4

4. Conclusions and Future Work

4.1. Conclusions

This thesis presented the development of a sustainable magnetocaloric cooling prototype.
An image showing the final magnetic refrigeration model is not provided, due to time

constraints.

The greatest effort that has been expended in this thesis is to build and improve the
Magnetic Field Generator (MFG), this final MFG is shown in figure 3.22. The MFG is the

most expensive part of magnetic cooling prototypes.
According to simulation results, we conclude that :

The initial design of MFG, the two nested Halbach magnet array consisting of two
concentric magnet cylinders performed by 16 PM segments and 90 mm magnet length,
showed 1.3 T magnetic flux density at the cylinder core using the faraday simulation

program, with a very expensive cost.

The final magnet Mandhala design with 180 mm length can produce 0.8 T with a price
equivalent to 1/13 of the price of the initial magnet (nested Halbach) which leads us to this
conclusion " The MFG has been developed to give us the amount of magnetic field
sufficient to cool the magneto-caloric material. The decrease was in this magnetic field
equivalent to 36% with a decrease in the price of building the magnetic field generator by
90%. This big drop in the price of magnets is worth this little drop in the amount of
magnetic field".

We conclude also, that the length of the magnet does not affect the magnetic field density in
the gap of the magnet cylinder. This point leads us to expect the value of the magnetic field
resulting from the outer magnet cylinder, which will be approximately equal to the value of
the magnetic field in the inner cylinder and equal to approximately 0.3 Tesla, and therefore
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the magnet that we have built will give us a maximum magnetic field of approximately 0.6

Tesla.

4.2. Future Work

The first step that must be taken in the future is to simulate the heat transfer between the
MCM and the HTF, complete constructing the outer magnet cylinder, and measure the
magnetic field intensity inside it( it should be 0.3 T). Then constructing the MFG and also
measuring the magnetic field produced (it will be 0.6 T).

Assembling the parts of the four main systems that have been equipped to build and
operate our prototype, then evaluating the efficiency, measuring the temperature span, and

calculating the cooling power.

In the future, we need to work on the manufacturing of a new magneto-caloric material
that can be tested on our device and can be evaluated by comparing the properties of this
material with the Calorivac from Vakuumschmelze used in our prototype. Also, we can
simulate different geometries for the MCM, and choose the best geometry according to

the simulation results.
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Appendix A
Fluid flow/ Heat transfer system
The components of the Fluid flow/ Heat transfer system are:

1. The hot heat exchanger (Alphacool Radiator 95 euro): This radiator's performance
in expelling heat is high because all the main elements the fins, the channels, and the

antechambers are made of copper.

Figure 1: Alphacool full copper radiator.

2. Temperature sensor TM4101: ( Pt100 70 euro):

Our temperature sensor shown in figure 3, warranting precise temperature
measurement in containers, tanks, and pipelines can be connected to an evaluation
unit. It has a very short response time for use in processes with rapid temperature
changes, robust stainless steel housing with a high degree of protection and high-

pressure resistance.

Figure 2: Temperature sensor.
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3. Alpha cool pump (VPP655 — single (78 euro)): used for circulation of the

heat transfer fluid.

Figure 3: The pump

4. Fan ( NB — Black Silent Pro):

The fan is shown in figure 4.22 with dimensions, of 140 x 140 x 25 mm”3, it
minimizes the transmission of vibrations. The frame was designed for use on radiators,
where in addition to decoupling, it ensures optimal sealing. This prevents air from
escaping through the minimal gap between the fan and radiator and thus contributes to
cooling. It features an auto-restart function, very low noise, and a very high life

expectancy of 140,000 hours.

Figure 4: The hot heat exchanger fan.

5. Reservoir (62 euro): The fluid reservoir is used to hold a volume of heat transfer
fluid of the system.
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Figure 5: Reservoir
Valves: Vesto solenoid Valve (24 V DC) shown in the next figure, are responsible
for controlling the direction and timing of the heat transfer fluid flowing in the vessels.

Figure 6: Vesto solenoid Valve

Pipes: blue plastic tubing with 12 mm diameter from Festo company, used to transfer HTF

from one part to another in the cooling system.

Figure 7: Pipe
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Appendix B

Flow control system:

The flow control system is the part that brings the greatest potential to the whole device,
because it's responsible for synchronizing the work of all components, also specifying the
timing for every process in the cooling system.

Control System:
The components of the control system are:

1. Power Supply (Puls CP5.241-S1 (136 euro)): power supply with AC input range (100
— 240 V AC), and output voltage DC 24V, with easy fuse breaking, used to provide
power for the motor, and valves to switch on/off. Also, we used (12 VV DC) used to
provide power for the pumps and the fan.

Figure 1: Power Supply from PULS Company (24 V DC).

2. Monitor (Touch Screen 6AV6642-0BA01-1AX1 Siemens (1200 euro)): used to
display graphs for fluid pressure, flow rate, magnetization /demagnetization periods,
and the temperature at heat exchangers
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Figure 2: Monitor touch screen from Siemens

3. Central Processing Unit PLC (CPU SIMATIC S7-300 (Price 965 euro))

Central processing unit needs 24 VV DC power supply, with work memory 128 KB, used to

control and synchronizing the system.

Figure 3: Central processing unit (PLC)

4. Customized 10 system for compact control cabinets — (SIMATIC ET 200 S):
It is consists of digital input and output modules (DI), analog input and output

modules (Al), base units (D0), and a motor stepper, which used to control the On/OFF

valves, stepper motor motion, On/Off pump to have a complete cooling cycle.
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Figure 4: 1/0 system for compact control cabinets with IO modules and base unit.

5. Step Motor (SLO-SYN DC motor):
This SLO-SYN DC motor shown in figure 7 is used to rotate the inner cylinder of the magnet

to produce magnetization and demagnetization processes.

w® 10898 26 o

Figure 5: stepper motor

6. Voltage Amplifier: The purpose of an amplifier in a motion control system is to
provide a controlled amount of voltage to a motor based on a command signal from

the motion controller. This is done by a voltage amplifier.
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