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INTRODUCTION

For a few years now, people have been aware of the dangers linked to the raise of global warming
and to the ozone layer depletion. It is believed that these two are caused by the always growing
appetite in power consumption of a population rising way too fast. Refrigeration needs nowadays
represent around 15 %, namely a large part, of the global consumption. Steam compression,
which is the most widely used refrigeration technology around the globe, is close to reaching its
technical boundaries and no longer achieving further improvements. Moreover, in these types
of refrigerators, CFCs1 are utilized, but these gases have an ozone depletion and global warming
potential. This is because they are extremely inert and stable due to their strong covalent bonds.

Since the late 1980s protocols have been discussed in order to decrease the use of such
nocive gases. The search for alternative, more environmentally-friendly technologies, can no
longer be delayed and has become a priority need. A promising replacement candidate is
the magnetocaloric effect-based refrigeration. Classical technologies exploit the absorption or
release of heat in a working fluid due to a change in its pressure. The magnetocaloric effect,
or MCE, is similar but exchanges of heat occur because the material is subjected to a varying
external magnetic field.

Refrigerator devices using the MCE have several advantages compared to the classical
equipments. First, the absence of CFC allow them to harm much less their environment. They
usually involve a solid magnetocaloric material, or MCM, thus the system is more compact and
has a higher energy density than one with a gas. Their efficiency is greater than classical devices,
with a coefficient of performance whose typical value is 60 %, whereas coefficients for steam
compression-based refrigerators cannot overcome 40 %. TheMCE devices already existing also
show better stability and longevity properties.

Widely studied around the world, this effect was discovered and explained by Weiss and
Piccard in 1918. Although lots of people attribute it to Warburg, this latter did not actually
observe the effect and themisconception will be explained later on in details. In 1926, Debye and
Giauque proposed to use magnetic refrigeration cycles in order to attain very low temperatures.
Their technique allowed to reach temperatures below liquid Helium (4 K), and, in 1933, Giauque
andMacDougall even experimentally pass the barrier of 1K for the first time, using paramagnetic
salts.

The technologywas however not utilized yet for cooling applications until 1976, when Brown
managed to build a first prototype based on a magnetic Ericsson cycle. The magnetocaloric
material was pure gadolinium and the field was created by a superconducting magnet. In

1Chlorofluoro-carbons.
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1997, another big step was made thanks to the discovery of a material presenting a giant
MCE by Percharsky and Gschneidner. Since 2001, permanent magnets have been used instead
of superconducting ones, which has increased further the interest for the technology. MCE
refrigerator prototypes, especially the ones using active regeneration which will be explained in
Chapter 2, are now a real trend around the world.

Nevertheless, two main issues arise: the first one is the fact that a large magnetic field is
required for achieving a sufficient temperature span during the cyclic operation of the refrigerator.
Typically the magnitude is comprised between 1 and 2 T, but prototypes using slightly smaller (∼
0.5 T) and higher fields (> 5 T) can be found in the literature. The other problem is to find alloys
presenting a MCE around room temperature in order to use them for commercial applications.
These materials should also be cheap, found in large quantities and be easy to produce. The
parent material is indeed pure gadolinium, which is an expensive rare-earth that could not be
used for mass production. The best candidates for now are the Fe2P based compounds.

The present work aims at designing a MCE-based prototype using gadolinium sheets and
a 1.05 T cylindrical, Halbach magnet. As it will be described later, usually the variation of
the magnetic field is ensured by a relative motion between the MCM and the magnet because
a permanent magnet is used such that its values cannot be modified. Electromagnets are not
very much widespread since achieving high field values utilizing them yields to many heat
losses which are difficult to handle. Two kinds of demonstrators can thus be found: the ones
experiencing a reciprocating, linear motion between the magnet and the MCM, and the others
in which this motion is rotary. In the present case, the prototype will undergo back and forth
movement.

First, the theory related to the MCE will be reviewed in details in Chapter 2, and an example
of this one will be applied to gadolinium in order to understand deeper its behaviour. Other
possible materials that may be used for magnetic refrigeration will be revised. A brief historical
survey will be made, as well as a comparison with other arising, environmentally-friendly
technologies. Next, in Chapter 3, a short review of existing prototypes and their main features
will be carried in order to fully complete the state of the art.

Chapter 4 then presents a numerical study of the thermal exchanges that should occur during
the working of the prototype. Then the fifth chapter studies the behaviour of the force acting
on gadolinium plates put inside the Halbach magnet in order to find suitable dimensions for
the device. After what the instrumentation needed for performing the measurements during the
operation of the demonstrator is presented and tested. At the end of Chapter 5, a summary of
all the parts required for the good working of the prototype is performed. The work ends with
conclusions on the described topics.

Theoretical calculations, numerical simulations and experimental apparatus are all comple-
mentary to each other. The first ones serve in various areas but cannot fully catch the small
imperfections of reality. On the other hand, experiments cannot always be carried out easily and
the use of numerical tools instead is often of great help. A physicist engineer should be able to
make good use of all three of them adequately.

This master thesis is carried in the "Capteurs et systèmes de mesures électriques" lab, at the
Montefiore Institute of the University of Liège, under the direction of Philippe Vanderbemden.
On the other hand, Vincent Lemort acts as a co-supervisor to bring his expertise concerning the
thermal part of the work.
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To close this short introduction, one might say that all around the world people have under-
stood they have to face new challenges to replace classical technologies which involve nocive
gases. Scientists can no longer rely on past achievements and need to set up new goals. A
breath of fresh air is nowadays more than welcome so as to eventually get rid of such harmful
technologies.
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U - u (J - J kg−1) (specific) internal energy
Q - q (J - J kg−1) (specific) heat

W - w (J - J kg−1) (specific) work
G - g (J - J kg−1) (specific) Gibbs free energy
S - s (J K−1 - J kg−1 K−1) (specific) entropy

Se - se (J K−1 - J kg−1 K−1) (specific) electronic entropy
S` - s` (J K−1 - J kg−1 K−1) (specific) lattice entropy

Sm - sm (J K−1 - J kg−1 K−1) (specific) magnetic entropy
M - σ (A m−1 - A m2 kg−1) (specific) magnetization
−→
H (A m−1) magnetic field
−→
B (T) inductive magnetic field
T (K) temperature

∆Tad (K) adiabatic temperature change
∆sm (J kg−1 K−1) specific magnetic entropy change

cH (J kg−1 K−1) specific heat capacity at constant field
.

Nomenclature
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2

THE MAGNETOCALORIC EFFECT

In the present chapter will be investigated in details what is the magnetocaloric effect. The basic
thermostatic relations describing it will be introduced, after what further investigations will be
carried with the help of statistical mechanics. An theoretical example of the MCE in gadolinium
will also be presented. Then one will see that several cycles may be utilized in order to build
a magnetocaloric effect-based refrigerator. A brief review of the materials that may be used to
best exploit this effect will then be made, before going deeper into the history of the MCE. A
comparison with other trendy caloric effects will also be realized. Finally, in page 38 one may
find a summary of all the important points.

1. What is the MCE ?
The main characteristics of the magnetocaloric effect will be surveyed in the current section.
This effect is an intrinsic property of magnetic materials and can be described in a general
manner as a (reversible) contribution to the thermal response that they exhibit when submitted
to an external magnetic field. Such materials can indeed also experience magnetic hysteresis
and eddy currents which may lead to heat losses too.

In this sense, when a regular magnetocaloric material enters the gap of a magnet, it experi-
ences a positive magnetic field variation which results in a heating up of the material, whereas
the opposite occurs when the material leaves the gap. There is thus two manners to exploit this
effect. One may either use the fact the the material is heated and view it as part of a heat pump,
whereas one could think of it as the coolant of a refrigerator. Obviously this latter viewpoint
will be considered all along the present work.

1.1 Comparison with a gas compression cycle
In order to conceive e.g. a cooling device based on the MCE, as in every heat engine respecting
the second law of thermodynamics, exchanges must be performed through a cycle between a hot
reservoir and a cold sink. The typical refrigeration cycle obtained then may be compared with
the more classical and well-known gas compression cycle, as depicted in Fig. 2.2.

But first a quick reminder of a refrigeration machine respecting the second law of thermody-
namics is presented in Fig. 2.1. The machine operates between a cold sink and a hot reservoir
at temperatures respectively denoted Tc and Th. An amount of work W is used to make the
refrigerator extract some heat from the cold source, Qc, and release Qh to the hot reservoir.
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One sees on the left of Fig. 2.2 a gas com-
pression cycle illustrated with a piston able
to compress and relax a gas. A corresponding
temperature-entropy (T−S) chart is visible be-
neath the four stages of the cycle, denoted by
letters from (a) to (d). First occurs a compres-
sion of the gas by the piston, which heats up the
gas by reducing its volume and thus increas-
ing its internal pressure. One assumes that the
system during this operation is perfectly ther-
mally insulated from its surroundings and that
this step takes place adiabatically.

W

Qc Qh
Tc Th

Figure 2.1: Reminder: the classical
refrigeration machine.

Next comes a heat transfer between the gas and the hot source, which provokes thus a cooling
of the gas. This process occurs at a constant volume, in particular the minimum reached by the
piston Vmin. The third stage consists in an expansion of the gas that is also supposed to occur in
an adiabatic manner. This time the gas cools down because its pressure diminishes as its volume
increases. Finally, the gas warms up by withdrawing heat from the cold reservoir. This process
also takes place in isochoric conditions, but this time the volume reached out by the piston is
maximum, namely equal to Vmax.

The cycle exploiting the MCE may be put in parallel with this gas compression cycle. The
main difference lies in the fact that the material exhibiting the MCE replaces the gas, while the
action or not of the magnetic field serves as the motion of the piston. The drawings on the right
of Fig. 2.2 represent a magnetocaloric material in gray moving in and out of the gap of a magnet
(or anything able to produce an inductive field −→B ) in turquoise.

At first, the MCM is inserted into the magnet yoke and thus submitted to a field which
causes a magnetization of the material and an increase in its temperature. This step is assumed
to occur without any heat exchange with the surroundings. After that, the material is put in
contact with a hot source and its temperature decreases. The magnetic field, however, remains
the same all along this stage and equal to Hmax. Then the MCM is removed from the magnet and
thus demagnetized. Its temperature reaches its lowest value. Once again this step is assumed
adiabatic. The final step consists in the heat exchange with the cold sink. The material heats up
under a constant field Hmin which is often simply null.

Below the drawings lie two T − S diagrams showing the evolution of the respective cycles.
The cycle on the right may serve as a basis for designing a refrigeration demonstrator exploiting
the MCE, although it is not the only one, as it will be explained later on. The main components
of a device based on the MCE are thus a MCM moving in and out of a magnetic field. One also
needs a suitable hydraulic circuit as well as a hot and a cold reservoirs in order to complete the
cycle. A few prototypes conceived around the world will be reviewed in the next chapter. But
before describing them, the MCE will be detailed in the following sections.
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(a)→ (b) adiabatic compression

Qh

(b)→ (c) isochoric cooling

(c)→ (d) adiabatic expansion

Qc

(d)→ (a) isochoric heating

T

s

(a)

(b)

(c)

(d)

Vmax

Vmin

−→
B

(a)→ (b) adiabatic magnetization

(b)→ (c) isofield cooling

−→
B

Qh

(c)→ (d) adiabatic demagnetization

(d)→ (a) isofield heating

Qc

T

s

(a)

(b)

(c)

(d)

Hmin

Hmax

Figure 2.2: Comparison between a classical gas compression cycle (left) and a
magnetocaloric cycle (right).
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1.2 Phase transitions
Before reviewing the theory describing the MCE, the difference between the phase transitions
that materials may experienced should be reminded.

A first-order phase transition is not instantaneous and involves two phases of the material in
equilibrium as well as a latent heat, whereas the temperature remains constant. Such a transition
is accompanied by a discontinuity in the magnetization and entropy with respect to temperature.
Therefore, their derivatives display an infinite peak at the transition temperature. In the case of
the entropy, this derivative is simply equal to the heat capacity. All three of them are displayed
for a typical first-order transition in Fig. 2.3 below.

On the other hand, second-order or continuous phase transitions do not exhibit any discon-
tinuity in thermodynamic variables and do not imply any latent heat. The two phases never
both coexist in equilibrium during the transition. Such a behaviour is exposed in the charts of
Fig. 2.4 for the specific magnetization, entropy and heat capacity of a material experiencing a
second-order phase transition. In all six graphs the Curie temperature, at which the material
undergo its phase transition, is represented as TC.

σ

TTC

∞cp

TTC

s

TTC

Figure 2.3: Specific magnetization σ, heat capacity cp and entropy s as a function of temperature -
typical diagrams for a first-order phase transition.

σ

TTC

cp

TTC

s

TTC

Figure 2.4: Specific magnetization σ, heat capacity cp and entropy s as a function of temperature -
typical diagrams for a second-order phase transition.

The MCE might arise at any temperature but it is the most pronounced around the phase
transition of the material. In most MCM, this latter mostly consists in the transition from
the ferromagnetic, ordered phase towards the paramagnetic phase characterized by disordered,
randommagnetic moments. Usually ferromagnets are spin-containing materials that are already
magnetized or can be magnetized and remain so under the influence of an external field. This
definition also holds for e.g. ferrimagnetic and antiferromagnetic materials. Spontaneous
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magnetization occurs for instance in iron where there exists a peculiar spin arrangement ; the
elementary magnetic dipoles are aligned in a parallel configuration. In paramagnets, there is no
particular spin arrangement and the random alignment of the elementary dipoles yields a global
null magnetization.

1.3 Thermodynamics1,2

Some relations can be derived for understanding better the MCE. This is what will be done is
the present section. Due to the fact that the MCE is a reversible process, all the relations below
will be written in such a case. It should also be noted that only specific quantities will be used.

1.3.1 Reminders
Before describing in more details the MCE from a mathematical point of view, one should
remind some important relations of thermodynamics. The first law states that, for a closed
system,

du = δq − δw (2.1)

with u the internal energy, q the heat and w the work, all expressed per unit mass. The δ symbol
represents simply a small variation and accounts for the fact that q and w are not state variables,
on the opposite of u, and therefore do not admit a total differential. From the definition of
temperature one knows that

ds =
δq
T

(2.2)

where s is the specific entropy. In the present case the system considered is a solid, thus the
variations of pressure and volume may be neglected. But because this solid will experience
magnetic field changes one should write the work variation as

δW = −µ0
−→
H · d−→M (2.3)

withW the work, −→H the magnetic field, −→M the magnetization of the material and µ0 the magnetic
permeability of vacuum. In order to simplify the notations, one may assume the collinearity of
vectors −→H and −→M . If σ designates the specific magnetization, one gets for the work per unit
mass

δw = −µ0Hdσ (2.4)

The entrance of the material into the magnetic field will cause its magnetization such that the
sign of dσ as well as the work contribution −δw in Eq. (2.1) will be both positive and bring an
increase in the internal energy whereas the demagnetization process will decrease it.

Gathering these relations, one may rewrite the internal energy as

du = Tds + µ0Hdσ. (2.5)
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However, the state function best suited for studying phenomena occurring in amaterial submitted
to a magnetic field is the specific Gibbs free energy g, which is defined by

g = u + pv − Ts − µ0Hσ. (2.6)

with p the pressure and v the volume per unit mass. Since there are no volume or pressure
variations, taking the differential of the former relation yields

dg = du − s dT − Tds − µ0 σ dH − µ0Hdσ (2.7)

and one eventually finds by inserting Eq. (2.5) that

dg = −s dT − µ0 σ dH. (2.8)

1.3.2 Maxwell relation
Because g is a state variable, dg is a total, exact differential. The Schwarz theorem? states that
a necessary and sufficient condition for the differential of a multiple variables function to be
exact is the equality of mixed partial derivatives. One obtains in this case that

∂

∂H

(
∂g

∂T

)
H
=

∂

∂T

(
∂g

∂H

)
T
· (2.9)

The differential of g might also writes as

dg =
(
∂g

∂T

)
H

dT +
(
∂g

∂H

)
T

dH. (2.10)

Looking at Eq. (2.8) from the previous paragraph, one sees directly that(
∂g

∂T

)
H
= −s (2.11)

and (
∂g

∂H

)
T
= −µ0σ. (2.12)

Therefore, comparing these with Eq. (2.9) above, one finds a Maxwell relation between s and σ
as (

∂s
∂H

)
T
= µ0

(
∂σ

∂T

)
H
· (2.13)

1.4 Microscopic understanding of the MCE
Although up to now no distinction was made yet, the total entropy s of a magnetic material
can be divided into three contributions: se, the electronic entropy of the free electrons inside
the material, s` the lattice contribution coming from the vibrations of the crystal lattice and
finally sm the magnetic entropy due to the magnetization processes. It is assumed that both the
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electronic and lattice entropy contributions are only influenced by temperature whereas the third
one also depends on the magnetic field. Hence, one gets

s(T,H) = se(T) + s`(T) + sm(T,H). (2.14)

Thanks to the former relation, the MCE may be understood in the following way. When the
material is not submitted to any field, at e.g. ambient temperature, its lattice is ordered in a
peculiar manner. Themicroscopicmagnetic moments existing inside thematerial are not aligned
with each other either. But as the MCM is submitted to a positive field variation, these moments
align with the main direction of the field, decreasing thus the magnetic entropy. Nevertheless,
the process was assumed adiabatic so that there is no possible exchange with the surroundings.
The excess magnetic entropy is thus transferred to the two other types of entropy. As the term s`
is increased, the ordering of the lattice diminishes, increasing then the thermal agitation. This
is illustrated in Fig. 2.5 hereafter. The same holds for the electronic contribution but the process
is mostly governed by the configurational entropy. This thermal agitation being directly related
to the temperature of the material, this one raises too.

−→
B

Qh

Figure 2.5: Scheme of a MCM undergoing a refrigeration cycle: adiabatic
magnetization and isofield cooling.

−→
B

Qc

Figure 2.6: Scheme of a MCM undergoing a refrigeration cycle: adiabatic
demagnetization and isofield heating.
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Note that the opposite situationmight occur, namely a decrease in temperature as thematerial
is submitted to an increasing field, but it will not be discussed here because it is less usual and
will not serve in the following. Such a phenomenon is simply called inverse MCM.

As seen on the right of Fig.2.5 , once the material is put in contact with the hot reservoir,
it exchanges heat in such a way that its configurational entropy and hence its temperature both
diminish. On the other hand, once the field is removed, the magnetic moments inside the
material misalign again, increasing the magnetic entropy. The opposite occurs then: because
the process is supposed adiabatic, this additional entropy must come from the material itself.
The lattice contribution will thus be reduced in favor of sm.

When the MCM is put in contact with the cold sink and collects heat from this latter, the
thermal agitation inside the MCM rises up and so does the configurational entropy. These two
last steps are depicted in Fig. 2.6.

1.5 Characterization of the MCE
There are two ways of characterizing the
MCE in a magnetic material. One might
either look at its adiabatic change in tem-
perature ∆Tad, or at the isothermal entropy
variation ∆s, when the material is submitted
to a field going from an initial value denoted
Hi, and a final one called Hf. This total en-
tropy change reduces simply to the magnetic
entropy variation ∆sm because the electronic
and lattice entropy parts do not vary in an
isothermal process. Both ∆Tad and ∆sm are
represented in the chart from Fig. 2.7 on the
right.

T

s

Hmin

Hmax

∆Tad

∆sm

Figure 2.7: T − s diagram:
representation of ∆Tad and ∆sm.

The total entropy being also a state variable, its differential ds is written in a general manner
as

ds =
(
∂s
∂T

)
H

dT +
(
∂s
∂H

)
T

dH. (2.15)

Consequently, if the system is submitted to magnetic field variations but kept at a constant tem-
perature, the first term of the former relation cancels out. Taking into account the aforementioned
Maxwell relation of Eq. (2.13), it yields

ds = dsm = µ0

(
∂σ

∂T

)
H

dH. (2.16)

Integrating this between the initial and final field values, it becomes

∆sm =
∫ Hf

Hi

µ0

(
∂σ

∂T

)
H

dH. (2.17)
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In the case of a temperature variation made under adiabatic conditions, ds cancels out in
Eq. (2.15) and one finds that (

∂s
∂T

)
H

dT = −
(
∂s
∂H

)
T

dH. (2.18)

If one reminds that the specific heat capacity c is defined as follows,

c =
δq
dT

, (2.19)

in the case of an isofield process, one gets

cH =

(
∂s
∂T

)
H

T (2.20)

with cH the specific heat capacity of the material under constant field and where Eq. (2.2) in
page 9 was utilized. Therefore, Eq. (2.18) turns into

dT = −
T
cH

(
∂s
∂H

)
T

dH. (2.21)

Integrating once again between Hi and Hf, one gets

∆Tad = −
∫ Hf

Hi

T
cH

(
∂s
∂H

)
T

dH. (2.22)

For understanding deeper the MCE from a quantum mechanics point of view, the reader is
referred to the report3 from de Oliveira and von Ranke.

1.6 About the entropy term4,5,6,7

In this particular section the entropy S rather than the specific entropy s will be used. As
a reminder, in Eq. (2.14) from page 11 the total entropy was decomposed in three different
contributions as

S(T,H) = Se(T) + S`(T) + Sm(T,H). (2.23)

These three terms may all be computed using well-knwon relations from statistical mechanics
as well as the Weiss molecular field theory.

First the electronic contribution to the total entropy is given by

Se(T) = γT , (2.24)

with γ (J K−2) the electronic heat capacity coefficient. This relation is obtained by applying
the model of an ideal non-relativistic Fermion gas to the conduction of electrons in a metal.
Because the spacing between the conduction bands in such a case are very small compared to
kBT , kB being the Boltzmann constant, the bands may be approximated as a quasi-continuum.
Hence, the probability that a level of energy ε is occupied by two electrons, f (ε), is computed
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using the Fermi-Dirac statistics as

f (ε) =
1

1 + exp
(
ε − εF
kBT

) , (2.25)

where εF designates the Fermi level. After some calculations, one finds for the temperature
dependence of the entropy the relation of Eq. (2.24). The γ coefficient that appears in it is
obtained as

γ =
π2

2
NkB
TF

(2.26)

with N the total number of particles and TF the Fermi temperature. This one is a reference
temperature for the material defined as

TF =
ε0
F

kB
, (2.27)

where ε0
F states for the Fermi level at a temperature of 0 K. However, the contribution from the

conduction electrons is weak and may be neglect compared to the configurational entropy.
The lattice contribution, on the other hand, can be calculated using

S`(T) = R

[
−3 ln

(
1 − e−

TD
T

)
+ 12

(
T
TD

)3 ∫ TD
T

0

y3

ey − 1
dy

]
(2.28)

with R the universal gas constant, and TD the Debye temperature given by

TD =
~ωD
kB
· (2.29)

In the former definition, ~ is the reduced Planck constant and ωD denotes the Debye frequency
relative to the material. These relations come from the Debye model for the total number of
phonons propagating in a crystal of N atoms at thermal equilibrium. In this case the number of
phonons corresponding to a givenω and thus an energy ~ω is obtained through the Bose-Einstein
distribution law for a null chemical potential, namely

nph =
1

exp
(
~ω

kBT

)
− 1
· (2.30)

Based on this as well as an assumption made by Debye, the internal energy of the system can
be derived, and from that the heat capacity. After some more calculations the configurational
entropy of Eq. (2.28) may be found easily.

It should be noted that the Debye temperature characterizes the limit above which the Dulong
and Petit’s law is acceptable.8 This law states that the heat capacity evolves linearly with respect
to temperature. UnderTD, this approximation is no longer valid and one should take into account
the Debye contribution predicting that the heat capacity increases as the cube of the temperature.
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In a subsequent section the MCE will be derived graphically for a peculiar material and this
restriction should not be forgotten at that point.

Last but not least, the magnetic entropy might be computed as follows

Sm(x) = R


ln

©­­­­«
sinh

(
2J + 1

2J
x
)

sinh
(

1
2J

x
) ª®®®®¬
− xBJ(x)


. (2.31)

This equation comes from the Weiss molecular field theory. Based on the theory already
developed for paramagnetism, Weiss provided a model for explaining ferromagnetism1. He
suggested that the alignment of the magnetic moments inside a domain occurred spontaneously,
and that the alignment of each of these moments was due to an internal magnetic field arising
from all the other moments existing inside the domain.

Ferromagnetic phases are indeed characterized by distincts domains arising in the material,
where all magnetic moments are aligned with each other, compared to e.g. paramagnetic phases
where no spontaneous magnetization occurs. For paramagnets, only an external field may yield
a magnetization because the magnetic moments are all misaligned whereas this magnetization
appears naturally in ferromagnets. However, in soft ferromagnets the domains themselves are
arranged randomly which causes the global magnetization of the material to cancel, while in
strong ferromagnets this does not occur and thesematerial may thus serve as permanent magnets.

The extra field, called Bint, is supposed proportional to the magnetization of the sample. The
total inductive magnetic field Btot experienced by a material is then given by the sum of any
external field Bext and this internal field as

Btot = Bext + Bint (2.32)
= Bext + µ0λM . (2.33)

In the former relation, λ is called Weiss molecular field coefficient and is relative to the material.
Introducing this into the equations obtained for the paramagnetism through quantummechanics,
similar relations may be obtained for ferromagnets.

Without any further details, the magnetization M in paramagnets is given by

M = NgJµB JBJ(x), (2.34)

where N is the total number of magnetic moments (be careful, this is not the same as in
Eq. (2.26)), gJ the Landé factor, µB the Bohr magneton, J the total angular momentum, while
BJ is the Brillouin function defined as

BJ(x) =
2J + 1

2J
coth

(
2J + 1

2J
x
)
−

1
2J

coth
(

1
2J

x
)
· (2.35)

1Even though it was not discussed yet, gadolinium has a ferromagnetic phase and this is the reason this theory
appears right here. Above its Curie temperature it is paramagnetic.
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On the other hand, the variable x represents the ratio between the Zeeman energy of a magnetic
moment into an external field Bext and the thermal energy, and is therefore given by

x =
gJµB JBext

kBT
· (2.36)

For ferromagnets, the results above are adapted simply by introducing the total field of
Eq. (2.33) instead of the external field alone into the previous relation, which yields for x

x =
gJµB J

kBT
(Bext + µ0λM) · (2.37)

After some manipulations , one might find that

x =
gJµB JBext

kBT
+

3TCJBJ(x)
T (J + 1)

(2.38)

where TC is the Curie temperature of the material, defining its transition between the ferromag-
netic and the paramagnetic phases.

2. Main magnetocaloric materials
This section aims at presenting the materials best suited for exploiting properly theMCE, namely
the ones called magnetocaloric materials. The most known of them is gadolinium, but its alloys
as well as other compounds might be used too.

2.1 The gadolinium
Gadolinium is the 64th chemical element from the periodic table. This metal belongs to the
lanthanide series. It shows a lot of interesting qualities such as improving the properties of some
metals or having a large neutron absorption capacity. It is therefore used e.g. in radiography or
in nuclear reactors.

However, the property the most interesting in this context is certainly the MCE exhibited
by gadolinium at 293 K, namely room temperature. It is around this particular temperature
that the metal undergoes a phase transition from the ferromagnetic to paramagnetic phase. The
temperature at which the transition occurs is named the Curie temperature and corresponds to
the one mentioned at the end of section 1.6.

2.2 Giant MCE
Some materials exhibit what is called the giant magnetocaloric effect. The magnetic entropy
difference that they exhibit is much larger than for conventional materials. It can be up to
between 2 and 5 times bigger than in these materials.

The interest for the MCE-relate technologies has really started thanks to the discovery of
such materials working at room temperature by Gschneidner and Percharsky twenty years ago.
They found out that the magnetic entropy change in Gd5(Si2Ge2) is 50 % larger than in pure Gd
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that occurred at a temperature a bit smaller than in this latter material. Since then, many other
alloys have been found to exhibit a giant magnetocaloric effect.

2.3 Other materials and alloys9,10,11

Numerous other materials may also exhibit a magnetocaloric effect. The MCE was first discov-
ered in Iron and the most famous MCM is gadolinium ; they both are simple elements, but the
research on alloys is much more widely spread. Such materials often present a giant MCE at
sub-room temperature.

A first class of magnetocaloric alloys is the Gd5 (Ge1−xSix)4 type, for 0.3 ≤ x ≤ 0.5. For all
x values these alloys are ferromagnetic at low temperature and all present the same molecular
structure. Close to the ambient temperature, depending on the value of x, the compounds
take distinct crystallographic phases. The transition temperature depends on the phase of the
material and thus on its composition. Such alloys exhibit not only aMCEbut also other properties
enhancing the coupling between electronic structure and lattice, such as an anomalous electrical
resistivity or a large magnetoresistance effect in some cases.

The main issue appearing when using these materials for magnetic refrigeration is first the
fact that MCE is usually observed below room temperature. Besides this, impurities inside
the material such as carbon, oxygen and iron can influence the crystallographic phase of the
material and thus have a direct impact on theMCE experienced by the material or yield a thermal
hysteresis. The size of the MCE is thus strongly correlated to the quality and the preparation
of the starting material. Such a high sensitivity to impurities plays an important role in the
production costs of e.g. a magnetocaloric refrigerator. One might note that compounds such as
R5 (Ge1−xSix)4 can also present a MCE, with structural properties similar to that of the alloy
with R = Gd.

Another type of magnetocaloric materials are the La (Fe, Si)13 (Si can be replaced with Al).
The transition temperatures vary with the iron content of the compound, going from 200 K for
rich compounds to 262 K when the iron content is lowered. On the opposite of the first family
of MCM described above, the phase transition here is not accompanied by a structural change,
and the materials keeps its structure above and below its Curie point.

In order to increase the Curie temperature of these alloys, a technique used is to expand
the lattice, which yields an increase in ferromagnetic exchanges. This may be achieved by
hydrogenation or introduction of other small atoms such as B, C or N. In La (Fe, Al)13, an
increase of TC to almost 900 K can be obtained. However, hydrogen is still the most promising
interstitial element for these alloys.

Despite its great Curie temperature modulation, the La (Fe, Si)13 type of alloy is also inter-
esting from a cost point of view, because La is the cheapest lanthanide available and Fe and Si
can be found easily in large amounts. Some precautions need however be taken into account
during the process. As en example, when subjected to the hydrogenation process, it may expe-
rience some volume changes and if those are performed too frequently the material might end
up breaking into small grains.

A third family is the MnAs based compounds, which are similar to the Gd5 (Ge1−xSix)4
from a crystallographic structure point of view. They also experience a structural change
when going from the ferromagnetic to the paramagnetic phase, at a temperature of 307 K.
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The reverse transition occurs, on the other hand, at 317 K. The material is thus subjected to a
thermal hysteresis, and very large magnetic entropy changes are observed during this transition.
Concerning the costs, they are quite low but processing of alloys that contain As is tough because
of the biological activity of As.

Last but not least, another family that can be mentioned is the Fe2P based compounds. It
is the best candidate for commercial magnetic refrigeration because it has a lot of interesting
qualities.

First, this type of alloy show a large MCE because of the field-induce first-order magnetic
phase transition which is reversible in both temperature and alternating field. There is thus no
hysteresis. Moreover, a tunable temperature span of between 200 and 450 K is achieved with
these compounds. Its low cost is another non negligible aspect ; however, as for the MnAs based
compounds, the As should be treated with great care.

The most studied series between the possible alloys is the MnFe(P,As) one. The critical
temperature varies in this case between 150 K up to well above the room temperature. Such a
compound may be synthesized starting from Fe2P, FeAs2, Mn chips and P powder. It presents
a large variety of crystalline and magnetic phases.

All these materials present their advantages and their drawbacks. When one wants to design
e.g. a cooling device based on the MCE, the choice of the material used is mostly dictated by
the fact that one wants a giant MCE around room temperature at low cost, but other parameters
could be taken into account depending on the application. The study of new, affordable materials
presenting a large MCE at room temperature is still an active field of research.

2.4 Hysteresis
The materials of interest for magnetocaloric refrigeration thus include rare-earth-based ferro-
magnets such as Gd or Gd-Fe, with a Curie point close to the room temperature. Other alloys
like Gd-Ge-Si present a giant magnetocaloric effect due to a first-order phase change caused by
the presence of an external magnetic field. All these materials may however show a hysteresis
effect which can affect their physical properties.

In the framework of the classical thermostatics theory explained in previous sections, all
material variables can be described, e.g. one can find the adiabatic change of temperature that
a MCM undergoes, or its entropy variation as the external field is made to vary. One might also
derive the performance of a thermodynamic cycle based on a T − S diagram. However, all these
relations hold because the system is considered reversible and thus always at equilibrium. In
reality, the T − S diagram should display a hysteresis and it does no longer suffice to describe
entirely the material behaviour. Internal entropy production occurs during the (de)magnetization
processes, which is the fundamental characteristic of irreversibility.

To take hysteresis effects into account in the formerly developed theory, one should use
a peculiar out-of-equilibrium approach, in which the constitutive relation is replaced by the
entropy balance equation, namely,

δs = δis + δes, (2.39)

where δes is the usual exchanged entropy but the term δes is a new entropy production term
that represents the underlying irreversibility of the hysteresis. A model accounting for this
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phenomenon was developed by Basso et alt.12 ; Wada et alt. also treated hysteresis in Mn
compounds.10

3. MCE in gadolinium: graphical representation
In section 1.5 in page 12, the MCE was generally characterized through its adiabatic change in
temperature and its isothermal magnetic entropy variation. Each of them is material-dependent
and one might ask what are their typical values in the case of gadolinium. Graphical represen-
tations of the magnetization versus magnetic field or temperature and other variables will thus
be drawn in the present section in order to have a better understanding of the behaviour of this
material. In the following, all the graphs expect the one of Fig. 2.8 will be drawn as a function
of temperature ; the range covered will always go from 0 K to 450 K, which allows to capture
the main physical phenomena occurring inside the material.

TC (K) TD (K) J gJ µB (J T−1) N λ

293 184 −3.5 2 9.274 · 10−24 6.022 · 1023 59 .

Table 2.1: Material parameters relative to gadolinium which are involved in the MCE
mathematical model.

To lay out such diagrams, the theory exposed in section 1.6 will be applied to the particular
case of gadolinium. The equations are simply solved with the symbolic calculating tools of
Matlab. Table 2.1 displays the values of the different material parameters involved which come
from the literature.4,5,13

In Fig.2.8 below is sketched the dependence of specific magnetization σ to the intensity of
the magnetic field B. Different curves were drawn for distinct temperatures, varying by steps of
∆T = 5 K between 283 K and 323 K. One should note that because there is no actual sample
nor precise quantity of gadolinium to analyze, the magnetization M was divided not by a mass
but by the density of the solid material ρs.

As one would expect it regarding Eqs (2.34) to (2.38) in page 15, as the field increases, so
does the magnetization inside the material. On the opposite, when the temperature is raised, the
magnetization decreases. One might note that below TC = 293 K, the magnetization has a finite
value at a null magnetic field. This is depicted by the first two curves drawn in turquoise and
pink. Such a result emphasizes the ferromagnetic phase of gadolinium. Above TC there is no
spontaneous magnetization at B = 0 T and all the curves include the origin of the axes.

The fact that the magnetization decreases with temperature for a given field may be under-
stood in the following way: as the magnetic moments existing inside the material have a greater
thermal agitation, namely when the temperature of the material rises, it is then harder for them
to remain aligned in a particular direction since they all have a higher energy. Consequently, for
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Figure 2.8: Magnetization M as a function of the magnetic field B, with the temperature T going from
283 K to 383 K by steps of ∆T = 10 K.
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Figure 2.9: Specific magnetization σ as a function of the temperature T , for different values of the
magnetic field B: B = 0 T, B = 1 T, B = 2 T, B = 5 T and B = 10 T.
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Figure 2.10: Total specific entropy s as a function of the temperature T , for different values of the
magnetic field B: B = 0 T, B = 1 T, B = 2 T, B = 5 T and B = 10 T.

a given field, they will less and less tend to align correctly as T increases. This behaviour is
also illustrated in Fig. 2.9 showing the specific magnetization as a function of temperature for
distinct field values, in particular B = 0 T, B = 1 T, B = 2 T, B = 5 T and B = 10 T.

In this chart one may once again see that below TC = 293 K, a spontaneous magnetization
exists inside the material. This one decreases with temperature and without any external field, as
shown by the turquoise line, drops to zero above the Curie point. Such a behaviour corresponds
in reality to the transition towards the paramagnetic phase of the gadolinium. Despite this latter,
for a finite magnetic field value, σ remains different from zero above TC.

Fig. 2.10 represents the total specific entropy s with respect to the temperature T , for values
of the magnetic field B comprised between 0 T and 10 T. Because the curves are very close to
each other, a zoom made onto the behaviour around the Curie point is visible in Appendix ??.

As a reminder, the total entropy varies in the present case because of threemain contributions:
the magnetic entropy, the lattice entropy and the entropy related to conduction electrons. This
latter is a linear function of temperature and does not have a great influence of the total entropy.
The configurational entropy representing the influence of thermal agitation, it logically increases
with temperature. The magnetic entropy does too below the Curie point. Such a behaviour is
depicted in Fig. 2.11 above. One sees however that above TC the magnetic contribution remains
constant at a null magnetic field and decreases less faster for finite values of B. This is the reason
why the total entropy curve presents a discontinuity at TC for the case B = 0 T and a change of
slope for the other lines. Finally, one might notice the cubic behaviour of the total entropy at
very low temperatures, when T → 0 K, which comes from the configurational contribution and
was reminded in page 14 (Debye model of the phonons in a crystal).
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Figure 2.11: Specific magnetic entropy sm as a function of the temperature T , for different values of the
magnetic field B: B = 0 T, B = 1 T, B = 2 T, B = 5 T and B = 10 T.

Talking about the discontinuity of simply the change in the slope of the total entropy, Fig. 2.12
displays the specific heat capacity cH as a function of temperature, for different field values going
once again from B = 0 T to B = 10 T. The specific heat capacity at constant magneticfield is,
as a reminder, given by

cH =

(
∂s
∂T

)
H

T ,

that is, it simply corresponds to the derivatives of the curves from Fig. 2.10 multiplied by the
temperature. One sees that below TC, the heat capacity increases, reaches a maximum then
experiences a sudden decrease in the case B = 0 T, this variation becoming smoother as the
value of the field is augmented. The peak exhibited by the curve in Fig. 2.12 is called a "λ
anomaly"14 due to its resemblance with the Greek letter.

In Fig. 2.13 is drawn the specific magnetic entropy variation ∆sm. This one is computed in
an easier manner than by solving Eq. (2.17). One might just take the difference between the
curves found in Fig. 2.11 to perform

∆sm(T,∆B = Bf − Bi) = sm(T, Bf) − sm(T, Bi) = s(T, Bf) − s(T, Bi). (2.40)

In this relation, the difference between the magnetic entropy values for different fields but at the
same temperature is equal to that between total entropy values since the lattice and electronic
contributions do not depend on the field. One should note that the value of ∆sm as defined in the
previous equation is always negative. Hence one draws instead the opposite of ∆sm. The results
obtained in Fig. 2.13 are displayed for B varying between Bf ∈ {1, 2, 5, 10} T and Bi = 0 T.
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Figure 2.12: Total specific heat capacity cB as a function of the temperature T for different values of the
magnetic field B: B = 0 T, B = 1 T, B = 2 T, B = 5 T and B = 10 T.

As it may be imagined by looking at the graph from Fig. 2.11, at first ∆sm increases with
temperature because the curves move away from each other. Around the Curie point the
variation of entropy is at its maximum, as expected. This is around this temperature that the
magnetocaloric effect inside the material is the most pronounced. One TC has been overcome,
the lines from Fig. 2.11 start getting close to each other and ∆sm decreases.

The last diagram of Fig. 2.14 shows the adiabatic change of temperature experienced by the
material versus the temperature. This variation corresponds, for a given entropy value, to the
difference between the temperature of any curve drawn for B , 0 T and the line corresponding
to B = 0T, namely

∆Tad(s,∆B = Bf − Bi) = T(s, Bf) − T(s, Bi). (2.41)

One might note that compared to the magnetic entropy variation, the change in temperature is
always positive.

Gadolinium is not the only material experiencing MCE for which such theoretical graphs
might be derived and, for other MCM, parameters should simply be changed accordingly.
Measurement methods that will be described afterwards should allow to find experimentally all
the curves drawn in this section but on a much shorter range of values because it is not always
easy to reach very low temperature or to maintain adiabatic conditions in every cases to perform
the measurements. These theoretical curves present the interest of permitting to cover all the
possible temperature and field values.
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Figure 2.13: Variation of the specific magnetic entropy ∆sm as a function of temperature between the
magnetic entropy curves of the previous graph (Fig. 2.11). The difference is taken between the lines
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4. Thermodynamic cycles1

In order to perform themagnetization-cooling of theMCM-demagnetization-heating of theMCM
process, different thermodynamic cycles might be considered and will be reviewed hereafter.
All these cycles will be presented under the form of a T − S diagram in which one sees the path
followed by the material properties between two isofield curves, the first one being drawn for
H = Hmin and the second for H = Hmax, with Hmin < Hmax. The system operates between a
cold temperature Tc and a hot one Th, with cold and hot heat exchanges respectively denoted Qc
and Ch.

As a reminder, one needs for a refrigerating machine to operate properly to inject an amount
of work W in order to absorb a certain quantity of heat from the cold sink Qc, and to be able
to reject some heat to the hot reservoir Qh. In the charts below, the work W corresponds to the
area surrounded by the cycles.

4.1 Carnot cycle
This well-known thermodynamic cycle simply consists in two adiabatic and two isotherm
(de)magnetization steps. It is illustrated on the upper left of Fig. 2.15 hereafter. First (a-b),
starting from Hmin and increasing the field, the material is partially magnetized, allowing its
temperature to rise from Tc to Th. This step occurs adiabatically.

Then (b-c) the applied field is brought up to Hmax so that the ultimate magnetization of the
MCM is achieved through an isothermal process. Compared to the first step when the material
had to be thermally isolated, during this stage it should be allowed to exchange with the fluid in
order to keep a constant temperature Th. The heat absorbed by the fluid is then rejected to the
hot reservoir

Thirdly (c-d), the MCM is partly demagnetized by an appropriate decrease of the external
field. In an adiabatic fashion once again, its temperature is reduced back to Tc.

The final stage (d-a) consists in the isothermal completion of the demagnetization of the
material. Its temperature being kept at Th, the MCM absorbs the heat from the fluid taken to the
cold sink.

4.2 Brayton cycle
The Brayton cycle is depicted in the upper right of Fig. 2.15 and basically implies two adiabatic
and two isofield processes.

The first stage (a-b) consists in the complete magnetization of the material by increasing
the magnetic field from Hmin to Hmax. In the mean time, due to the MCE, the temperature
of the material increases up to Th. It should be noted that, compared to the Carnot cycle, the
temperature at the beginning of the cycle is higher than Tc. Because this process is supposed to
occur under adiabatic conditions, the material should be well isolated from its surroundings.

Secondly (b-c), as the field is kept constant at the value of Hmax, the MCM is put in contact
with the fluid so it can unload its extra heat. The temperature of the material thus diminishes
while the fluid rejects the heat to the hot reservoir.
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Figure 2.15: Comparison between the T − S charts of possible thermodynamic
cycles allowing to exploit the MCE.

The next step (c-d) involves the demagnetization of the material thanks to the reduction of
the applied field back to Hmin. The temperature of the MCM is decreased to Tc in an adiabatic
manner.

Finally (d-a), at a constant external field of Hmin, the heat given to the fluid by the cold
source is drained by the MCM, which as a consequence heats up. Compared to the Carnot cycle,
the Brayton cycle allows to achieve a higher temperature span and thus greater heat exchanges
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between the fluid and the material.

4.3 Ericsson cycle
This cycle is represented in the lower left corner of Fig. 2.15, and consists in two isotherm and
two isofield steps.

The initial stage (a-b) implies the magnetization of the MCM as the applied field is increased
from Hmin to Hmax. Regarding the Brayton cycle for which this process was performed under
adiabatic conditions, in this case it is achieved at a constant temperature Th. The material thus
rejects heat to the hot reservoir because of the MCE occurring at the same time.

Then (b-c), under a constant field, the MCM cools down until Tc by exchanging heat with
the fluid which flows from the cold to the hot source.

After what (c-d) the MCM is demagnetized by reducing the external field to Hmin. This
process occurs at a constant temperature in such a way that the material absorbs heat from the
cold sink because of the MCE.

The final stage (d-a) is the heating of the MCM up to Th under the constant field equal to
Hmin. This process is achieved thanks to the fluid which circulates from the hot reservoir towards
the cold sink.
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magnetic cycles.

4.4 Stirling cycle
The Stirling cycle is very similar to the Ericsson one, except that instead of isofield processes
the material undergoes iso-magnetization stages (a-b) and (c-d).

In practice, Ericsson and Stirling cycles are however difficult to achieve because of the
isotherm processes which require an accurate control of the magnetic field. It is easier to
perform a Brayton cycle where the (de)magnetization stages are performed adiabatically.

4.5 Cascade cycle
An example of a cascade cycle is visible in Fig. 2.16. Since materials experience the most the
MCE around their Curie point, once the operating temperatures TC and Th get far away from
this latter, the effect decreases. As the temperature span of the device becomes larger, the
efficiency is lowered. It is thus interesting to work with different MCM possessing distinct Curie
temperatures. The magnetic cycles corresponding to these are said to be in cascade and their
respective working temperatures are close to the Curie point of each material. The efficiency of
the system may in this case be optimized and the global temperature span achieved is higher.
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In the diagram below one sees a cascade of two Brayton cycles. It should be noted that
the heat extracted from the first one (a-b-c-d) is absorbed by the second (a’-b’-c’-d’). Because
magnetocaloric materials are usually solids, such an exchange is easy to achieve since one may
use the same fluid between both materials to transfer the heat.

4.6 Active magnetic regenerator cycle4,15

In order to increase the efficiency of a thermodynamic cycle, a regenerator may be used. For
conventional heat engines, it simply consists in a system gathering the heat from the hot fluid
into an additional heat accumulator and then to restore this heat to the fresh, incoming fluid.
This kind of system allows to increase the efficiency of the engine.

In the first magnetocaloric refrigeration demonstrators, an external regenerator was used as
the fluid flowing between the hot and cold sources. The main issue with such a system was that
a constant temperature gradient had to be maintained throughout the moving fluid to ensure this
regeneration. It was not easy to implement and a solution allowing to avoid this problem is to
use instead the refrigerating material as the regenerator.

In this case the thermal cycle followed by the device is called an active magnetic regenerator
cycle. Such cycles allow to reach a higher temperature range around room-temperature. The
material is subjected to the variations of themagnetic field and the fluid flows along it to exchange
heat with it, in one direction then in the other one. A temperature gradient appears progressively
along the active material bed and gets greater as more cycles are performed during the transient
regime, then reaches a maximum in the stationary state.

4.6.1 Transient regime
To describe the AMR cycle in details, one might represent simply it by drawing the temperature
profile inside the material. In Fig. 2.17 are drawn the first steps of the transient regime. First, in
the small chart on top of Fig. 2.17, both the fluid and the material are at the uniform temperature
A

29



T0 before t = 0. At t = 0, the material
is inserted into the magnetic field and gets
magnetized as a reaction, whereas the fluid
remains at rest. The material subjected to
the MCE heats up uniformly and its tem-
perature rises up to T0 + ∆Tad, as depicted
in pink in the picture.

Next, as time passes by (t > 0), the fluid
is allowed to flow from the cold to the hot
source, and carries heat taken from the ma-
terial. A gradient of temperature thus form
along the AMR bed since as the fluid heats
up its temperature gets closer and closer to
that of theMCMand once it reaches the end
of this one, it cannot take as much heat as at
the entry. Hence the temperature of the ma-
terial is strongly decreased on the entrance
side and only slightly when the fluid leaves
the bed. This is illustrated in the second
picture of Fig. 2.17.

After half the cycle length, the mate-
rial is drawn away from the magnet and
demagnetizes whereas the fluid is at rest
once again. Its temperature is decreased by
∆Tad in a uniform manner, as depicted in
the third part of Fig. 2.17.

Once the fluid flows in the opposite
direction, namely from the hot to the cold
source, it releases heat to thematerialwhich
is colder than the fluid. The temperature
of the material is mostly increased on the
side where the fluids enters the bed and one
ends up with the graph of the last picture in
Fig. 2.17.

After the fourth step, the previous cycle

T0 + ∆Tad
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T

Magnetization
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T0
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Fluid flow
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x

T
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T0 + ∆Tad

T0 − ∆Tad

T0

x

T

Fluid flow

Figure 2.17: Temperature gradient in MCM
during the transient regime of an active magnetic

regeneration cycle.

starts over, but a temperature gradient is already existing inside the MCM. It is enhanced further
and further as more cycles are performed, until it reaches a stationary value. Of course the case
described here is ideal, that is, the heat sources are considered adiabatic. All the energy available
is used in order to increase the gradient inside the material ; this cycle is thus performed with a
null total work. The main interest is to find the maximum range of temperature achievable by
the system ; as power is taken from it, the temperature span gets smaller.
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Figure 2.18: Temperature gradient inside the
MCM during the stationary regime of an active

magnetic regeneration cycle.

4.6.2 Stationary regime
Once the gradient of temperature inside the
material is established, exchanges between
the hot and cold heat exchangers at both
sources allow to absorb or release energy
to the fluid. The regime is now stationary
and described in Fig. 2.18.

At first, the temperature gradient inside
the material is maximum and both ends of
the AMR bed are respectively at tempera-
ture Tc and Th. Inside the first picture from
Fig. 2.18, the material is submitted to a
magnetic field adiabatically which causes
it to magnetize. Its temperature hence rises
by ∆Tad in a uniform manner.

Next, the fluid flows between the cold to
the hot reservoirs, respectively at tempera-
tures Tc + ∆Tad and Th + ∆Tad. Because the
fluid absorbs the heat available inside the
regenerator, the gradient of temperature is
displaced in this latter as depicted in the
second picture of Fig. 2.18. The fluid then
enters in the hot heat exchanger atTh+∆Tad
to leave it discharged from a part of its heat,
at the temperature Th. The excess of energy
ÛQh left by the fluid inside the HHEX corre-
sponds thus to that given by the AMR bed.
This step corresponds to an isofield cooling
of the material.
After what the material leaves the mag-
netic field and is demagnetized adiabati-
cally. This yields to a uniform decrease of
its temperature by ∆Tad. This situation is
drawn in the third illustration of Fig. 2.18.

Finally, an isofield heating is performed throughout the fluid flow between the hot and cold
sources. This time the fluid respectively has at first temperatures Th and Tc, giving its extra
energy to the regenerator. This situation is depicted in the fourth picture of Fig. 2.18. The fluid
gets out of the AMR bed at temperature Tc to enter the cold heat exchanger and leaves this latter
at Tc + ∆Tad. This heat absorbed is the cooling power ÛQc of the system that one wants to cool,
namely this process is the reason why the whole cycle is performed. The performances of a
given refrigerator prototype will be assessed in a later section.
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4.6.3 Thermodynamic understanding of the AMR cycle
From a microscopic viewpoint, one may understand the AMR cycle as being a succession of
Brayton cycles. If one pictures the material as an ensemble of small elements, each element is
subjected to its own Brayton cycle. But depending on which side of the bed the material element
is situated, this cycle will evolve differently. As time is passing, cycles of the elements located
on one side will progressively oscillate between colder temperature whereas on the other end
these cycles will vary between hotter temperatures. At the middle, nothing will change. This
kind of continuous cascade of Brayton cycles explains the appearance of a temperature gradient
inside the AMR bed.

4.7 Assessing the performances of a magnetic refrigeration-based device
As it was just mentioned, the cooling power is the actual value one is interested in when trying
to design a refrigerator device. As a reminder, Qc is the heat injected in the CHEX whereas
Qh is the one rejected by the refrigerator in order for it not to violate the second principle of
thermodynamics. On the other hand, W is the work that needs to be injected so that the machine
can work properly. Here the total work injected is only constituted of the magnetic work. All
the losses are not considered thus this definition is actually theoretical and, in reality, such a
coefficient of performance is never achieved by a refrigerating device or heat pump. One indeed
needs to use energy for e.g. ensure the motion of the magnet and/or the MCM, which is not
taken into account in the following formula.

In order to assess the efficiency of a device, one uses the coefficient of the performance
defined for a refrigerator as

COP =
Qc

Wmag
· (2.42)

For an ideal material whose an entropy is a linear function of temperature, the former
coefficient is maximal and equal to the Carnot coefficient. It is known that the Carnot coefficient
for a refrigeration device is given by

COP < COPCarnot =
Tc

Th − Tc
· (2.43)

5. Measurement methods4,15

In order to evaluate the MCE in a material, one might simply measure the adiabatic change
of temperature or perform a measurement of the magnetic change in entropy, which are as
previously explained both characteristics of the MCE.

5.8 Direct measurements
The most obvious method is to directly take the temperature of the sample as it is placed in
a magnetic field in order to evaluate its heating, with the help of e.g. a thermocouple or any
other kind of suitable temperature sensor. However, this only allows to take measurements
for small fields and at fixed temperatures. Solutions exist in order to counteract these issues,
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such as enhancing the thermal isolation of the material to ensure adiabatic conditions or using
differential measuring techniques. In addition to that, electronic circuits can be utilized too to
compensate the effect the magnetic field variation may have in response of the sensors. For high
field values (≈ 30 T), pulsed techniques are used whereas static measurements can be performed
for smaller fields. Measurement errors might be comprised between 5 and 10 %. According
to whether the field is applied in a parallel or perpendicular manner to the sample, the MCM
response might be affected and so does the measurement.

5.9 Calorimetric measurements
Relations of Eq. (2.20) and (??) in page 13 lead to another type of measurements. Calorimetry,
namely measurements of specific heat capacity cH(T,H), allows to deduce the magnetic entropy
and its variation as well as the adiabatic variation of temperature. Therefore such measurements
permit to directly describe the MCE of a material. The main disadvantage is that this method is
quite tricky to implement.

It actually looks like the direct measurement method ; temperature is measured for a sample
subjected to a change of magnetic field. This field may be applied in different manners: either
by introducing the sample in a magnet and drawing it away from this one or by using pulsed
fields, this latter method allowing to reach higher field values.

5.10 Magnetic measurements
Magnetic or indirect measurements allow to only obtain themagnetic entropy variation. They are
quite simple to implement because all it takes is a magnetometer to measure the magnetization
M(T,H) of the material. The sample is positioned in the field of a variable magnet, e.g.
a superconducting coil. The sample is also placed and made to move inside a detection
device constituted of two reverse coils mounted in series. The induced flux variation which
is proportional to the magnetization of the sample, is measured by integrating the voltage
difference at the ends of this sensor. The temperature must be regulated in order for the sample
to remain at the same temperature during the magnetic field variations. The results obtained are
thus isotherms of M(T,H).

The variation of magnetization as a function of temperature may be linked to the magnetic
entropy variation through Eq. 2.17. The results are however taken for discrete temperature values
thus one needs to perform a numerical integration of this relation in order to get ∆sm(T,∆H).
One may approximate it simply if the variations of field are small by considering that in this
case the derivative of M with respect to T is linear. Hence, one writes for a given temperature Ti

∆sm(Ti,∆H) =
∑

j

Mi+1
(
Ti+1, B j

)
− Mi

(
Ti, B j

)
Ti+1 − Ti

δB j · (2.44)

One can easily deduce from this relation the adiabatic change of temperature and characterize
completely the MCE. This method is the most used because it is the fastest and has a better
accuracy than the calorimetry near room temperature.
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6. Historical background16

A brief historical review on the several discoveries leading to what is known about the MCE
today is made in this section. In the 19th century people were already getting interest in
the link existing between magnetism and heat effects. The first major discovery happened
in 1831 when Faraday realized that a time-varying magnetic flux can induce an electrical
current. At that time it was not known that currents could be generated by other means
than using a battery. Further investigations allowed Faraday to conclude in 1843 that thess
electromagnetically induced currents accompanied by heat loss were indeed the same as any
other kind of electrical current.

It was then accepted that cyclic magnetization and demagnetization processes in ferro-
magnetic materials yield to heat dissipation due to eddy currents, and thus an increase in the
temperature of the material. However, scientists at the time found out that a magnetic field can
lead to temperature variations inside a materials in other manners. In 1860, Thomson (Lord
Kelvin) based his work on the fact that ferromagnetic materials suddenly lose their magnetiza-
tion when heated above their transition point. He then concluded that iron should experience
a heating effect when brought close to a magnet and a cooling one when drawn away from
it. He also predicted that nickel and cobalt should experience the same effect, and that this
effect will be the largest in the temperature range around its Curie point. He added that this
process is reversible but could not observe it experimentally or at least estimate its magnitude.
A measurement was performed in iron, which was quite tricky to achieve, only 70 years later by
Potter.

It is often misconceived that Warburg unveiled
the magnetocaloric effect in 1881, but his contribu-
tion is not the actual discovery of the effect. This
one goes back to 1917 when Weiss and Piccard
found out the apparition of a MCE in nickel. War-
burg could indeed not have observed the MCE in
iron at room temperature, which is often written
in recent papers. Its magnitude is indeed of a few
degrees for a field of 1 T at around 770 ◦ C in such
a way that it was very difficult for him to measure it
at his time because instrumentation was not precise
enough.

H

M

M0

H1

Figure 2.19: Closed
magnetization-demagnetization loop.

The contribution of Warburg is in fact the following: in a now famous paper, he explained
that when an iron wire is submitted to an increasing magnetic field going from 0 to H1, and
that the field is then decreased from H1 to 0, the magnetic moment of the wire is larger in
the decreasing case than in the increasing one. If this cycle is repeated, the magnetization of
the material follows a closed loop in an M − H diagram, which is well known today to be the
hysteresis effect appearing in many materials as shown in Fig. 2.19 above.

After that Warburg computed the work performed on the iron wire during the cycle as the
opposite of the line integral around the closed magnetization loop C, namely,

− µ0

∫
C

MdH, (2.45)
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which is also equal to the area surrounded by this curve. Because after every cycle the wire is
in the same magnetic state, this work must be dissipated under the form of heat in the material.
The Warburg’s law that he derived states that hysteresis is a source of heat dissipation and that
for a hysteresis cycle an amount of heat equal to the area surrounded by the loop is lost inside the
material. He finally conducted experiments in order to measure this magnetization as a function
of the magnetic field. It can be noted that the name "hysteresis" was actually given by Ewing
who studied the same phenomenon in 1882.

ThenWarburg, with the collaboration of Hönig, wrote about the distinction between the three
possible contributions to the thermal response of a magnetic body submitted to a time-varying
magnetic field. There is the hysteresis effect which yields to heat losses, as it was described in
the former paragraph, the heating or cooling effect due to eddy currents and finally the reversible
heat production appearing because of the dependence in temperature of the magnetization. This
last contribution is the one that was described for the first time by Thomson.

Both the authors then tried to directly measure the heat in a piece or iron and found out an
order of magnitude for what they called the "Thomson heat". Whereas typically the hysteresis
heat has an order of 10−5 ◦C, they obtained for the third contribution an size of 10−6 ◦C. They
concluded that this heat was small compared to the hysteresis and could not be measured in
their experiment. A few years later Delere tried to evaluate this Thomson heat too but failed
because he assumed that the hysteresis was a reversible process. It is only around 1930 that it
was possible to measure precisely the heat exchanged along individual parts of the hysteresis
loop, and until the 1950s people were still searching for ways to separate experimentally the
irreversible an reversible parts of this total heat.

A major advance in the understanding of the physical properties of ferromagnets is due to
Weiss and its molecular field theory he exposed in 1907. This one was reviewed in details in
former sections. In 1905, Langevin explained the Curie law and explained the behaviour of
paramagnets. His theory was extended to ferromagnets by Weiss through the concept of an
internal magnetic field existing even when the material is not subjected to an external one.

Continuing his study of ferromagnetism, Weiss wanted to derive precisely how the mag-
netization was influenced by temperature. In 1917, he and Piccard discovered during their
research that nickel was experiencing a reversible heating when a magnetic field was applied
close to its Curie temperature (354 ◦C). They obtained an increase of 0.7 ◦C for a field of 1.5
T. The reversible nature of this phenomenon allowed them to separate it from the hysteresis
heat, and they called it a "novel magnetocaloric phenomen". The coworkers also found out a
thermodynamic relation describing the effect they just discovered, and were able to link it to the
molecular field existing in ferromagnetic materials. Weiss and Piccard are thus the first ones to
observe reversibility and the peak in magnetization around the Curie point, both characteristic
of the MCE.

In the 1920s, Debye and Giauque independently observed that really low temperatures may
be achieved by an adiabatic demagnetization of paramagnetic salts. This effect is very similar
to the MCE for ferromagnets and the discovery comes really close after the work of Weiss and
Piccard on the MCE. However, Debye and Giauque were not aware of this latter at the time and
only used the theory developed by Langevin. The magnetic refrigeration based on adiabatic
demagnetization has apparently developed without people knowing the MCE at all.

Nevertheless, the MCE was used as a tool for measuring the equilibrium value of the
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intrinsic magnetization of ferromagnets. Weiss indeed noticed that under a null external field,
the molecular field is such that total equilibrium magnetization of the material cancels even
though the spontaneous magnetization does not. This is because of the individual domains
existing in ferromagnets that all have their own spontaneous distinct magnetization but globally
arrange themselves in order to minimize the total magnetic energy. Hence the spontaneous
magnetization cannot be measured directly. But Weiss showed that the adiabatic variation of
temperature appearing below the Curie point is

∆Tad = A
(
M2 − M2

0

)
, A > 0. (2.46)

In the former relation M is the magnetization for a given magnetic field H, M0 the spontaneous
magnetization already existing in the material for H = 0 and A a positive constant. Measuring
∆Tad and M for several values of H then allows to get M0. Weiss and Forrer performed such
measurements for nickel in 1926, after what people kept using the MCE in this context.

The separation between the development of both aforementioned methods, one for achieving
very low temperatures and the other for measuring the spontaneous magnetization of ferromag-
nets, was probably the fact that using MCE in ferromagnets like nickel, iron and cobalt did not
yield to any promising application because of their really high Curie points. The properties of
pure gadolinium were not well known at this time and the usual material for adiabatic demagne-
tization was gadolinium sulfate2. But in the beginning of the 1930s pure samples of lanthanides
could be produced and some years later, a new ferromagnetic element whose Curie point is
around the room temperature, pure gadolinium, was discovered by Weiss, Urbain and Trombe.
Its magnetocaloric effect was however only studied in the 1950s.

It is only in 1976 that near-room temperature magnetic refrigeration appeared. A first
prototype was built by Brown which uses gadolinium and allowed to reach a temperature span
of 47 K. Another device was achieved by Steyert two years later. From this years and until
today the interest in magnetocaloric material used for making magnetic refrigeration devices
has spread widely over the world, especially since the late 1990s.

7. Other caloric effects17

Besides the MCE described in details into the previous sections, it is interesting to emphasize
that other caloric effects may be presented by some materials. They will be quickly reviewed in
the following paragraphs.

The first effect that will be described is the electrocaloric effect, which rely on a principle
very similar to that of themagnetocaloric effect. It indeed consists in the thermal response shown
by some materials to the change in an externally applied electric field. The first demonstration
of this effect happened in 1930, in Rochelle salt, which contains Sodium and Potassium3. This
material is also the one in which ferroelectricity was discovered.

The resemblance with the MCE does not stop there since certain materials also present
a giant electrocaloric effect near the ferroelectric transition. Compared to the variations of

2Gd2 (SO4)3 · 8H2O.
3NaKC4H4O6 · 4H2O
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temperatures achieved with the MCE in for instance gadolinium, materials presenting this effect
can undergo a temperature change of around 12 K. But to get such a result, the field used is of the
order4 of 5 · 102 − 3 · 103 kV cm−1, at temperatures generally far above the ambient temperature
and thus not well suited for commercial refrigeration. The main advantage of the electrocaloric
effect is that it is easier to achieve a large electric field than a magnetic field of at least 1 T5.

On the other hand, mechanocaloric materials exhibit a reversible thermal variation in re-
sponse to a change in the applied stress field. Two cases may be considered: the elastocaloric
materials which respond to an axial stress change, and the barocaloric materials sensitive to the
hydrostatic pressure change, that is a variation in the isotropic stress.

The elastocaloric effect was found in 1805 in natural rubber which warms up when suddenly
stretched. The barocaloric effect discovery dates only back to 1998. Both elasto- and barocaloric
materials can also undergo giant effects. The temperature spans achieved lie between 12 and
40 K for stress variations going from 0.1 to 0.8 GPa in the case of elastocaloric materials. For
barocaloric materials, the best temperature change is of 4.5 K for a pressure change of 0.26 GPa.
Examples of materials showing giant elasto- and barocaloric effects are respectively Ni-Ti and
Ni49.26Mn36.08In14.66.

As for the MCE, some scientists around the world also built a few cooling devices based
on the electro- and mechanocaloric effects. Despite its recent discovery, the barocaloric effect
also shows promising results. However, although the trend remains mostly focused on the
magnetocaloric effect, all these effects are active fields of research and prototypes based on
them keep being developed.

Many other candidates for replacing the vapor compression refrigeration exist nowadays. An
interesting and recent review comparing them was made by Brown and Domanski.18 Among
all these trending technologies, one may cite e.g. the thermoacoustic or thermoelectric cooling
methods. Hydraulic potential or chemical techniques might also be used.

The most important point is that, as it is the case for instance for the development of electric
cars, people are now aware of the upcoming changes they have to face. Through the whole
world scientists are very concerned about finding environmentally-friendly cooling technologies
in order to replace the classical, steam compression one which uses harmful, nocive gases with
high global warming potential. Maybe one day the MCE or one of these other technologies will
replace refrigerating devices around the globe.

4Dielectric breakdown occurs in the atmosphere close to 30 kV cm−1.
5The magnetic field at the Earth’s surface is comprised between 30 and 60 µT and the current world record is

of 91.4 T.
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• The search for new technologies has stormed out throughout the world
during the past years in order to avoid the use of non environmentally
friendly refrigerants and reduce the electricity consumption devoted to
refrigeration. For these reasons, the magnetocaloric effect has been widely
studied because refrigerators (and heat pumps) exploiting it are thought to
be interesting potential alternatives.

• Thermodynamic relations may be derived in order to describe and under-
stand the MCE. The entropy in materials presenting a MCE arises from
three contributions but the preponderant one is the magnetic part. This lat-
ter allows to understand microscopically why MCMs experience a heating
when subjected to a magnetic field and vice versa. More specifically, the
mean field theory developed by Weiss allows to derive an equation for this
magnetic entropy. It is then possible to draw a graphical representation of
the theoretical behaviour of gadolinium using appropriate parameters.

• Besides the fact that gadolinium is the ultimate MCM for room-
temperature, studying new alloys presenting a MCE is an active field
of research. The compounds containing gadolinium as well as other rare
earths are numerous, but the most promising alloys for commercial appli-
cation are the Fe2P based family, which show a lot of interesting qualities.

• In order to utilize the MCE and conceive e.g. a cooling device based on
it, one should perform a cycle in which (de)magnetization processes are
followed by heat exchanges with a fluid flowing between a cold and a
hot reservoirs. Such a cycle can be put in parallel with the well-known,
classical gas compression one. The type of cycle may differ but the
prevailing ones are the Carnot, Brayton and Ericsson cycles. One also
wants to achieve regeneration inside the magnetic material bed in order to
enhance the effect and optimize the efficiency of the prototype.

• Besides the MCE, other caloric effect may arise in materials and represent
nowadays active fields of research. As for the MCE, these materials
present a temperature variation but in response to an external electric field
or a mechanical driven stress. They show quite similar performances but
prototypes based on the MCE remain the most widespread.

.

Summary
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3

ALREADY EXISTING PROTOTYPES

In this chapter will now be presented some of the prototypes designed and built during the
past forty years. It all started in 1976 when Brown proposed a first demonstrator constructed
by the NASA. Later on, some other American devices were built but the interest in magne-
tocaloric technology has mainly been spreading around the world since the beginning of the new
millennium.

First, the major differences found between the existing prototypes will be briefly reviewed,
after what the early demonstrators will be presented in more details. Then a small survey of the
devices built during the last years will be performed, from the oldest to the most recent ones.

1. Major characteristics
Every refrigerator/heat pump exploiting theMCE requires somemandatory components, namely
a MCM, a (high-field) magnet, and a fluid to perform heat exchanges between the MCM and the
surroundings.

The prototypes built up to now may be classified in two main categories: the reciprocating
(linear) and the rotary ones. In the first case, either the magnet or the MCM moves in a linear,
back and forth manner, and in the second, one of them is in a rotary motion. Another common
feature is the form under which the MCM is found in the prototype: one can use either thin
plates or a packed-bed. A packed-bed consists e.g. of powder, small spheres or even cylinders.
In any case, though, there should always be some room for the fluid to flow through the device.

Due to its ideal properties for near-room temperature refrigeration, exposed in Chapter 2, the
material used the most often is gadolinium. However, other compounds presenting a MCE have
been found in the past years. The main reason is that, the gadolinium being a really expensive
rare earth (around 2500$ for 400 g), it will never be utilized for commercial purpose.

Usually, the magnets used for building the demonstrators have a field of at least 0.8 T.
Permanent magnets are nowadays the most widely utilized ones, with typical strength of 1-2 T.
However, in the very beginning superconducting magnets were mostly employed, with much
higher field values, typically of 7-8 T. Electromagnets may also be used but their major issue is
that, for achieving a sufficiently high field, the Joule effect becomes very important. One must
therefore ensure that they are efficiently cooled in order not to alter the physical properties of
the conductive wires.
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In order to enlighten the performances of a refrigerating prototype, one ordinarily measures
its no-load temperature span ∆T , its zero-temperature-span cooling power ÛQC and its COP
(coefficient of performance). The "no-load" means with a null cooling power, whereas ÛQc is the
maximum cooling power that can be achieved by the device, with a vanishing temperature span.
The coefficient of performance is defined as the ratio between the cooling power produced by
and the magnetic power given to the prototype. Depending on the definition, some authors also
include for instance the power injected to drive the flow.

In both sections hereafter the demonstrators built up to nowwill be depicted in details. Based
on all these aforementioned characteristics, they will be split into two categories: the linear and
the rotary ones. Each of them will then be described using the following list of features:

1. Which MCM is used ? Under which form (plates or packed-bed) ? In which quantity ?

2. Which type of magnet is employed ? What is the value of its field ?

3. Which fluid is used ?

4. What are the dimensions of the prototype ?

5. At which frequency (range) can it operate ?

6. What are its performances (∆T , ÛQC , COP) ?

7. How does it work ?

8. What are its pros and cons ?

Obviously not all informationmay be found for every prototype that will be described afterwards.

2. The forerunners of the past century
In this section the first few prototypes built in the end of the past century will be described,
starting by the oldest one. This one was of the reciprocating type ; it was conceived by Brown
and built by NASA in 1976.

2.1 Brown, 1976
Brown was the first one to think about using regeneration to enhance the temperature span
achieved by his prototype. He also suggested a cascade system for improving the temperature
span of his demonstrator. The characteristics of the latter are listed hereafter.1,2

1. The magnetic working body used consists of 157.2 g of Gd, under the form of 1-mm-thick
plates separated by stainless-steel wires of 1 mm diameter.

2. A field of 7 T is provided by a superconducting magnet.

3. 40 cl of fluid composed of 80% of water and 20% of ethyl alcohol is used. The vertical
column is oriented with the hot end at the top and the cold one at the bottom to ensure
thermal stability.
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6. The temperature span achieved is of 47 K (between -1 °C and 46 °C).

7. Fig.3.1 illustrates the principle of operation of the prototype. It follows a magnetic
Stirling-like thermodynamic cycle, namely a cycle composed of two isofield lines and
two isotherms. The device is made up of a vertical column of fluid, which constitutes
the regenerator, containing the magnetic working body. The plates of Gd are separated
by some space that allows the fluid to flow in between them, enhancing thermal contact.
At the top of the device is placed a heat transfer coil allowing to remove heat from the

Gd

Fluid

Magnetization

Demagnetization

Load

Cooling loop

Hot end

Cold end

(a) (b) (c) (d)

Figure 3.1: Brown reciprocating prototype principle of operation.?

magnetic material, whereas a cold load is placed at the bottom of the column.
At first (a), the MCM is progressively magnetized at constant temperature. The
(de)magnetization processes are depicted in the drawing by dashed pink circles whereas
a solid circle represents a constant field. The isotherm magnetization is made possible by
the transfer coil that permits heat to go from the material to the surroundings.
Then (b) the magnetic working body is moved to the bottom of the column, at constant
field. The column of fluid could be displaced instead but the important point is that there
is a linear, relative motion between the regenerating fluid and the MCM. Once it arrives at
the bottom of the column, (c) the material is demagnetized isothermally, where its cooling
occurs.
Finally, the magnetic body is heated up by the load at the bottom of the column as it is
moved back upwards. The load sees thus its temperature decrease, which is the aim of
the refrigerative prototype. The heating of the MCM as it is moved to the top creates a
temperature gradient along the column of fluid, which is the reason why this column plays
the role of regenerator of the device.
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As other cycles are performed, the temperature gradient is further increased, and the
temperature of the cold end is reduced more and more, until the losses consume the whole
cooling effect. The temperature span of 47 K is achieved after around 50 cycles.

8. This device is the first one of a long series. In the beginning prototypes were made using
superconducting magnets just as in this case, which did not make so much sense since one
needed to achieve very low temperatures to get a high field magnet in order to produce
cold around room temperature. However, the discovery of the giant MCE and the first
prototype achieved using a permanent magnet instead of a superconducting one allowed
to get rid of superconducting magnets in the early 2000s.

2.2 Other devices
The few other devices that were made at the time where the interest for magnetic refrigeration
only started to rise are described hereafter.

2.2.1 Green, 1990
In 19901, Green et alt. designed at David Taylor Research Center in America the second
reciprocating magnetocaloric prototype. It displays some particularities, namely the use of a
layered AMR bed under the form of ribbon, and the heat transfers are achieved by a gas instead
of a liquid.

1. Two MCM were used under the form of rolled ribbons made with 1/3 of terbium Tb, 1/3
of Gd−Tb alloy and finally 1/3 of Gd, layered along the length of the AMR in the direction
of the temperature gradient. The terbium has a Curie point of 235 K, which is lower than
that of gadolinium.

2. A superconducting magnet producing a field of 7 T was used.

3. The fluid was nitrogen gas.

4. The AMR was 140 mm long for a diameter of 40 mm and contained a total of 500 g of
MCM.

5. A frequency of 0.0143 Hz was achieved by this prototype.

6. The no-load temperature span was 24 K, whereas at 5 K the device had a cooling power
of 5 W and at 20.5 K it was reduced to 2 W.

8. Not much information nor any layout can be found easily about the principle of operation
of this device. However, it is an example of a prototype made using a layered AMR bed.
Such a regenerator allows to increase further the performance of the device, in particular
by rising the temperature gradient along the bed. The adiabatic change of temperature
will indeed be greater close to the Curie point of the material, and adding in series
materials with increasing Curie temperatures allows to benefit as much as possible of this
characteristic. However, the idea of using a gas instead of a liquid is not a good one to
perform the heat transfers since liquids have the highest heat capacity.
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2.2.2 Zimm, 1998
Another prototype using superconducting magnet was built by Zimm et alt. at the Astronautics
Technology Center and Ames Laboratory in Iowa State University.

1. Two packed bed AMRs were used, each containing of 1.5 kg Gd spheres.

2. A Nb−Ti superconducting magnet producing a field of 5 T was utilized.

3. The fluid used was simply water.

4. The spheres had a diameter between 0.15 and 0.3 mm.

5. A frequency of 0.0143 Hz was achieved by this prototype.

6. This demonstrator could reach a power of 600 W at a temperature span of 9 K. Using a
1.5 T-field, the cooling power was reduced to 210 W for a temperature span of 9 K.

7. The device consisted in two AMR beds moving reciprocally in and out of the magnet
which was kept in place.

8. This device uses gadolinium spheres, which present a higher energy density than plates.
However, its is complicated to produce spheres of the exact same diameter. Using so much
gadolinium is also very expensive, most prototypes only involve a few hundreds of grams
of MCM which is usually enough to get satisfactory performances.

3. From the 2000s until today
It is only at the beginning of the new millennium that prototypes using permanent magnets were
achieved. The very first one was made by Bohigas et alt., and will be described hereafter. In
the second part of this section, a few reciprocating devices that look like the one designed in
this work will be reviewed too. Other rotating devices will not be further investigated since the
present work focuses on the linear type.

3.1 Bohigas et alt., 2000
It is only in 2000 that the first room-temperature magnetocaloric prototype using a permanent
magnet was created. It is a rotating device designed by Bohigas et alt., in Spain.3

1. The magnetic working body consists of a plastic wheel covered with a ribbon of Gd on its
lateral surface.

2. A set of permanent magnets are used to constantly provide a field on a section of the
device.

3. The fluid in which the container was immersed is olive oil.

4. The dimensions of the wheel were 0.8 cm width and 11 and 7.5 cm diameter ; there were
indeed two geometries developed.
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5. This device could operate at 0.33 Hz, namely a period of 3 s.

6. For a field of 0.3 T, the temperature span achieved is of 1.6 K, whereas for a field of 0.95
T, it reaches 5 K.

7. The working principle of the device is illustrated in Fig. 3.2. As the wheel is turning, the
ribbon of Gd enters the magnetic field provided by the magnet, heats up and exchanges
heat with the HHEX. Then once the ribbon leaves the high field area, it cools down and
absorbs heat from the CHEX.

Figure 3.2: Bohigas et alt. rotating prototype principle of operation. Picture taken from Lebouc et alt..4

8. This device is as already mentioned the first one made using a permanent magnet. Nowa-
days all magnetic prototypes are created using them. The device made by Bohigas et alt.
is hence the first one of a long series of prototypes made around the world.
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3.2 Reciprocating devices
A few reciprocating prototypes made during the past years are now presented.

3.2.1 Clot et alt., 2002
A first example of reciprocating prototype is the one achieved by Clot et alt.5 at the G2Elab1,
which goes back to 2002. At that time, permanent magnets were not already widely used for
magnetocaloric-based refrigeration and this demonstrator involving such a magnet. Before that
superconducting magnets were still leading the branch.

1. The AMR bed consists in 223 g of gadolinium sheets.

2. A Halbach cylinder generates a 0.8 T permanent magnetic field.

3. The exchange fluid used is simply water, displaced by an external peristaltic pump. Flow
values are comprised between 0.5 ml/s and 4.8 ml/s.

4. The sheets are 1mm thick and are separated by 0.15mm from each other thanks to spacers.

5. A cycle has a length of 2.4 s thus the frequency is of around 0.42 Hz.

6. For a temperature gradient of 4 K, the mean cooling power equals 8.8 W and has a
value of 1.6 W when the temperature span rises up to 7 K. In the first case, the global
COP computed (including the total power supplied and not only the magnetic power as
described in Chapter 2) has a value of 2.2. The power provided by the pump and the
pneumatic drive displacing the whole system is estimated not to overcome 4 W.

Figure 3.3: Clot et alt. linear prototype principle of operation. Picture taken from Lebouc et alt..4

1Grenoble Electrical Engineering Laboratory.
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7. The device built is drawn in Fig. 3.3. It consists in a tube containing the gadolinium
sheets, between which water can circulate to transport heat. The pump ensures the motion
of the fluid through pistons which push and pull water in a forth-and-back movement.
On the other hand, a pneumatic drive allows the whole system to move in and out of the
cylindrical magnet. A PVC tube permits to guide the hydraulic system and inside this tube
is installed Teflon to isolate the fluid from its surroundings. Five T-type thermocouples
make temperature measurements inside the AMR bed possible. The working principle of
the device is based on the active magnetic refrigeration.

8. This prototype presents the practical interest of being easily tunable: the MCM used, the
fluid and even the magnet can be changed easily. One can note that this is the type of
device that resembles the most what is studied in the present work.

3.2.2 Engelbrecht et alt., 2011
Another prototype similar to that designed in the present work is the one built by Engelbrecht et
alt.,6 but in their paper they explored different possible AMR beds and compared them.

Figure 3.4: Engelbrect et alt. prototype principle of operation. Picture taken from Engelbrecht et alt..6

1. The working body is made of 13 sheets of Gd.

2. The magnet employed is a Halbach cylinder, providing a field of 1.03 T.

3. A fluid constituted of 75% of water added with 25% of antifreeze is used.

4. The sheets are 0.9 mm thick, 25 mm wide and 40 mm long. They are separated by a space
of 0.8 mm.
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5. The period achieved by the system is of 8 s.

6. The no-load temperature span obtained is of 10.2 K.

7. The principle of operation of the device is illustrated in Fig. 3.4. The regenerator is made
to move vertically by a stepper motor in and out of the magnet which is stationary. The
AMR cycle is exploited in order to assess the performances of the materials.
As already mentioned, Engelbrecht et alt. tested several magnetocaloric materials hav-
ing different Curie temperatures, thus the regenerator was made to be changed easily.
Concerning the heat exchangers, their temperature must be made to vary accordingly.

8. The main advantage of this prototype is its interchangeability, which allows to make
several tests in order to asses the performances in every case. However, for a commercial
purpose such a device is not well suited and mainly serves as a designing prototype.

3.2.3 Balli et alt., 2012
In 2012, the Swiss team of Balli et alt. designed and built a prototype using two AMR beds
moving in two magnets. Moreover, each AMR bed is constituted of two sets of plates placed
side to side in order to counteract the magnetic force appearing as the MCM is moved in and
out of the magnetic field.7

1. There are two AMR beds each filled with 400 g of gadolinium plates. Each regenerator is
separated in two parts containing each 200 g of Gd.

2. TwoHalbach cylinders are used, providing each a field of 1.45 T. They are made of NdFeB.

3. The fluid utilized is silicon oil, and is flowing at 20 g/s.

4. The plates are 1 mm thick, 8 mm wide and 100 mm long. The two parts of each AMR
bed are separated by 30 mm.

5. A frequency of 0.5 Hz is reached with such a device.

6. The no-load temperature span achieved is of 32 K. For a temperature span of more than
20 K, a cooling power between 80 and 100 W is obtained.

7. The device shown in Fig. 3.5 is made of two permanent magnets in which two regenerators
contain two separated parts containing each gadolinium plates. There are also four heat
exchangers, two cold and two hot ones. An actuator allows to control the back-and-forth
motion of the AMR beds inside the magnets. In this configuration, the fluid evacuates
the cooling energy from the demagnetized part in the AMR bed to the cold source, and
releases the heat coming from the magnetized part into the hot reservoir at the same time.

8. The major advantage of the prototype made by Balli et alt. is that the fact that two AMRs
are placed side to side allows to decrease the influence of the magnetic force acting on
the MCM as they enter the magnet yoke. Moreover, this configuration decreases the
demagnetization effect appearing in the opposite direction too.

49



Figure 3.5: Balli et alt. linear prototype principle of operation. Picture taken from Balli et alt..7

.
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• Since 1976 when the first magnetocaloric-based refrigeration prototype
was made by Brown, improvements have been brought to the field. One
may cite the discovery of giant magnetocaloric materials and the design
of the first magnetic refrigerator using a permanent magnet instead of a
superconducting one.

• There are two major types of magnetic prototypes, classified according to
their motion: the reciprocating ones and the rotary ones. To assess the
quality of a magnetic refrigerator, one can measure its no-load temperature
span as well as its cooling power when this latter is null, then derive the
coefficient of performance of the device.

• Numerous variations may be found in the literature concerning the mag-
netocaloric material used: this one can present under the form of small
spheres or event powder, or can be shaped as plates. Packed beds have a
higher energy density but, as in the case of gadolinium, powders can be
toxic and the use of sheets is preferred. Sometimes one might event think
of using a layered bed in order to fully catch the MCE of the different
materials.

• Usually the magnets used present a field of around 1 or 2 T. The no-
load temperature span and cooling power achieved by the prototype really
depend on the quantity of raw material which is used. The operating
frequency is however always really slow, that is comprised between less
than 1 and a few Hz. The working fluid is most of the time water of a type
of oil, but liquids are preferred to gases since they exhibit the best thermal
properties.

.

Summary
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T (K) temperature
−→
H (A m−1) magnetic field
−→
F (A m−1) magnetic force
e (m) thickness
` (m) width
L (m) length

.

Nomenclature
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4

THERMAL STUDY

Before designing the prototype, a brief thermal study should be conducted in order to evaluate
the powers involved, for e.g. choosing the hydraulic pumps that will be used, and so forth. As
a reminder, the device will consist in Gadolinium plates immersed in a fluid that performs the
heat transfers between a hot and a cold sources. Because of the configuration of the problem,
the study will only be carried for one of these plates. One might also use the molecular field
theory in order to assess the properties of Gadolinium such as the adiabatic temperature change
or the specific heat capacity. In page 74 one will eventually find a summary of the chapter.

1. Governing equations
First, the problem studied will be described, as well as the simplifying hypotheses made in order
to compute all the desired quantities, namely the temperature of the plates, the heat transfers
occurring between the sheets and the fluid and the coefficient of performance of the device.
One will derive the equations governing the situation before nondimensionalizing and finally
discretize them in order to solve them in Matlab. In particular, the well-known ε-NTU method
will be exploited.

1.1 Geometry of the problem
The studied situation is drawn in Fig. 4.1. As already mentioned, it consists in a simple solid
plate exchanging heat with a fluid flowing in a direction parallel to the length of the plate, in this
case x. The dimensions indicated in the picture are the following ones: L is the length of the
sheet, ` its width and e its thickness, whereas d represents the space between two sheets. For an
assembly of N plates, the total height H is thus equal to Ne + (N − 1)d.

The numerical values of all these quantities are respectively: L = 10 cm, ` = 2.5 cm, e = 1
mm, N = 10, d ' 4.44 mm and H = 5 cm. Obviously these dimensions are not the exact ones
that will be used for making the prototype itself, as it will be detailed in the following chapter.
One may notice in Fig. 4.1 that other plates are drawn in gray but the study only concerns the
first one, which could be the top one as represented in the picture or any one of them.
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Figure 4.1: Geometry of the system.

1.2 Simplifying assumptions
Some hypotheses must be made in order to model the system and be able to solve the equations
afterwards. They are all listed hereafter:

• The heat transfer between the plate and the fluid is supposed to occur only thanks to
convection ; the transverse conduction is neglected both in the fluid and in the solid.
This latter hypothesis will be checked later on by computing the Biot number. However,
conduction along the plate must occur in order to create a thermal gradient, as explained
previously in Chapter 2.

• It is also assumed that there is no radiative heat transfer between the plates.

• One supposes that the device is well thermally insulated from its surroundings so there
are no heat leaks.

• The flow is assumed perfectly parallel to the plate and laminar in such away that turbulence
and secondary flows are neglected. This hypotheses are valid for sufficiently low Reynolds
numbers and will also be verified later on.

• In a first approximation, one also forget about the roughness of the plates and all the other
effects such as a sudden section change that might cause a pressure drop in the channels.

• The sheets are supposed to be homogeneous and isotropic so that the heating occurs
uniformly.

• Hysteresis and effects such as eddy currents that might also cause theMCM the heat up are
neglected. Only the MCE is taken into account and it is furthermore supposed reversible
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• All the (de)magnetization processes are assumed to occur so quickly that only the time
taken to perform heat transfers between the fluid and the solid has to be considered.
Experience indicates indeed that the magnetization of the plate reaches almost instantly
its final value, and that it increases a little bit more afterwards but this delayed contribution
is negligible. The same holds of course for the demagnetization.

1.3 Equations
First of all one should note that all quantities X with index Xf refer to the fluid whereas those
with index Xs state for the solid Gadolinium plate.

One assumes first that the Gadolinium plate was just submitted to magnetization and that as
a consequence, its temperature has increased. The convective heat transfer may be modelled by
a thermal resistance R depending on the convection transfer coefficient of the fluid, h, as follows:

R =
1

hA
=

1
U A

(4.1)

where A is the heat transfer area, namely the surface of the plate. In the latter expression, U is
called the overall heat transfer coefficient. Because there is only one sort of transfer considered,
one has U = h.

The convective heat transfer per unit surface, Ûq (W m−2) from the solid to the fluid may be
computed in this case as

Ûq = h (Ts − Tf) . (4.2)

If the process considered was the demagnetization of the plate and that the temperature was
decreasing, the heat transfer would occur from the fluid towards the solid and would simply be
equal to − Ûq.

The internal energy equation for a fluid flowing at a velocity u in the x direction reduces to?

ρfcp, fVf (∂tTf + u ∂xTf) = ÛqA (4.3)

where the dissipative term on the right-hand side is simply equal to the convective heat transfer
per unit surface multiplied by the exchange area A. In the former relation, ρf is the fluid density,
cp, f its specific heat capacity at constant pressure, Vf its volume and Tf its temperature. The
volume is simply given by

Vf = L ` d (4.4)

while the exchange area A is defined as

A = L `. (4.5)

Moreover, if Ûm designates the mass flow rate one gets for the fluid velocity

u =
Ûmf

ρf ` d
· (4.6)
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On the other hand, from the heat equation one finds for the solid that

ρsc ®H, s∂tTs = ks∆Ts −
Ûq
L
· (4.7)

In this relation, ρs designates the Gadolinium density, c ®H, s its specific heat capacity at constant
magnetic field, ks its thermal conductivity and Ts its temperature.

The unknowns of the problem are thus the temperature fields in the fluid Tf and in the solid
Ts, as well as the convective heat transfer per unit surface Ûq. All of these depend on the time t
and the space variable x since the situation is unidimensional.

1.4 Input parameters
If one aims at computing a problem numerically, the values of the input parameters appearing
in the equation previously obtained must be looked for. They are all gathered in Table 4.1 in the
next page and will be used in the following sections.

The convective heat transfer coefficient h depends on the geometry of the case considered
and must be computed, as it will be done in the next section. The mass flow rate Ûmf of the
incoming flow must be chosen and can be made to vary. The parameters kf and ∆Tad do not
appear in the former equations but will be used in the following.

The first one of them is the thermal conductivity of the fluid. The second represents the
adiabatic change of temperature of the material (see Chapter 2), assumed constant for now
because it does not vary much around the ambient temperature for Gadolinium.

1.5 Nondimensionalization
Nondimensionalizing the equations previously written allows to assess the balance between the
different input phenomena occurring in the system.

Starting fromEqs (4.3) and (4.7), onemay nondimensionalize themby inserting the following
quantities:
aa

ξ =
x
L
,

τ =
t

ρfcp, f L2

kf

,

θf =
Tf
∆Tad

,

θs =
Ts
∆Tad
·

aa
Looking at these equations, it should be noted that the definition of the reduced time τ could
differ according to whether one uses instead of kf the solid conductivity or the convective heat
transfer coefficient, but the choice made above allows the appearance of suitable dimensionless
numbers for the present problem.
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Dimensions of the plates

L (cm) ` (cm) e (mm) H (cm) d (cm) N

10 2.5 1 5 4.44 8 .

Material parameters for the water

ρf (kg m−3) µf (kg m−1 s) cp, f (J kg−1 K) kf (W m−1 K)

999.8 4185 10−3 0.6.

Material parameters for the Gadolinium

ρs (kg m−3) c−→
H , s (J kg−1 K) ks (W m−1 K) ∆Tad (K)

7901 240 − 320 10.6 5 .

Table 4.1: input parameters used for solving the equations.
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One obtains then for the first equation

ρfcp, f L ` d
©­­­­«
∆Tad

ρfcp, f L2

kf

∂θf
∂τ
+
Ûmf

ρf ` d
∆Tad

L
∂θf
∂ξ

ª®®®®¬
= h L ` (θs − θf)∆Tad, (4.8)

or, after rearranging the terms,

∂θf
∂τ
+
Ûmfcp, f L
kf`d

∂θf
∂ξ
=

hL2

kfd
(θs − θf) . (4.9)

The former relation may be revised as

∂θf
∂τ
+

1
Le

∂θf
∂ξ
= Nu

L
d
(θs − θf) (4.10)

where two well-known dimensionless numbers appear, the first being the Nusselt number related
to the flow, that is,

Nu =
hL
kf
· (4.11)

On the other hand, one also finds the Lewis number, namely,

Le =
kf ` d
Ûmf cp, f L

· (4.12)

Proceeding in the same manner for Eq. (4.7)

ρsc ®H,s
∆Tad

ρfcp, f L2

kf

∂θs
∂τ
= ks

∆Tad
L2

∂2θs

∂ξ2 −
h∆Tad

L
(θs − θf) (4.13)

after rearranging the terms,

ρs
ρf

c ®H,s
cp, f

∂θs
∂τ
=

ks
kf

∂2θs

∂ξ2 − Nu (θs − θf) (4.14)

1.5.1 Nusselt number
The ratio of Eq. (4.11) compares the heat transferred by convection and by conduction across
the fluid.

The Nusselt number might be used to compute the value of the convective heat transfer
coefficient h because this latter depends on the geometry of the problem. One easily finds in
handbooks values already calculated for Nu as a function of the case treated, here a simple
rectangular plate. From Incorprera et alt.1, one has

Nu = 3.39.
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In some problems the Nusselt number may depend e.g. on the position x, but in the present case
it can be considered constant all along the plate. Therefore, one can deduce the value of the
fluid convective transfer coefficient, namely

h = 10.17 W m−2 K.

Looking at the value of Nu which is greater than 1, one deduces that the transfer of heat
carried by the fluid occurs mainly through convection. The conduction inside the fluid may thus
be neglected.

1.5.2 Lewis number
This number is originally defined as follows, with D (m2 s−1) a proper diffusive coefficient,

Le =
kf

ρf D cp, f
(4.15)

Nevertheless, when looking at the product ρfD, it might be noticed that its units (m2 s−1 ×
kg m−3) match the ones of the ratio Ûmf/l (kg s−1 × m), if l simply designates some length. This
shows the relevance of the definition obtained in Eq. (4.12) for the Lewis number.

Such a quantity characterizes the balance between heat and mass transfers. When computing
its inverse, one finds the value of

1
Le
= 46 500,

which indicates that the transfer occurring mostly is the heat transfer whereas the mass one is
negligible, as one would expect it in view of the considered situation. This means that one can
neglect any inertia effect that would arise.

It should be noted that the Lewis number may be simply written as the ratio of the Schmidt
and the Prandtl numbers, the first one being used in diffusive flows and the second appearing in
most heat transfer problems.

1.5.3 Reynolds number
The Reynolds number Re does not appear in the former relations but is important in fluid
mechanics since it allows to check whether or not a flow shows turbulence at some point,
therefore permitting to verify a previously made assumption. It is defined as

Re =
ρfuDh
µf

, (4.16)

with u the characteristic velocity of the flow, Dh a characteristic length and µf the dynamic
viscosity of the fluid. In the present case, although one may simply perform the global study for
a flow along a plate, it is more appropriate for computing the Reynolds number to consider the
fact that the flow occurs inside a rectangular pipe formed by two parallel plates and the closures
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on the sides. Therefore the length to use is the hydraulic diameter Dh, given by

Dh = 4 ·
Acs
Pw

(4.17)

with Acs the cross-section area and Pw the wetted perimeter of the pipe. Acs is simply equal to
the product ` · d whereas Pw is given by 2(` + d). Knowing the values of Table 4.1 and using for
instance a mass flow rate of 10−2 kg s−1 which would correspond to a fluid velocity of around
6.67 cm/s, the hydraulic diameter is equal to 0.48 mm. Therefore, one obtains

Re = 588.82,

that is, the flow is well laminar since for a pipe the critical Reynolds number is about 3000.

1.5.4 Biot number
The Biot number allows to verify the hypothesis made on the transverse conduction inside the
solid, which has been neglected up to now. It is defined as

Bi =
hL∗

ks
, (4.18)

where L∗ is the ratio between the volume and the exterior surface of the solid, namely in this
case

L∗ =
L`e

2 (L` + `e + Le)
· (4.19)

The Biot number looks like the Nusselt one, but the thermal conductivity of the solid is used
instead the fluid one because one wants to compare the influence of the convection in the fluid
and the conduction inside the plat. The convective heat transfer coefficient was computed in
section 1.5.1 above.

Inserting the numerical values of Table 4.1 into the former relations, one finds L∗ = 4.76 ·
10−4 mm. Hence, one gets

Bi = 9.44 · 10−3

such that transverse conduction is negligible inside the solid and does not need to be taken into
account.

1.5.5 Characteristic time
Different definitions might be used for the characteristic time of the system, according to their
dimensions. But only one of them should be correct from a physical point of view. Denoting
this time τ, one writes

τ =
ρsc ®H,sd

2h
(4.20)

whose dimension is that of a time. With the former parameters one finds a value of

τ = 27.07 s.
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This represents the time needed by the system that was just submitted to an adiabatic change of
temperature to evacuate the heat by convection and reach 1/e ' 36.78 % times the value of its
initial state. The temperature is indeed decreasing exponentially over time.

The physical parameters that seem best suited for characterizing the relaxation time are the
convective heat transfer coefficient, the density of the solid, its specific heat capacity and a
characteristic length of the pipe. The coefficient h is used rather than a conductive coefficient
because the transfer occurs mostly by convection. On the other hand, the properties of the solid
are used because it is inside the solid that the temperature is increased. The factor 1/2 accounts
for the fact that only half a period is considered.

1.6 ε-NTU method1

The effectiveness-NTU method is used in heat exchanger analysis in order to evaluate its per-
formances when e.g. the outlet temperature of the fluid remains unknown. The effectiveness
ε is defined as the ration between the actual heat transferred in the heat exchanger q and the
maximum possible one qmax, namely

ε =
Ûq
Ûqmax
· (4.21)

In the former relation, the maximum heat rate that may be transferred is given by

Ûqmax = Cmin
(
Th, in − Tc, in

)
(4.22)

where Cmin is the minimum specific heat rate (namely the specific heat multiplied by the mass
flow rate) among the two materials involved. The material possessing the smallest specific heat
is indeed the one less requiring the least of heat to see its temperature increase, and will thus
undergo the greatest change of temperature. Th, in andTc, in are respectively related to the warmer
side and the cooler one, at the very entrance of the heat exchanger. The actual heat transfer
occurring in the exchanger is thus given by

Ûq = ε Ûqmax , (4.23)

where it can be shown that
ε = f

(
NTU,

Cmin
Cmax

)
. (4.24)

NTU states for Number of Transfer Units, whose definition is

NTU =
AU

Cmin
(4.25)

with U the overall heat transfer coefficient, A the transfer area. U was already computed in
Eq. (4.1) from page 57. In the present case it is simply equal to h. On the other hand, Cmin is
given as

Cmin = Ûmf cp, f. (4.26)

The specific heat rate C being defined as the specific heat capacity multiplied by the mass rate,
for the solid plate C is null because there is no flow of mass occurring. Therefore, one uses the
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specific heat rate of the fluid.
The effectiveness depends on the type of heat exchanger and empirical data can be found

in many handbooks. For a heat exchanger comprising a material in its solid phase, the relation
between ε and NTU is given in e.g. Incroprera et alt.1 as

ε =
(
1 − exp (−NTU)

)
. (4.27)

Inserting this relation into Eq. (4.23), it becomes for Ûq

Ûq = ε Ûmf cp, f (Ts − Tf) (4.28)

=
(
1 − exp (−NTU)

)
Ûmf cp, f (Ts − Tf) (4.29)

=

(
1 − exp

(
−

AU
Ûmfcp, f

))
Ûmf cp, f (Ts − Tf) (4.30)

and hence

Ûq =

(
1 − exp

(
−

Ah
Ûmfcp, f

))
Ûmf cp, f︸                               ︷︷                               ︸

CNTU

(Ts − Tf). (4.31)

In the latter expression, a constant CNTU is defined for the seek of simplicity in the calculations
coming in the next sections.

Taking into account the previously detailed ε-NTU method, one eventually finds the follow-
ing governing equations of the situation:

ρfcp, fVf (∂tTf + u ∂xTf) = CNTUA (Ts − Tf) , (4.32)

ρsc ®H,s∂tTs = ks∂2
xxTs −

CNTU
L
(Ts − Tf) . (4.33)

2. Discretization and numerical scheme
After having established the equations governing the studied situation and discussed the balance
between the terms appearing in them, one now wants to solve them. However, this must be
done numerically due to the time and spatial derivatives that show up in these relations. A
discretization of the domain will first be made, then the equations themselves will be discretized
using an implicit Euler approach.

2.1 Discretization of the domain
The spatial domain is rather simple since it consists in a rectangular plate. One discretize it by
dividing the sheet into small steps ∆x along the x-direction, as depicted in Fig. 4.2 hereafter.
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The number of subdivision is denoted µL and is equal to

µL =
L
∆x
· (4.34)

The variable i designates the number of a subdivision, with i varying between 1 and µL .

∆xx

. . .

. . .

. . .

. . .

. . .

. . .

1 2 i - 1 i i + 1 µL- 1 µL

Figure 4.2: Geometry of the system.

On the other hand, the time period T taken for performing one heating/cooling of the MCM
process is divided into νT intervals of length ∆t, in such a way that

νT =
T
∆t
· (4.35)

The magnetocaloric device will however perform a certain amount of cycles, this number being
called K . The period taken by the system to perform a cooling and a heating steps is 2T . One
assumed indeed that the (de)magnetization processes were instantaneous compared to the time
needed for the heat transfers to occur between the plate and the fluid. The number of the cycle
is represented by the variable k with k ∈ [1, K], and the time step by n, with n ∈ [1, 2KνT ]. A
time scale summarizing all of this is drawn just below in Fig. 4.3.

n
1 2 . . . νT

cooling νT + 1 . . . 2νT

heating 2νT + 1 . . . 2KνT − 1 2KνT

magnetization

demagnetization

magnetization

∆t

k = 1 k = 2

Figure 4.3: Time scale related to the system.

The temperature will thus be computed not for every possible (x, t) but only in a certain
amount of points. The discrete version of the temperature at point i∆x and after a time n∆t then
writes as

T(x = i∆x, t = n∆t) → Tn
i . (4.36)

65



2.2 Discretization of the equations
In order to discretize the equations previously obtained, different numerical schemes might be
utilized. Here the choice was made on an implicit Euler method for approximating the time
derivative, that is,

Tn = f (Tn+1). (4.37)

The temperature after the nth time step is thus computed as a function of the temperature after
the (n + 1)th one. For a first order time derivative, the easiest way to achieve this is to write

∂tT →
Tn+1 − Tn

∆t
· (4.38)

On the other hand, for the first order spatial derivative, one can use the following approxi-
mation

∂xT →
Ti+1 − Ti−1

2∆x
· (4.39)

For the second order derivative, the centered-in-space scheme will be utilized, namely,

∂2
xxT →

Ti+1 − 2Ti + Ti−1

∆x2 · (4.40)

One may note that the first order spatial derivative could also have been approached by an
upwind method.

Inserting these approximations into the governing equations of the problem and using the
ε-NTU method for rewriting the heat transfer rate, one finds

ρfcp, fVf

(
Tn+1
f, i − Tn

f, i

∆t
+ u

Tn+1
f, i+1 − Tn+1

f, i−1

2∆x

)
= CNTUA

(
Tn+1
s, i − Tn+1

f, i

)
, (4.41)

for the fluid part and for the plate one has

ρsc ®H,s

(
Tn+1
s, i − Tn

s, i

∆t

)
= ks

Tn+1
s, i+1 − 2Tn+1

s, i + Tn+1
s, i−1

∆x2 −
CNTU

L

(
Tn+1
s, i − Tn+1

f, i

)
. (4.42)

It should be emphasized that because the scheme is implicit, the temperatures are all evaluated
at the (n + 1)th step whereas the unknown one is Tn.

Rearranging the terms of Eq. (4.41), one gets the following relation

Tn
f, i =

(
1 + Cf, 1

)
Tn+1
f, i + Cf, 2Tn+1

f, i+1 − Cf, 2Tn+1
f, i−1 − Cf, 1Tn+1

s, i (4.43)

with the constants Cf, 1 and Cf, 2 defined as

Cf, 1 =
CNTUA∆t
ρfcp, fVf

and Cf, 2 =
u∆t
2∆x
·

66



For the solid, rewriting Eq. (4.42) yields to

Tn
s, i =

(
1 + Cs, 1 + 2Cs, 2

)
Tn+1
s, i − Cs, 2Tn+1

s, i+1 − Cs, 2Tn+1
s, i−1 − Cs, 1Tn+1

f, i (4.44)

where
Cs, 1 =

hA∆t
ρsVsc ®H,s

and Cs, 2 =
ks∆t

ρsc ®H,sd∆x[2
·

with Vs the material volume, simply given by Vs = L · ` · e.

3. Coding
To get an operational piece of code, one needs first to add initial and boundary conditions to the
problem, reviewed hereafter. The actual connection with Chapter 2 is made afterwards. Finally,
the convergence of the code is examined.

3.1 Matrix presentation
The equations obtained in the previous section may also be written under a matrix form. Such
a presentation has a considerable advantage because the problem will be solved using Matlab,
a software optimized for matrix computations.

The temperatures of the fluid and the solid are presented in a vector of length 2µL . This
vector will be updated at each time step after having performed the appropriate calculations.
Inside this vector, the first µL elements correspond to the temperature of the fluid flowing in
one direction or the other, that is when going from the cold reservoir side to the hot sink or
conversely. The last µL elements represent the plate temperature.

Rewriting Eqs (4.43) and (4.44) under a matrix with this notation and taking into account
the aforementioned initial and boundary conditions, one eventually gets the matrix from the
following page.

3.2 Initial and boundary conditions
In order to perform calculations numerically, one needs to add enough initial and boundary
conditions to close the problem. The initial condition is pretty direct and simply consists in
assuming that at the beginning of the simulation, the fluid and the plate have the same temperature
everywhere, respectively denoted Tf, 0 and Ts, 0.

Concerning the boundary conditions, one might use first the fact that at the entrance of the
channel the fluid temperature should come from either the cold or hot exchanger, and thus has
a temperature very close to one of theirs. The same holds for the end of the channel, and the
opposite occurs when the fluid changes its direction. One can thus write in the case of a fluid
flow from the cold to the hot side, in a mathematical point of view,

Tn
f, 1 = TCHEX

f ∀n, (4.45)
Tn
f, µL = THHEX

f ∀n, (4.46)
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and in the opposite case,

Tn
f, 1 = THHEX

f ∀n, (4.47)
Tn
f, µL = TCHEX

f ∀n. (4.48)

Temperatures for the hot and cold heat exchangers having a physical meaning will therefore have
to be chosen properly.

Then one can consider that at the start of a new period (which does not especially need to be
a new cycle), both the fluid and solid temperatures are equal to those at the end of the previous
period, namely

T kνT +1
f, i = TKνT

f, i ∀i, ∀k, (4.49)

T kνT +1
s, i = TKνT

s, i ∀i, ∀k, (4.50)
(4.51)

One may also use an adiabatic boundary conditions at both ends of the material because this
latter was assumed perfectly insulated from its surroundings. This means that the derivative
of the temperature as a function of the length equals 0, however this derivative as formerly
computed involves points that should be outside the domain when computed in i = 1 or i = µL .
One might instead use the following definition which includes the two closest neighbours in
only one direction and uses a different weights as

∂xT →
3Ti − 4Ti−1 + Ti−2

2∆x
· (4.52)

This might be applied to the solid temperature at both edges, which yields

3Tn+1
s, µL − 4Tn+1

s, µL−1 + Tn+1
s, µL−2

2∆x
(4.53)

and

−3Tn+1
s, 1 + 4Tn+1

s, 2 − Tn+1
s, 3

2∆x
(4.54)

where the change of sign is due to the change in direction of the derivative.

3.3 Including the MCE
In order to take themagnetocaloric effect exhibited by thematerial, as it was previously explained
(de)magnetization steps are produced inside the code. To do so, the data obtained for the adiabatic
change in temperature from Chapter 2 are utilized. To include this to the code, it suffices to look
at the temperature inside the solid and check to what value of the adiabatic change of temperature
it corresponds. Depending on whether the step is a magnetization or a demagnetization, one
simply add or remove this latter value from the current temperature of the material.
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3.4 Change in c ®H , s

As it was seen in Chapter 2, the heat capacity of gadolinium around its Curie temperature
experiences a λ anomaly and changes abruptly when temperature goes from below to above TC.
Therefore, to account simply for this behaviour one may use the value c ®H , s = 320 J kK−1 below
the Curie point and c ®H , s = 240 J kK−1 above it. Inside the code, this is achieved by updating
the values of the constants whenever needed during the calculations.

3.5 Improvements
Some improvements could be brought to the code already written in order to get a better
understanding of the behaviour of the system.

3.5.1 Including the HEX’s
First, one could take into account the heat exchanges occurring inside the cold and hot heat
exchangers instead of just assuming their temperatures are constant over time. This may be
done by adding similar equations as the ones derived for the heat transfer inside the fluid but by
adapting the parameters and temperatures considered. Such an adding could permit to have a
preliminary design of the heat exchangers that should be used to accompany the prototype.

3.5.2 Pressure drop
Because of the roughness of the pipe, a pressure drop might appear as the water is flowing inside
the system. The Darcy-Weisbach relation for a pressure drop ∆p inside a pipe is given by

∆p
L
= f

ρf
2
〈u〉2

Dh
(4.56)

with the aforementioned hydraulic diameter

Dh = 4
Acs

Pwetted
. (4.57)

In the former equation Acs is the cross-section area, equal to Acs = ` d, and Pwetted the wetted
perimeter, given by Pwetted = 2 (` + d).

Another parameter appears: f is the fouling factor computed as

f =
64
Re

, (4.58)

with Re the Reynolds number reminded in the beginning of the chapter.
Including this pressure drop is another amelioration that might be brought to the code.
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3.5.3 Convergence of the code
A convergence once the difference in temperatures computed between two consecutive cycles
does not overcome a certain ε value, that can be arbitrary set to e.g. ε = 10−3 K. This criterion
would ensure that the system is no longer in its transient regime and has reached the stationary
one. It can be written as ���T (k+1)νT

s − T kνT
s

��� ≤ ε . (4.59)

Otherwise the backward-Euler, centered-in-space method is known to be unconditionally
stable for the heat equation thus any steps ∆t and ∆x may be utilized for performing the
calculations.

The main issues in obtaining results showing a physical sense arise from the choice in the
temperatures used for the limit conditions, the period of the cycle T and the mass flow rate Ûmf.

4. Results
In this section the results obtained using the numerical scheme from the previous paragraphs
will be presented and discussed.

4.1 Temperature in the AMR bed as a function of time
In Fig. 4.4 is shown a simulation using for the mass flow rate the value of Ûm f = 3.5 · 10−5

kg/s, which corresponds to a fluid velocity of 0.23 mm/s. The temperatures used for the limit
conditions are: Tf, 0 = 293.15K, Ts, 0 = 293.15K, THHEX

f = 298.15K and TCHEX
f = 288.15K.

The period was set to T = 10 s and the number of cycles displayed K to 50 (note that this is not
the number of cycles after which the system is stationary). The steps used were ∆t = 0.001 and
∆x = 0.001.

One sees in Fig. 4.4 the hottest and coldest parts of the AMR bed. After each magnetization
of demagnetization step, the flow occurs and the temperature decreases exponentially over time,
as it would be expected for such a system. One sees that the envelope of the curves increases or
decreases over time depending on the side of the AMR bed, until it reaches a stable shape when
the system is stationary.

One sees that the active magnetic regeneration cycle is operating since the temperatures
reached after a few cycles are comprised in a larger interval than the cold and hot heat exchanger
temperatures. The largest temperature attained is 299.18 K and the lowest one is 286.17 K.

4.2 Temperature span ∆Ts along the AMR bed
One can compute the difference between the temperatures attained on each side of the bed,
that is the temperature span reached by the system when the AMR is working. To do so one
simply subtract the coldest temperatures from the highest ones. The maximum temperature span
achieved is 6.86 K.

One may draw this gradient as a function of time, which is done in Fig. 4.5. The curve is
however not correct compared to what is usually obtained in the literature.It should be more
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smooth and should not present the peaks that are visible in Fig. 4.5. However, the global shape
of the curve is still correct, and one sees how the temperature span should increase over time.

Compared to the adiabatic change of temperature experienced by the material which reaches
a maximum of 4.75 K and during the simulations, the temperature span achieved here reaches a
maximum value of 6.86 K.
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Figure 4.4: Temperature in the hottest and coldest parts of the bed with respect to time.
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Figure 4.5: Temperature span along the bed as a function of time
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Figure 4.6: Chart of the final coding
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• In the case of a fluid flowing along a rectangular plate, one finds that a
convective heat transfer Ûq occurs between them according to the following
system of equations:

ρfcp, fVf (∂tTf + u ∂xTf) = ÛqA,

h (Ts − Tf) = Ûq,

ρsc ®H, s∂tTs = ks∆Ts −
Ûq
L
·

• A dimensional analysis of the former set of equations allows to see that
the conduction inside the solid is negligible. The flow is also found to be
laminar and the characteristic time of the system for a given number of
plates equal to 8 is 27.07 s.

• The convective heat transfer can be computed using the ε−NTU method
which is typical for the design of heat exchangers. After what the spatial
and temporal domains as well as all the equations obtained may be dis-
cretized. The method used for discretizing the equations is the backward-
Euler, centered-in-space one, whose convergence is unconditionally stable.

• After what the MCE is included inside the code by using the data derived
in Chapter 1. One also needs to add the change in the value of the heat
capacity of the material below and above its Curie point, as well as suitable
initial and boundary conditions and convergence criterion to the problem.
A flowchart of the final code is drawn in Fig. 4.6. Some improvements
such as taking into account the pressure drop inside the channel could be
taken into account.

• When plotting the temperature in the hottest and coldest parts of the
AMR bed, one gets the expected behaviour of a transient regime where
the temperature span increases, followed by a stationary one. After each
(de)magnetization step, the fluid flow occurring makes the temperature
decrease or increase exponentially.

• The temperature span achieved at the end of the simulation is greater than
the adiabatic change in temperature experienced by the material. The
AMR cycle is thus working well. However, a bug in the code remains
and does not allow to get the expected curve of the temperature span as a
function of time. Nevetheless its global behaviour was still caught.

.

Summary
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5

DESIGN OF THE PROTOTYPE

In this chapter, the design of the prototypewill be explained step by step. Because theGadolinium
plates are ferromagnetic, once they approach or leave the magnet yoke, a large magnetic force
act on them. The prototype must then be conceived knowing the value of this force since this
one must be countered in order to move the plates in and out of the magnet. Another important
part is the design of the housing that will contain the plates and should thus fit perfectly their
dimensions. Finally, one also needs to think about the supports required e.g. to hold the magnet
in place or to attach all the pieces together.

1. Conception of the device
In this section, all the stages leading to the construction of the prototype will be briefly described.
Basically, it consists in a magnetocaloric material moving through the variations of a magnetic
field. This leads, thanks to the magnetocaloric effect, to temperature variations in the material.

As already explained in Chapter 2, the material
best indicated for exploiting the MCE around ambient
temperature is Gadolinium. The magnet used is a Hal-
bach cylinder array whose nominal value is 1.05 T. As
described in Fig. 5.1, this magnet has an inner radius
of 5 cm and an outer one of 20 cm, while it is 10 cm
long. A picture of the magnet is visible in Fig. 5.2.

In order to properly exploit the variations of tem-
perature appearing in it, one may use either plates or
powder of Gadolinium. But even though the powder
presents a higher energetic density, its toxicity oriented
the choice of the raw material towards 1 mm-thick
sheets of Gd. These ones are also all 10 cm long and
2.5 cmwide in order to fit the dimensions of themagnet

z

y

x

5

20

10

By

Figure 5.1: Halbach cylindrical magnet
and its dimensions (in cm).

yoke. In order to avoid the appearance of a torque on the plates, they should be placed in
parallel with the main direction of the magnetic induction field, as depicted in turquoise in
Fig. 5.1. Two plates are presented as example in the picture of Fig. 5.3 hereafter.

The plates are fixed in a case which is itself placed in a tube that may slide into the magnet
yoke. Heat transfers are then performed by a suitable hydraulic circuit connected to the container.
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The heat transfer fluid chosen is simply tap water which can circulate between a hot and a cold
heat exchangers.

The container of the plates should fit inside the magnet yoke while containing all the plates
and a tube must be able to surround it, thus the dimensions of the housing are fixed and, in the
end, the best deal is to use eight plates at a time.

On the other hand, the motion of the tube inside and outside the magnet yoke is achieved
using a linear guidance system provided by the LRJ company. This former will be described in
details in a section below. It will be attached to the tube using simple aluminum bars. Obviously
in the present case, it is important to avoid using materials such as e.g. cast iron for the device
support, otherwise there might be trouble appearing because of its interaction with the magnetic
field. A motor taken from the Leclercq Energy company, fixed to the guidance system, insures
the motion of the whole system. As it will be explained later on, the magnetic force acting on
the plates once they enter the field is such that the guidance system and the motor should be
able to resist a force of at least 80 N, that is a weight of around 8 kg. One also needs to take
into account the weight of the hydraulic circuit, the water inside it as well as the tube and its
supports. The former value might thus by security be fixed to 10 kg.

The magnet must also be supported in order to be at the right height for the tube to move
through its gap. The tube is already attached to the guidance system but it could be even more
sustained for ensuring safety. Additional aluminum bars attached outside the prototype itself
may be used in order to provide this additional support and make sure the tube and its initial
fixations will not bend under the action of the force.

As already mentioned, all those stages will be described in more details afterwards. But first
one needs to know exactly how the gadolinium plates behave inside the magnet and what value
the force acting on them takes.

Figure 5.2: Picture of the Halbach cylindrical
magnet used.

2.5

10

Figure 5.3: Two Gadolinium sheets and
their dimensions (in cm).
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2. Magnetic field

The cylindrical Halbach magnet used for the prototype provides an inductive field −→B oriented
mainly along the y axis of Fig. 5.1 whose nominal value is 1.05 T. However, this field is not
uniform throughout the yoke of the magnet ; it is smaller close to the edges and greater at the
center. The graph of Fig. 5.5 was drawn by Jean-François Fagnard at the lab.

One might indeed see it in the graph of Fig. 5.5
hereafter which represents the components of −→B along
the three axes of Fig. 5.1, Bx , By and Bz. The y axis
is actually represented on the top surface of the mag-
net, as the picture of Fig. 5.2 shows it. The graph of
Fig. 5.5 exhibits the field components as a function
of the distance from the center along the z axis, at
different (x, y) locations which are drawn in blue in
Fig. 5.4. This latter is simply a top view of the magnet.
Points 1, 2 and 3 lie in a plane corresponding to any z
value and respectively have the coordinates expressed
in millimeters: (0, 0), (20, 0) and (0, 20).

y

x

1 3
2

Figure 5.4: Top view of the magnet.
One notices in the graph below that the value of the By component reaches its greatest

around the very center of the magnet yoke, whereas it diminishes as the distance from the center
increases. This behaviour is nearly the same in locations 1, 2 and 3. The value taken by the
inductive field is just a little bit higher in 3 at the center and smaller close to the edge.

Figure 5.5: Variation of the magnetic inductive field as a function of the distance
to the center of the magnet, in directions x, y and z, at locations 1, 2 and 3.
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On the other hand, one sees that Bx is almost null everywhere, so is Bz except in point 3. At
this location, the component of the field varies and reaches a maximum around the distance of
5 cm from the center. This one corresponds to the end of the magnet yoke.

It should be noted that the graph of Fig. 5.5 was only drawn for measurements made on half
the length of the magnet. One might assume that the field behaves the same way on the other
half, that is, it is mostly oriented along the y direction, remains quite high close to the center
and decreases near the edge.

3. Magnetic force
The force acting on the sheets when put inside the magnet yoke will be first estimated theo-
retically, then it will be measured for different numbers of plates and at several distances from
the center of the magnet. Knowing the values taken by this force allows to choose an adequate
guidance system for moving the tube containing the sheets in and out of the magnet.

3.1 Theoretical calculation

The magnetic force −→Fmag acting on the Gadolinium plates might be computed thanks to the
following formula. This one links the magnetization inside the plates, −→M , to the divergence of
the magnetic field −→H , inside the volume V of the magnet yoke as

−→
Fmag = µ0

∫
V

(
−→
M · ∇

)
−→
H dV . (5.1)

If the magnetic field inside the gap was perfectly uniform, its gradient would cancel. But as it
was discussed in the previous section, the magnetic inductive field −→B is non uniform, and thus
so is −→H . One indeed knows, since these fields act in air, that −→B = µ0

−→
H .

In a first step, the value of the force in Eq. (5.1) may be roughly estimated using this latter
relation between −→B and −→H , which allows to write

Fmag ' MBd2 (5.2)

where d represents a characteristic length, e.g. the diameter of themagnet yoke. With M = 4·103

A m−1 (cfr. Fig. in page ), B ' 1 T and d = 5 cm, one finds for one plate

Fmag, 1 ' 4000 × 1 × 0.052 = 10 N

which yields for eight plates
Fmag, 8 ' 80 N.

On the other hand, the weight of one plate G1 is

G1 = ρmV g = 7901 × 0.1 × 0.025 × 0.001 × 9.81 = 0.02 × 9.81 ' 0.2 N,
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and for all the plates
G8 = 8 × G1 = 8 × 0.2 ' 1.6 N.

The magnetic force is therefore around 50 times bigger than the weight of all the 8 plates.

3.2 Measurements
The magnetic force acting on the Gadolinium sheets was then measured for different configu-
rations and the results obtained will be presented in the following section. As aforementioned,
the magnetic field is not uniform throughout the yoke of the magnet. One might thus expect that
the force will also vary within the magnet gap and depending on whether the plates are more
or less centered. This force is also expected to increase with an increasing number of plates.
Moreover, it should reach a maximum when the plates are half entered inside the magnet in the
z direction, and to cancel once they reach the center of the yoke. If the plates are at the center
of the gap where the field is maximum, there is indeed no reason for them to be more attracted
by one side or another thus they will naturally remain in this equilibrium position.

scales

support of the magnet

housing

plates

magnet

PVC tube

Figure 5.6: Measuring system with the 22 cm-long tube and four sheets.

Measurements were made by fixating the magnet and by placing the sheets inside it at
different distances, along z, from its center. The number of sheets used was made to vary. Other
measurements were also taken by placing the plates either at the very center of the yoke or by
positioning them closer to the edges, namely by changing their (x, y) coordinates. The plates
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were however always parallel to the main direction of the magnetic field, indicated in turquoise
in Fig. 5.1 because they naturally oriented themselves along this direction, no matter where they
were placed inside the gap.

3.2.1 Measuring method
Measuring a force can be done in many distinct ways. Here the easiest one was to simply weigh
the sheets outside the magnetic field and under its influence with a simple scales. In the second
case, if the plates are placed adequately, the vertical force exerted downwards will be either
greater or smaller depending on whether they are approaching the magnet center or moving
away from it.

But if one drops a ferromagnetic plate inside the gap of a 1 T-magnet, the force acting on it
will be high enough so that the plate will naturally stay in the center of the magnet. This position
is indeed the one minimizing the energy of the overall system. It is therefore required to prevent
the sheet from reaching the center of the magnet to be able to measure the force acting on it at
different positions. In the present case, simple PVC tubes of different lengths were used in order
to be able to adapt the location of the plates during the measurements. This is illustrated in the
picture of Fig. 5.6 below.

Because of the configuration of the measuring system, when trying to put the sheet beneath
the center of the magnet yoke, this one does not stay in place and rises up due to the attraction by
the magnetic field. Therefore one may simply add weights on top of the plate so that it cannot
move upwards. This supplementary weight is then simply removed from the value measured in
order to know the actual magnetic force.

3.2.2 Different configurations
The positioning of the plates depends on their number, their distance with respect to the center
of the magnet and the way they are placed compared to each other.

7
7.75

8.5
9.25

10
10.75

11.5
12.25

13
13.75

14.5
15.25

16
16.75

17.5
18.25

19
20.5

22

Figure 5.7: PVC tubes used for holding the plates and their respective lengths (in cm).

• Number of Gadolinium sheets
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The number of sheets used vary between one and eight. Because they look alike each
other without being exactly the same, one needs to perform the measurements with distinct
plates in order to account for the fact that the thickness or even the weight of a plate could
possibly have an influence over the force acting on it. Moreover, the plates may be
combined in different manners in the housing ; this will be explained in more details
below.

• Distance from the center of the magnet
As it can be seen in the sketches from Figs 5.8 and 5.9 in the next page, the housing
containing the plates is placed along the axis z of the magnet. The center of this latter was
defined as the origin of the framework drawn in the diagram of Fig. 5.1. In Figs 5.8 and
5.9, this central point is drawn in pink. When the plates are placed above it their distance
with respect to it will be considered positive, and negative when they lie below it. This
distance is taken from the center of mass of the housing.

plates

magnet

weight

housing

scales

PVC tube

Figure 5.8: Measuring device layout:
case of a positive distance.

weight

housing

scales

plates

magnet

PVC tube

Figure 5.9: Measuring device layout:
case of a negative distance.

The case is put on top of a PVC tube in order to hold still at a fixed distance during the
measurements. This tube is then placed onto the scales so that the magnetic force added
to the weight of the whole set may be measured. This is also illustrated in Figs 5.8 and
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5.9. Once this total force is known, one simply has to subtract the weight to obtain the
magnetic force acting on the plates.

The PVC tubes used have lengths varying every 0.75 cm between 7 cm and 19 cm, and
two additional tubes with lengths of 20.5 and 22 cm. They are all visible in the picture
from Fig. 5.7 where they were placed like a Pan flute.

As already mentioned, when the sheets are placed at a negative distance from the
center they will tend to rise up and remain positioned at the center of the magnet yoke. To
counter this issue one just needs to add some extra weight on top of the housing containing
the plates, then to subtract it from the total force measured. This situation is depicted in
Fig. 5.9.

Whereas it is not drawn in the sketches of Fig. 5.8 and 5.9, the magnet is supported
by a wooden pallet and lies thus at a distance of 12 cm from the scales. One wants to
know the actual distance between the center of the magnet yoke being 5 cm upwards, and
the center of mass of the housing containing the sheets. This latter is also located 5 cm
above the end of the tube. For a given length of the tube, the distance looked for, denoted
d, should then be given by simply subtracting 12 cm from this length. Consequently, the
interval of distances used for the measurement is the following:

d ∈
{
− 5, −4.25, −3.5, −2.75, −2, −1.25, −0.5, 0.25, 1,

1.75, 2.5, 3.25, 4, 4.75, 5.5, 6.25, 7, 8.5, 10
}

cm.

One should note at this point that the bottom of this container which is about 3 mm
thick was neglected here and this additional thickness simply added to the height of the
scales. Together they have a total length of 12 cm, as aforementioned.

• Combinations of the plates
The plates may be placed, for a given number of them, in different configurations. Pictures
of the housing containing four sheets under different angles might be seen in Fig. 5.10
hereafter.

In particular, because there are eight available locations inside the container, the
number of combinations for n plates is given by the well known binomial coefficient as(

n
8

)
=

8!
n! (8 − n)!

, n ∈ [1, 8] .

This yields a total of 255 combinations for all the values of n. Knowing that the sheets will
be positioned at 17 distinct distances from the center of the magnet, one should perform
4335 measurements if all the possibilities are explored. But in the present case, because
one mostly wants to find an order of magnitude of the magnetic force in order to choose an
adequate guidance system for the prototype rather than being very precise, this number is
not justified. Therefore, the amount of different combinations for each number of plates n
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Figure 5.10: Caption

at each distance d is lowered to eight, except for the cases
of n = 7 where only two combinations are exploited and
n = 8 (this latter for obvious reasons). This reduces the
number of measurements by four. Hence, when measur-
ing for instance the force as a function of the distance for
a given n, one has several values for each d, which allows
to perform averages and to avoid mistakes, but not too
many for this amount to be completely pointless. This
choice will be furthermore justified later on.

A drawing of the housing containing the plates is vis-
ible in Fig. 5.12, and a top view is sketched in Fig. 5.11.

1 8

Figure 5.11: Top view of the housing. Figure 5.12: Side view.

It was made cylindrical in order to fit the magnet gap. Its design will be discussed later on
in details. The important point is that its height is 10 cm, its diameter 4.3 cm and it can
hold up to eight plates at the same time. The cuts made for the sheets are 2.5 cm wide and
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Figure 5.13: Eight different plates configuration in the case of two sheets of gadolinium
put inside the housing.
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and 1 mm thick and have been placed in a staggered arrangement due to precision of the 3D
printer. Different views of this case with two plates inside are presented in Fig. 5.13. As
aforementioned, for a given number of plates n, only eight out of all the possible combinations
are explored during the measurements and the pictures from Fig. 5.13 show the ones explored
with two plates.

Looking at the top view picture of the container, the small notch appearing on the edge
because of the 3D printer and drawn in the illustrations allows to define positions inside the
container going from 1 to 8. The housing is always put in the same manner inside the magnet in
order not to inverse these positions. It is placed such that the plates are parallel to the y−direction
and that the line indicating this direction is on the top (see Fig. 5.4), namely the "1" lies in the
negative x values and the "8" in the positive ones.

3.2.3 Environmental observations and constraints
When performing the measurements, some constraints appear and the influence of some envi-
ronmental parameters may be observed, all listed hereafter.

• Obviously the number of plates that fit at a time inside the magnet cannot overcome eight.
This is dictated by the dimensions of this one.

• The measurements depends on the temperature inside the room since the material used
exhibits the MCE which is a temperature-dependent phenomenon. But because the
experience was performed in the basement the temperature was more or less always of
22 ◦C.

• When the plates are positioned in the magnet, at first the value indicated by the scales is
not stabilized and takes some time to remain still. This might be due to the change in tem-
perature or because the domains inside the gadolinium need some time to align themselves
on the main field which yields a transient state in the beginning of the measurement.

• Once the sheets are put inside the magnet, the container gets more attracted on the side of
the positive y values.

• Other parameters such as relative humidity might have an influence too on the measure-
ments and could be more investigated.

All these effects can possibly affect themeasurements that should thus be performed and analyzed
with great precaution.

3.3 Results
The results obtained will be presented in this section. First the force as a function of the distance
taken between the center of mass of the plates and that of the magnet will be reviewed and
analyzed. Then the influence of the position of the plates inside the housing will be examined.
Finally, some physical parameters that might also have an influence on the force will be studied
too.
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3.3.1 Force as a function of the distance
In this first subsection the distance between the plates and the center of the magnet yoke will be
made to vary, for a fixed number of plates. Results are presented here in the case of one, two,
four and eight plates placed inside the container. The curves obtained for three, five, six and
seven plates are visible in the Appendices, from pages 121 to 123.

• One plate
Fig. 5.14 displays the force acting on one plate as a function of the distance. For each
distance the plate was placed at every possible position inside the container and then the
average was made in order to get the force value. Several plates were used for each point in
order to get the widest possible sample. It should be noted once again that measurements
were not taken for symmetrical distances.
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Figure 5.14: Force acting on one plate as a function of the distance of the housing from the yoke center.

One sees in the chart that at a distance of 10 cm above the magnet center, the force
acting on the plate is positive. It increases as the plate is brought closer to the center
of the magnet gap. Around the value of 5 cm, the force reaches a maximum then starts
decreasing as the plate gets closer to the center. Close to this very center the force appears
to cancel, then to increase again once the plate is placed farther and further from the
magnet center, but its sign has changed and it is now negative. In around −5 cm, the force
seems to reach a minimum whose absolute value is of the same order of magnitude as the
maximum.
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The fact that the force acting on the plates cancels at the center of the magnet gap
makes perfect sense ; at this position, there is no reason for the plate to be attracted more
on one side of the magnet than on the other. At this spot the plate remains in equilibrium.
Moreover, the plate orients itself along the main direction of the field in order to stay
aligned with it, direction that is drawn in Fig. 5.4 in page 79. One should indeed remain
that the force is due to a gradient of magnetic field, thus at the center this gradient cancels
and so does the force. It can be seen in the graph of Fig. 5.5 when the field along the
y-direction is maximal close to the center, hence it has a null derivative.

On the other hand, the extrema of the force show up at the most unstable positions of
the plate inside the magnet, namely when the gradient takes its highest values. The change
of sign is due to the fact that the magnetic field gradient and the force simply change their
direction ; as the plate pass beyond the center, it is attraced towards this one in the other
direction.

Concerning the values of these extrema, one finds out that they are equal to 10.100
N and −10.612 N. This corresponds to what was evaluated in a first approximation in
Section 3.1 from page 80.

• Two plates
In Fig. 5.15 one sees the force measured in the case of two plates put inside the container.
Once again several combination were tested and the average was made in order to get the
data in the graph. The observations that can be drawn from this chart are exactly the same
as for the previous one, except for the fact that the force takes greater values.

One expects the force acting on two plates to have more or less twice the value of
the force obtained with only one plate. It may be considered that the magnetic fields
appearing because both plates are magnetized will not have an influence on each other
nor on the Halbach magnet field either and that the main field acting on the plates is this
latter. Consequently, the system should behave linearly and adding more and more plates
should simply yield a force equal to the number of plates times the force obtained for only
one plate.

Looking at the graph from Fig. 5.16 which compares the double of the force on one
plate and the force acting simultaneously on two plates, one deduces that the behaviour of
this latter is the same as the addition of the forces acting each on separate plates.

The maximum and minimum values taken by the force in the case of two plates
together are respectively 20.249 N and -21.445 N, that is, more or less the double of the
extrema obtained for one plate (respectively 20.199 N and -21.224 N).
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Figure 5.15: Force acting simultaneously on two plates as a function of the distance of the
housing from the yoke center.
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Figure 5.16: Comparison between the double of the force acting on one plate and the force acting on two plates
simultaneously as a function of the distance of the housing from the yoke center.
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• Four plates
Fig. 5.17 displays the results obtained for the force that the magnet exerts on four plates at
the same time. Once again the shape of the curve looks exactly like the previous graphs.

The maximum value taken by the force is in this case 38.600 N, and the minimum one
-39.959 N. One sees that it is, as expected, more or less four times bigger than the value
reached for only one plate.
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Figure 5.17: Force acting simultaneously on four plate as a function of the distance of the housing from
the yoke center.

• Eight plates
In Fig. 5.18 one sees the force that eight plates put inside the container are subjected to
at the same time as a function of the distance to the magnet center. The curve follows the
same behaviour as in the precedent cases.

The highest value taken by the force is 76.508 N, while the smallest one is -76.371 N.
Looking at the values taken by all the extrema as the number of plates increase, one sees
that it is close to but not exactly n times the values obtained for only one plate. In the case
of two plates one gets values a little bit greater/smaller, and the opposite for four or eight
plates. With eight other plates out of the twenty available ones, the result would certainly
have been different. This comes from the fact that not all plates are exactly the same,
and some of them may experience a higher or lower force depending on their physical
parameters. This will be investigated in more details in the following sections, where the
force acting on different plates will be compared and where the influence of the thickness,
weight and other parameters of the plates will be analyzed.
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As already mentioned, the purpose of these measurements is to be able to dimension
the guidance system as well as the motor that should be used for actually making the
prototype. Because only eight plates will be used due to the constraints appearing on
the dimension of the container, the values obtained for the extrema in this case give the
sought order of magnitude. The device should hence be able to resist a force of the order
of around 80 N.
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Figure 5.18: Force acting simultaneously on eight plates as a function of the distance of the housing
from the yoke center.

• Fit of the curves
All the curves presented previously as well as the ones visible in the Appendices may be
approached by a polynomial using the fitting tool of Matlab. Fifth-order polynomial
was used since above this order the polynomial is badly conditioned. Gathering the mean
of all the coefficients obtained for each number of plates, one might plot the force as a
function of the distance in order to get the value of the distance at which the force cancels
or reaches maximal values. Obviously such a plot does not have any physical meaning
except for the shape of the curve. It is only used here in order to find the zero and the
extrema of the force.

Fig.5.19 displays this global force curve. In order to compute all the fitting polyno-
mials, because the force should be antisymmetric but that the data were not obtained for
symmetrical distances, one may add the opposite of the last few points before the first
points measured, so that the curve is "completed". The values obtained should indeed
be close to each other. Then the fit of the curve allows to find a antisymmetric function.
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Because of the parity of the force, it is better to take a polynomial of odd order, here 5 as
aforementioned.
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Figure 5.19: Mean plot.

• Zero of the force
The curve previously drawn cancels at a distance of -0.25 cm. Looking at all the previous
graphs, one sees that this is more or less what is obtained for each number of plates.

• Extrema of the force
The maximum value reached by the force occurs at 5.40 cm above the magnet center.
On the other hand, the force has a minimum for a distance of -4.21 cm below the center.
Comparing these values, one sees that the maximum lies at 5.15 cm of the zero and the
minimum at -3.96 cm. Once again these values seem in line with all the experimental
curves obtained.

3.3.2 Force as a function of the position and the orientation of the plate(s)
Now the influence of the position of a plate inside the container will be observed and analyzed
to see whether or not it has an influence on the force measured. The influence of the orientation
of the plate will be tested as well, namely measurements will be performed by placing the plates
in the case then by turning them by 180° and checking if the force is the same or not. A priori
both these parameters should have very little influence on the measurements.
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• Position of one plate
In order to study the influence of the position of one plate inside the container, one may
place it in every possible spot and measure the force obtained. A chart may then be drawn
of the force as a function of the location of the plate. This might also be done for different
plates in order to repeat the measurements and get a wider span of values. During the
experiment, the distance with respect to the center of the magnet should be set to a fixed
value since this is not the studied parameter this time. It was chosen to be 10 cm and ten
plates were picked randomly. To reach this distance, one uses the 22 cm PVC tube.

It is better to fix the distance away from the center because as one might see in the
previous graphs it behaves almost linearly in this area.Around the center the force has
more or less the same behaviour but changes of sign. Close to an extremum the force is
no longer linear. Too far from the center the force would cancel but before that it would
decrease more and more slowly thus it would no longer be linear either. The distance of
10 cm seems therefore appropriate for performing the measurements.

It is easier to assess the effect of the position on one plate only because if one puts e.g.
two plates inside the container in several configurations, as drawn in Fig. 5.13 for instance,
how can one tell the influence of the position of the plates on a simple graph ? To study
both positions at a time one should draw a surface where the axes represent the position
of the first and the second plates. Thus by rising the number of plates the dimension of
the hypersurface should increase too and it becomes completely pointless to make such
an analysis since data cannot be easily exploited.

Fig. 5.20 shows the force acting on one plate as a function of the position of this one.
The position is denoted from 1 to 8 as in Fig. 5.11. Ten distinct plates were used and
are represented by curves of different colors. One sees directly that the value taken by
the force varies between 3.2 and 4.8 N, thus there is a factor of 3/2 between these two
extremes. This explains why the extrema obtained e.g. for the force acting on eight plates
simultaneously are not exactly equal to eight times the results for one plate alone.

It might be seen in the graph of Fig. 5.20 that the force on the sheets is a bit greater
in the middle and smaller on the sides. In particular, the values are even lower on the
right side than on the left one, namely close to the eighth position. This may come from
the shape of the magnetic field inside the magnet gap. When taking a look at Fig. 5.5 in
page 79, the y−component appears to dictate the shape of the force as a function of the
distance to the center, but the other components, which vary much less, might have an
influence too in the other directions.

The middle positions (4, 5) are indeed placed close to the point denoted 3 in Fig. 5.4,
where the z−component becomes higher. Because it was observed experimentally that
the plates are more attracted towards this point and that the force is greater in its direction,
both these observations might be caused by such a field variation. However, nothing can
be said about the fact that the force is observed to be a little bit higher on the first positions
(1, 2) than on the last ones (7, 8) because information about the magnetic field in point 2
from Fig. 5.4 are available but not on its symmetrical location.
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Figure 5.20: Force acting on different plates as a function of their position inside the container.

• Force as a function of the orientation of the plate
As aforementioned, the container is always placed in the same manner with the line drawn
on the magnet above it such that the position 1 is on the left and the 8 on the right. One
can examine if when the plates are put first in this peculiar way then turned and placed
in the opposite manner the behaviour of the force as a function of the position is still the
same or not. It should be but the experiment is worth being carried out.

The distance was once again fixed to 10 cm from the center of the magnet, namely
the same PVC tube of 22 cm was used. Three different plates were randomly chosen and
tested by being put in the housing in one sense then turned by 180° and tested again in all
the possible positions.

Fig. 5.21 displays the results obtained for the three plates. The solid lines show the
force acting on the plate when the first batch of measurements is taken, whereas the dotted
lines represent the results one get by turning the plates. Each plate is associated to a
particular color.

As one might see in the graph from Fig. 5.21, each couple of curves related to a
plate are really close to each other, with some disparities due to the imprecision of the
measurements. Nevertheless, the same behaviour is observed each time. One sees that the
plates experience each a different force value, which can vary by around 1 N in this case.
It enhances the importance of using several plates when performing the measurements.
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Figure 5.21: Force acting on different plates as a function of their position inside the container.

3.3.3 Force as a function of the physical parameters of the plate(s)
In this section, one will examine if the thickness and or the weight of the plates have an influence
on the force acting on them. Other parameters could be investigated because some of the plates
are not perfectly flat and some do not have a completely rectangular shape. The rugosity of the
plates might be explored too. Nevertheless, these irregularities are not in a sufficient amount for
these parameters to be relevant to analyze.

The twenty Gadolinium sheets present at the lab were used for this experiment. Because one
tries to analyze another parameter than the distance at which the plate lies from the center of the
magnet yoke, this one was chosen to be 6.25 cm and remained fixed during all the measurements
performed. This peculiar distance actually corresponds to the 18.25 cm-long PVC tube. The
center of mass of the sheets is thus separated by 6.25 cm from the center of the magnet yoke and
the bottom of these sheets by 1.25 cm.

Each plate was weighted and its thickness measured with a digital caliper. Then the magnetic
force acting on each sheet was measured for all the positions in the container, namely eight
possibilities. The results are visible in Table 5.1 below. In this latter one sees the force
measurements presented under the form average value

〈
Fmag

〉
± standard deviation ∆Fmag.

Note that the 10% rule was applied, which simply means that every digit whose contribution is
smaller than 10% of ∆F is not taken into account.

First the influence of the thickness of the plate will be evaluated. To do so, one might simply
use the tools of statistical inference which are the correlation coefficient and the drawing of a
scatter plot or a histogram. For two given variables X ,Y , if one has a sample of N measurements
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Plate Thickness e (mm) Width ` (mm) Length L (mm)

1 0.93 25.48 99.76 .
2 1.02 24.22 99.95
3 1.01 25.10 100.66
4 0.99 25.19 99.95

5 1.00 24.91 100.03
6 0.92 24.97 100.29
7 0.97 25.46 100.17
8 1.01 25.54 100.36

9 1.00 25.37 99.75
10 1.01 25.56 100.46
11 1.01 25.21 100.16
12 1.01 25.41 99.91

13 1.01 25.07 100.94
14 1.02 25.18 101.02
15 1.00 25.27 100.32
16 1.01 25.05 100.15

17 1.00 25.42 100.17
18 0.98 25.62 100.13
19 1.00 25.11 100.16
20 1.00 25.21 99.88

Table 5.1: Dimensions of all the Gd plates: thickness (in mm), width (in mm), length (in mm) and
volume (in m3).

97



Plate Mass m (g) Density ρ (kg m−3) Force Fmag (N)

1 19.39 8202.36 9.280 ± 0.050 .
2 20.45 8282.02 10.760 ± 0.080
3 20.26 7939.40 11.787 ± 0.048
4 19.76 7927.58 11.477 ± 0.046

5 18.58 7456.61 11.060 ± 0.049
6 18.57 8060.24 8.680 ± 0.040
7 20.03 8096.79 9.530 ± 0.060
8 20.53 7930.23 9.470 ± 0.050

9 20.11 7946.55 8.780 ± 0.050
10 20.47 7893.01 8.780 ± 0.040
11 20.34 7975.58 11.130 ± 0.060
12 20.21 7881.91 9.300 ± 0.038

13 20.25 7922.93 9.089 ± 0.007
14 20.23 7797.09 9.030 ± 0.068
15 20.15 7948.47 8.970 ± 0.060
16 20.37 8039.17 10.870 ± 0.390

17 20.27 7960.50 9.050 ± 0.040
18 20.53 8166.19 10.420 ± 0.060
19 20.24 8047.66 10.949 ± 0.079
20 20.21 8026.29 10.100 ± 0.360

Table 5.2: Characteristics of all the Gd plates: mass (in g), density (in kg m−3, average on the position
in the housing of the magnetic force acting on it (in N).
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of values xi and yi for i = 1,. . .,N , the correlation coefficient rX,Y is obtained by dividing the
covariance of the two variables by the product of their standard deviations as

rXY =

N∑
i=1
(xi − 〈x〉) (yi − 〈y〉)√√√ N∑

i=1
(xi − 〈x〉)2

N∑
i=1
(yi − 〈y〉)

2

∈ [−1, 1] . (5.3)

The brackets 〈. . .〉 represent the mean value of a variable. Applying this to the values measured
for the thickness of the plates e and the force acting on them Fmag, one finds that

reFmag = 0.267.

The closer the correlation coefficient is to 1 or -1, the more correlated are the two variables,
but only in the case where the conditional mean of Y given X is linear. Therefore, a visual aid
is required to see at which point these two variables are correlated or not. One might draw a
scatter plot of both variables and see if there seems to be any kind of relation between them.
Sometimes several linear relations can for instance be derived from one scatter plot, indicating
that there are different types of behaviours appearing in one physical system.

In Fig. 5.22 is drawn a scatter plot of the two variables e and Fmag, given by the software
Matlab. As one may see it in the graph, most points are located in the northeast part of the
first quadrant but some of them can be found a little bit lower. Hence, there does not seem to be
a strong correlation existing between both variables.

Figs 5.23, 5.24 and 5.25 display respectively the scatter plots obtained when drawing the
force as a function of the length, the width and the volume of the plates. Each correlation
coefficient associated is written in the graph. One sees that for the force vs. the length of the
plate, one gets a coefficient of −0.163, whereas in the case of the width one has −0.392. For the
volume, one obtains a value equal to 0.059. Hence, the force acting on the plate does not seem
to be correlated to its volume nor its length or width.

In Figs 5.26 and 5.27, one sees the force drawn respectively as a function of the mass and
the density of the plate. The corresponding correlation coefficients are respectively equal to
0.047 and -0.026, and looking at the curves one sees that there is no link between the force and
the mass or the density.

No correlation between the force and the physical parameters studied here seems to arise.
However, as it is the most visible in the graph of Figs 5.23 and 5.25, each time the points
obtained appear to split into two distinct groups ; one might see that for very close width and
even volume values, the force may be comprised between 8.5 and 9.5 N, or between 10.5 and
11.5 N. This can be seen in the other charts too, but it is less obvious.

In order to further investigate this behaviour and its possible origin, one should extend the
sample to more than 20 plates and search for other parameters that may influence the force acting
on the plates, such as the already mentioned rugosity of these. Environmental causes might play
a role too, such as the relative humidity in the room or the ambient temperature. Perhaps this
division into subgroups is simply due to the peculiar sheets used and has no physical meaning.
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Figure 5.22: Scatter plot: magnetic force
acting on one plate vs. thickness of the plate.
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Figure 5.23: Scatter plot: magnetic force
acting on one plate vs. length of the plate.
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Figure 5.24: Scatter plot: magnetic force
acting on one plate vs. width of the plate.
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Figure 5.25: Scatter plot: magnetic force
acting on one plate vs. volume of the

plate.
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Figure 5.26: Scatter plot: magnetic force
acting on one plate vs. mass of the plate.
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Figure 5.27: Scatter plot: magnetic force
acting on one plate vs. density of the plate.
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3.3.4 Improvements
Some improvements could be made in order to get more accurate measurements and to perform
them easily in a greater amount, listed here after.

• First of all the scales mostly utilized was limited to measuring weights under 5 kg, but the
values reached up to 8 kg, so another scales was needed. A simple bathroom scales was
used but it had less precision and was difficult to use because the weight was not printed
for a long time on the screen.

• The main issue is certainly the fact that PVC tubes were used to hold the housing and the
plates in place, but they are neither modular, nor perfectly steady as the measurements are
performed. Another system should be thought of in order to get more values easily.

• The measurements were not symmetrical, but it would be interesting to get the complete
curve to see if there is one side where the force is a little bit greater, and so forth.

• Onewould also have had to takemeasurements further away from the center of themagnet.
In this case they stopped at 5 cm above the center, but the force does not cancel yet at this
distance. It would be of interest to see at which exact distance from the magnet center its
influence on the gadolinium sheets is no longer measurable.

• The plates were held in a staggered arrangement inside the container, meaning that some
of them were a few mm closer to one edge than to the other, and conversely. The force
acting on them could thus be slightly modified because of this issue.

• Finally, to fully describe the force a magnet exerts on gadolinium, the sample used
should be expanded ; one could for instance use several magnetic field values. Different
configurations could also be explored: the magnet could have another shape than being
cylindrical, powder or spheres of gadolinium could be used instead of plates, plates of
distinct sizes could also be taken,... The possibilities are numerous.

Designing an experimental setup is not an easy task, and sometimes one must deal with the
shortage possibilities that the lab offers. All these improvements could yield to better, more
accurate measurements.

3.4 Conclusions
In this section the force acting on the gadolinium sheets was measured as a function of several
parameters. The aim of making such measurements is to evaluate the order of magnitude of the
force that should resist the motor and the guidance system that will be used for the prototype.

First a rough estimation of the force acting on the eight plates that will serve at a time gave
a value of around 80 N, which is 50 times greater than the weight of all the plates.

After what the force was measured for a different number of sheets placed simultaneously
inside their case, for a batch of distinct distances between the center of the magnet and the center
of mass of these sheets. The average was made on all the positions for several arrangements.
Distances were made to vary between -5 and 10 cm. One could observe that the force cancels
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close to the center of themagnet, changes its sign when crossing it whereas it reaches amaximum
at around 5 cm above the center and a minimum at around -5 cm below this latter. Away from
the center the force is assumed to cancel once again.

For one plate only, the maximum value attained by the force is around 10 N. As the number
of plates placed in the container is increased to n, the value taken by the force is more or less
multiplied by n, and this might be especially seen by computing the extrema. However, because
the plates are not all exactly the same, sometimes the force acting on them is a little bigger or
smaller and this affects the global behaviour obtained for n plates at a time.

Then the force as measured for one sheet as a function of its orientation and its position
inside the housing. As expected, both these parameters do not have a strong influence on the
results obtained. However, as the plate is oriented in one side than in the other, slight differences
appear because of the lack of accuracy of the measuring method. Concerning the position, one
could observe that the force was lightly higher on one side than on the other, and most of the
time even greater at the center of the container. This behaviour might be attributed to magnetic
field which is not uniform for a given distance to the center of the magnet yoke.

Several physical parameters related to the sheets and that may influence the force were finally
studied. The dimensions and the volume of the plates, as well as their mass and density, were
investigated, yet nothing could have been said on the existence of a possible correlation between
one of these parameters and the value taken by the force. The only observation made was that
two clouds of points seem to appear on each scatter plot that was drawn. However, no one can
tell with the sample used if this is simply due to the peculiar plates given by the factory or if it is
an actual behaviour gadolinium may exhibit. At the very least this short study allowed to know
the exact dimensions and weight of the plates.

Some improvements could be made in order to understand better how gadolinium reacts
to the influence of an external magnet ; the measuring system could especially be enhanced.
Moreover, other materials could be tested in order to compare them, as well as different magnet
values. There are many other possibilities that may be investigated in order to best design a
magnetocaloric prototype. The following section talks about the instrumentation that should
accompany the operation of the demonstrator, then the final design of this latter is described in
the last section.

4. Instrumentation
This section presents the instrumentation needed to highlight the performances of the prototype.
To assess the quality of the device, temperature measurements are required at several locations
along the AMR bed and at the HHEX and the CHEX. They can be taken using thermocouples ;
those utilized here will be first described and tested. An acquisition card and a Labview program
will be utilized to collect temperature data.

4.1 Principle : the Seebeck effect
To perform temperature measurements, different sensors can be used but the easiest method
is to utilize thermocouples that can be quickly handmade and allow measurements in a large
temperature range. They are also cheap, but they are limited in accuracy compared to other
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temperature sensors. They typically allow to measure temperatures with up to a 0.1 K precision.
However, this is not especially a problem in this case because the temperatures obtained while
the device is working should vary by a few degrees.

In the present case, type T thermocouples have been chosen ; they are constituted of Copper
and Constantan, an alloy of Copper and Nickel with a high resistance. The basic principle of
working of a thermocouple is indeed the Seebeck effect, which consists in the appearance of a
voltage difference due to a temperature gap between two dissimilar materials. In any conducting
material, a temperature gradient ∆T yields a voltage gradient ∆V and both are linked through a
proportionality coefficient as

∆V = −S(T)∆T, (5.4)

with S(T) the Seebeck coefficient, depending on temperature. It typically varies in µV/K and is
characteristic for each material.

4.2 Two-junction thermocouples
Fig. 5.28 shows a diagram of a two-junctions thermocouple of type T, that is, two Copper wires
connected on one end to a Constantan wire and on the other end to the entries of a voltmeter
allowing to read the voltage difference appearing as the temperature varies. As one may see,
four spots are denoted from A to D and represent the different contacts in the electrical circuit.
Using the previous relation of Eq. (5.4), one may decompose the voltage difference appearing
at the terminals of the voltmeter, ∆V , as follows

∆V = VA − VD (5.5)
= VA − VB + VB − VC + VC − VD (5.6)
= −S1

(
Tref − T1

)
− S2 (T1 − T2) − S1

(
T2 − Tref

)
(5.7)

= (S1 − S2) (T1 − T2) (5.8)
= (S1 − S2)∆T . (5.9)

This relation can be extended for infinitesimal variations of voltages and temperatures, that is,

dV = (S1 − S2) dT . (5.10)

Integrating the former equation between two voltage values Vi and Vf , and two temperature
values Ti and T f , one finds

∆V = Vf − Vi =

∫ Tf

Ti
(S1(T) − S2(T)) dT (5.11)

The relation obtained in Eq. (5.9) is actually true only for small temperature variations which
may be approximated as linear. For the Copper-Constantan thermocouple, ∆S = S1 − S2 has a
value of 40 µV/K at ambient temperature.
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Figure 5.28: Example of a two-junction thermocouple of type T.

4.3 Manufacturing the thermocouples and using them
In order to actually make the thermocouples, one simply needs Copper and Constantan wires
of around the same diameter, here chosen to be 0.2 mm for the Copper and 0.15 mm for the
Constantan. The length is around 1.6 m in total, in order to reach the prototype placed on a table
next to the measuring bench. Then the insulating material wrapped around the wires must be
scratched a little in order to weld them together. The wires should not be too thick ; if it is the
case, they will turn into caloduc and conduct heat in addition to the electric signal. To avoid
most of the noise that could be taken into account if the wires are making a loop, they are tightly
interlaced.

Five thermocouples were fabricated. Each thermocouple can be connected to an operational
amplifier fixed to an acquisition card. The exit of each operational amplifier is then joined to
a National Instruments cDAQ-9172 chassis. This one can receive eight modules allowing to
perform analog or digital measurements. One module has a capacity of three pairs of inputs
and outputs. The whole set is then connected to a computer with a simple USB 2.0 cable, and a
Labview program allows to collect and save all the voltage data easily after they are amplified.
The acquisition card was handmade by Philippe Laurent at the Montefiore Institute.1

In order to measure a temperature with a thermocouple, one needs to put the cold junction
at a reference temperature and keep it at this precise temperature during all the measurements.

1I forgot to take pictures but I assume that everyone has already seen an acquisition card and thermocouples
and that this is not a big deal.
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In this case, the chosen reference is the ambient temperature but the junctions could as well all
be placed in a cold bath of ice. Once the other junction experiences a variation of temperature,
a voltage difference should appear at the other terminals of the thermocouple. Then using a
reference table, one finds the temperature corresponding to the value of the voltage difference
measured.

T (◦C) 0 10 20 30

0 0.000 0.391 0.790 0.196
1 0.039 0.431 0.830 1.238
2 0.078 0.470 0.870 1.279
3 0.117 0.510 0.911 1.320
4 0.156 0.549 0.951 1.362
5 0.195 0.589 0.992 1.403
6 0.234 0.629 1.033 1.445
7 0.273 0.669 1.074 1.486
8 0.312 0.709 1.114 1.528
9 0.352 0.749 1.155 1.570

Table 5.3: Temperature (in ◦C)−voltage (in mV) correspondence for a type-T thermocouple.

However, the actual temperature value is not the one of the exact voltage measurement : this
latter should be augmented by the voltage difference that corresponds to the ambient temperature
if one uses a table taken for a reference temperature of 0 ◦C. An example of such a table is visible
in Table 5.3

Finally, the data obtained are treated than filtered with Matlab. A low-pass filter was used
with a cutoff frequency of 10 Hz. The voltage recorded are indeed continuous signals.

4.4 Measurements
The thermocouples will be tested in the following cases: measuring ambient temperature and
the human body one. Their accuracy can be checked by using a reference thermometer which
was not handmade. In the following, the thermocouples are designated by the names "T 1",
"T 2", . . ., "T 5".

4.4.1 Room temperature
As aforementioned, the ambient temperature inside the lab can be measured using the five
thermocouples and be compared to a reference temperature, Tref. The temperature of the lab is
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given by a commercial thermometer to be 22.3 ◦C. Fig. 5.29 displays the temperature registered
during 2 s using LabVIEW then treated with Matlab.

Table 5.4 shows the average value measured by the five thermocouples, as well as the offset
between these and the actual temperature that should have been measured. One sees that all the
values recorded by the thermocouples are smaller than this reference. Thermocouples T 3 and
T 5 have the worst offsets, respectively equal to −1.34◦C (6.01 % of error) and −1.44◦C (6.46 %
of error). The three other thermocouples present a smaller relative error comprised between
only 2 and 3 %.

In Fig 5.29 one sees that the thermocouple values obtained all seem pretty stable as time is
passing. As their average values indicated it, they all measure temperatures slightly below the
actual value that should be obtained, and thermocouples T 3 and T 5 are the further away from
this latter.

T 1 T 2 T 3 T 4 T 5

〈T〉 (◦C) 21.81 21.67 20.96 21.71 20.86
∆T (◦C) -0.49 -0.63 -1.34 0.59 -1.44

|∆T | /Tref (%) 2.19 2.82 6.01 2.65 6.46

Table 5.4: Maximal body temperatures measured by the five thermocouples.

4.4.2 Human body temperature
The temperature of a human neck, which is a little lower than the temperature taken e.g. inside
the mouth, was recorded during 14 s using all the five thermocouples and the results obtained
are presented in Fig. 5.30. Measurement using a commercial thermometer indicates that the
temperature denoted Tref should2 be of 32.8 ◦C.

As one might see in the chart from Fig. 5.30, all thermocouples react in the same time and
relaxes in more or less the same time too after the measurement is taken. However, the relaxation
time is much longer. One also notices that three thermocouples reach the same measurement
value, but thermocouples x and y always display values a little bit smaller.

When computing the exact maximum reached by all thermocouples, one gets the values
presented in Table 5.5. In this Table, one also sees the difference between the reference
temperature and themaximum, that can be considered as offsets existing for each thermocouples.
Thermocouples T 3 and T 5 thus have the worst offsets of respectively−2.09 ◦C (6.37 % of error)
and −1.10 ◦C (3.35 % of error). All the three others give measurements close to the reference
with an error of less than 1 %.

The relative errors made on the measurements is not the same as the ones computed in the
previous case. This might be due to the fact that the thermometer used for having a reference

2My body temperature does not overcome 36 ◦C so this value must be accurate.
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Figure 5.29: Room temperature measured by the five thermocouples, on a period of 2 s.

temperature was either more accurate or not as much as the one utilized in the present case. For
measuring the ambient temperature in the lab it was a mercury thermometer ; for recording the
body temperature it was a digital thermometer.

T 1 T 2 T 3 T 4 T 5

Tmax (◦C) 32.83 32.61 30.71 32.91 31.70
∆T (◦C) 0.03 -0.19 -2.09 0.11 -1.10

|∆T | /Tref (%C) 0.09 0.58 6.37 0.34 3.35

Table 5.5: Maximal body temperatures measured by the five thermocouples.

4.4.3 Conclusions
All five handcrafted thermocouples have been proven to work, despite the fact that compared to
the actual temperature they should measure, they present a small offset. For thermocouples T 1,
T 2 and T 4, the relative error made on the measurements because of this offset was less than
3 %. On the other hand, thermocouples T 3 and T 5 present a larger offset and always record
values inferior to the reference ones.
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Figure 5.30: Temperature of a human neck measured by the five thermocouples, on a
period of 14 s.

5. Final design of the device
This last section aims at presenting the design of the prototype in more details. The container
used to hold the plates in place will be described in more details, than the choice of the guidance
system and the motor will be discussed. A word will then be said about the hydraulic circuit
and the remaining parts of the device.

5.1 Choice of the magnet
In numerous papers people investigate how they could best optimize the magnet they will use
for their demonstrator but here there was not a lot of options. The magnet utilized was already
at the lab and seemed well suited for the present application when compared to what has already
been made in the literature. Plus, its magnetic field has a typical value for magnetic refrigeration
which actually makes it a very good candidate.

5.2 Choice of the material
The reason of the choice of gadolinium as themagnetocaloricmaterial has already been explained
in details in Chapter 2. One uses plates instead of e.g. powder because this latter is toxic. Small
spheres could also have been used, and many papers make a comparison between them and the
sheets, as e.g. in Tu1.
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The plates were chosen to be 100 mm long, 25 mm wide and 1 mm thick by looking at what
was already been made in the literature, and by taking into account the fact that these plates
should fit the magnet yoke dimensions.

5.3 Housing of the plates
As aforementioned, a PVC tube in which are found the gadolinium plates allows to move them
in and out of the magnet to ensure the (de)magnetization processes and to perform the heat
exchanges with the working fluid. To be able to hold the plates still inside the tube, one has
to design a suitable housing that was 3D printed at the "Systèmes microélectroniques intégrés"
(µsys) lab at the Montefiore institute, with the kind help of Gérald Colson. The template itself
was done using the AutoCAD software. Some physical constraints must be taken into account,
all listed hereafter.

• The containermust first fit themagnet yoke, namely it should be cylindrical with a diameter
a bit smaller than that of the magnet. Because one needs to place the housing in a tube to
move it in and out of the magnet, the thickness of the tube also needs to be accounted for.
The diameter of the housing was thus set to 43.3 mm, whereas the diameter of the magnet
yoke is not exactly 50 but 45 mm. The PVC tube should thus be carved adequately in
order for its inner and outer diameters to fit these dimensions.

• The housing should also be at least 100 mm long in order for the plates to be held on their
whole length. But the plates need to be sustained at both ends so they will remain inside
the housing, thus a cap is added on each side. This cap should however still be pierced in
order for the fluid to be able to flow through the entire device.

• The plates are 1 mm thick and 25 mm wide. Hence, suitable apertures should be made in
order to hold them. Not all the twenty sheets can fit the available space. Moreover, because
the 3D printer has a limited accuracy of around 1 mm, to make sure that the device will
not experience small fractures or failure during the printing process, the spacing between
the plates was chosen to be 2 mm. This permits to place eight gadolinium plates at a time.

• Because of this limited precision of the 3D printer once again, the apertures made for the
sheets are set to 1.2 mm. The machine will indeed be more likely to use a little more raw
material than a bit less. The width of the holes left for the plates are set to 25 mm. On
the other hand, the spacing left open so that the fluid may flow in between the sheets and
perform heat transfer is only 20 mm thick.

• The apertures made for the sheets are, once again because of the printer accuracy, placed
in a staggered arrangement. One can picture the ensemble as follows: there is a large,
rectangular opening for the fluid in the middle of the housing, and the holes made for the
plates exceed this latter on both sides but not in a symmetrical fashion. On one side the
aperture will be 4 mm longer than the initial hole, and 1 mm (again set to 1.2 mm) on the
other side. Then one simply alternates between the plates shifted more to the left or to the
right of the central hole. This is visible in e.g. Figs 5.10 and 5.13 from pages 85 and 86
but it will be detailed afterwards.
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• Finally, because the 3D printer would have trouble printing the 100 mm-long device at a
time, it is split in four parts: two middle sections which actually hold the plates, and two
caps to close the whole set. These pieces must be attached together and one might use
screws to do so. A suitable hole is thus added on two sides of the housing, here having a
3 mm diameter but any screw could be used.

5.3.1 Thermocouples
In order for the thermocouples to be put in contact with theAMRbed, one should also pierce little
holes on the side of the container and the tube holding it. In the present case five thermocouples
were fabricated and can be placed along the sheets. This would allow to measure the temperature
gradient appearing along the AMR bed during the operation of the device. They were not added
to the template of the case because the precision of the 3D printer would not allow to make holes
as tiny as the diameter of the thermocouples.

5.3.2 AutoCAD
Fig. 5.32 displays the middle section of the housing, with all its dimensions, that was drawn
with AutoCAD. Two of them were 3D printed, each having a length of 45 mm. On the other
hand, Fig. 5.31 shows the cap used to terminate the container and hold the sheets in place. It
has a total length of 8 mm, with 5 mm dedicated to hold the plates. The one draw in Fig. 5.31
as well as its symmetric were also 3D printed in order to close the container.

5 mm

Figure 5.31: Cap of the housing drawn with AutoCAD.
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Figure 5.32: Middle section of the housing of the plates and its dimensions, drawn with AutoCAD.111



5.4 Guidance system
As already explained, the main purpose when measuring the magnetic force acting on eight
plates at a time in order to choose a proper guidance system and a motor. One found out that
this force does not exceed 80 N.

The guidance system was fabricated by the Bosch Rexroth company but ordered at the LRJ
sprl. The model chosen was the LF6C linear guidance system. It consists in a carriage gliding
on a strap. The total length is of 1350 mm. The carriage itself has a length of 500 mm and a
width of 90 mm.

The maximum admissible moment Madm, max the system can handle in the direction exerted
by the magnetic force is of 0.4 × A N m, with A the length chosen for the carriage in mm. This

Madm, max = 0.4 × 500 = 200 N m.

If the system is attached to the carriage at e.g. a distance of 50 cm, the force never overcoming
80 N, one finds that the maximum magnetic moment that could be exerted on the system,
Mmag, max, is equal to

Mmag, max = 80 × 0.5 = 40 N m,

namely one ensures that Mmag, max < Madm, max.
A picture of the guidance system and of the carriage is visible in Fig. 5.33.

;

Figure 5.33: Linear guidance system provided by the LRJ company.

5.5 Motor
The motor was provided by Leclerq Energy. It consists in a screw motoreducer Motovario
NMRV040-2AWAC71-02F, along with a mono-phase frequency dimmer and a reaction arm.
Moreover, a controller allows to program the behaviour of the motor. Besides this motor, limit
switches were to be added at each end of the guidance system to allow the back-and-forth motion
of the ensemble.
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A picture of the motor along with its controller unit is visible in Fig. 5.34. One also sees in
this photo the way the motor was fixed to the guidance system.

;

Figure 5.34: Motor provided by the Leclercq Energy company.

5.6 Final design
In Figs 5.36 and 5.35 hereafter, one sees a sketch of the final design of the magnetic part of the
prototype along with its dimensions. Some parts are still missing for the prototype to operate
properly, such as the hydraulic circuit and the fixation of the ensemble.

5.6.1 Fixations and support
As one might see it in Fig. 5.36, an additional support should be added in order to prevent the
tube from bending under the action of the magnet force. However, this support does not need to
look like it is drawn in the picture and it would more likely consist in bearing fixed on the sides
of the whole system.

One also needs to fix properly the tube to the carriage ; this might be done by using aluminum
bars. Their length should not exceed Madm, max/Fmag, max, namely 200/80 = 2.5 m. Thus by
taking bars which are 30 cm long for instance (available at the lab), one ensures the good working
of the guidance system.

The final support required is the one needed to hold the magnet in place. It should be set at
the perfect height so that the PVC tube containing the housing can move through its yoke.

5.6.2 Hydraulic circuit
The prototype cannot operate if the AMR does not exchange heat with a working fluid, which
was chosen to be water. One thus still needs to design a hydraulic circuit comprising all the
items of the subsequent list.
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• Suitable tubing for transporting the fluid through the circuit, as well as an adequate support.

• A hot heat exchanger and a cold one to make sure that the refrigerator does not violate the
second principle of thermodynamics.

• A pump in order to ensure the flow of water through the tubes.

• Appropriate connections between the hydraulic circuit and the housing containing the
gadolinium plates.

• A water reservoir in order to fill the circuit.

• One also needs to think about the instrumentation required for measuring the temperatures
at the entrance and the outlet of the heat exchangers.

Once this hydraulic circuit is designed, the ensemble may be put all together and one can
then test if the prototype works properly or not and bring the necessary corrections if this is not
the case.

• A - tube containing theGadoliniumplates;

• B - magnet;

• C - additional support for the tube;

• D - linear guide system;

• E - carriage;

• F - support fixed to the tube;

• F - motor attached tp the guidance system.

100 mm

20050

C

F

B
A

E

D

Figure 5.35: Front view of
the prototype.
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• The prototypewill consist in plates of Gdmoving in and out of a cylindrical
1.05 T-magnet yoke in a reciprocating fashion. To ensure this motion one
wants to use a linear guidance system. In order to properly choose this
latter the magnetic force acting on the sheets as they enter the non uniform
magnetic inductive field of the magnet must be evaluated.

• This magnetic force was studied for several number of sheets, different
configurations of them and as they were placed at distinct distances from
the center of the magnet. It was found out that when the 8 plates are
located at the distance of .. cm from the center of the magnet yoke the
force reaches a maximum value of .. N.

• Moreover, for every number of plates studied the curve showing the force
as a function of the distance from the magnet center had more or less the
same shape. This means that the force was null at the very center of the
yoke, reached out a maximum (resp. minimum) at the top (bottom) edge
of this one to diminish further away and cancel at the infinity.

• This forcewas also found out not to dependmuch on the physical properties
of the sheets, nor their position or orientation, although the sample of only
20 plates may not be enough to assert such a behaviour or not. However
the shape of the field inside the magnet gap has an influence of it since the
force is greater at the center whereas it decreases a little bit closer to the
edges. Finally, the magnetic force does not depend on the orientation of
the plates inside the magnet yoke.

• The main issues when performing the measurements were the fact that the
sheets are sensitive to environmental conditions and that the force needed
from a few seconds to several minutes to stabilize. The conditions of
measurements were in fact quite tenuous and prevented a good precision
to be achieved. To analyze more precisely the behaviour of the plates
inside the magnet gap one should ensure better measuring conditions.

• The housing containing the plates and that will be placed in a tube which
will itself glide inside the magnet yoke was designed with AutoCAD and
then 3D-printed. Some constraints were taken into account for doing
so: the dimensions of the plates, the need for a coolant to pass through
the system, the fact that some spacing had to be saved for placing some
thermocouples. These latter will permit to analyze the performances of
the prototype.

.

Summary (1/2)
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• The linear guidance system chosen for the prototype was provided by the
LRJ company and its carriage can handle a maximummoment of 200 N m.
The motor along with its controlling unit, on the other hand, was furnished
by the Leclercq Energy company, then fixed to the guidance system in
order to make its carriage move along it.

• The supports of the tube, its fixation to the carriage and additional supports
as well as a housing for the magnet still need to be built. The hydraulic
circuit should also be designed and constructed in order for the prototype
to be operating.

• The instrumentation, however, is already ready and functioning. Five type
T thermocouples were made, that is thermocouples constituted of Copper
and Constantan wires. They were tested and their offset evaluated. The
relative error due to this offset is for two thermocouples of a few percents
(between 3 and 6), but for the three other ones it is really small.

• Despite the fact that the demonstrator is not operational and could not be
tested, a few things were learnt from the study of the magnetic force acting
on the gadolinium and the influence of diverse parameters on it. There are
some missing pieces to add so as to make the prototype actually work but
at the very least the basis is already there.

.

Summary (2/2)
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6

CONCLUSION

The search for more environmentally-friendly refrigeration technologies keeps rising around the
world in order to replace the steam compression technique which is nowadays still utilized but
unfortunately involves nocive gases with global warming and ozone layer depletion potential.
In this context, scientists have gained interest in the magnetocaloric effect-based refrigeration
around room temperature during the past few years. The purpose of this master thesis was to
design a prototype for magnetic refrigeration that uses linear, reciprocating motion between a
1.05 T-field cylindrical, Halbach magnet and gadolinium sheets.

In thiswork, at first the theory underlying theMCEwas fully reviewed. Basic thermodynamic
relations were derived and Weiss’s theory of ferromagnetism was utilized in order to perform
theoretical calculations on the effect appearing in gadolinium. This material is however not well
suited for commercial application of the technology because of its expensive price. Other alloys
that may be used for magnetic refrigeration were thus reviewed too. A survey of the possible
cycles that can be performed in order for a refrigerator to work was also made, but the most
utilized one is the active magnetic regeneration cycle.

After what a small tour of already existing prototypes was realized. The very first one was
built in 1976 and improvements have been achieved since then. The discovery of materials
presenting a giant MCE as well as the use of permanent magnets instead of superconducting
ones were two major advances in the domain. Demonstrators already made around the world
show other interesting ideas, such as the use of a layered AMR bed that allows to fully exploit
MCE around the Curie point of each material involved. Another one is to utilize two beds
placed side to side, moving in and out of the magnet so as to reduce the magnetic force and
demagnetization effect appearing in the material, which can be problematic during the operation
of the device.

Knowing what has already been achieved in the field, a thermal study was then conducted
for the present prototype. First a dimensional analysis allowed to assess the relative importance
of the physical phenomena arising and that can enter in competition with one another. Next, the
heat exchanges appearing between the gadolinium sheets and the working fluid were numerically
computed using Matlab, and analyzed in details. One used the ε−NTU method which permits
to design heat exchangers, and to discretize the governing equations obtained in this way the
well-known centered-in-space, backward-Euler method was chosen.

But a heat analysis alone is not sufficient for designing the prototype, and one needs to
study the magnetic force acting on the gadolinium plates as they enter or leave the magnet. The
influence of this one may be estimated in several manners: first the force as a function of the
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distance between the sheets and the center of the magnet was measured and analyzed. Then the
plates were positioned in different manners inside their support so as to see if the force acting
on them varies in this case. The influence of the physical parameters was also evaluated, such
as the density of the plates. The method used for performing all the measurements was quite
simple and consisted in measuring the weight of the plates outside and inside the magnet ; the
difference between both of them then gives the magnetic force acting on the plates.

Next, thermocouples were made and tested in order to measure temperatures and asses the
performances of the prototype. The final step of the work was the description of the parts
required for the good working of the device. A suitable housing that was 3D-printed holds the
gadolinium plates in place. This container is put inside a PVC tube that is made to move in and
out of the magnet yoke by being fixed to a linear guidance system provided by the LRJ company.
The motion is then ensured by a motor bought at the Leclercq Energy company. A suitable
hydraulic circuit to perform exchanges between the gadolinium sheets, the working fluid and
two heat exchangers placed outside the device, a cold and a hot one, still needs to be constructed.
This very last stage would allow to finish the mounting of the prototype and test it for good.

Despite the fact that the prototype was not fully terminated, this project was still an enriching
experience in the sense that it reunited capacities a physicist engineer should acquire and enhance
during his career, such as deriving numerical models, even very simple ones, or perform
experimental measurements in order to assess the behaviour of something. The subject really
acts as a bridge between different fields, gathering thermodynamics along with heat exchanges
and ferromagnetism theory.

But beyond that, the magnetocaloric effect study is part of a process of scientific renewal.
The current global consumption in electricity, especially the part dedicated to refrigeration, as
well as global warming and ozone depletion, are part of an undeniable, sad reality that needs to
be faced. The search for alternative technologies which will harm less our beautiful nature is
now crucial, and it is more than ever required to find environmentally-friendly solutions.
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APPENDICES

1. Magnetic force acting on Gadolinium plates

1.1 Three plates
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Figure 1: Force acting on one plate as a function of the distance of the housing from the yoke center.
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1.2 Five plates
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Figure 2: Force acting on one plate as a function of the distance of the housing from the yoke center.

1.3 Six plates
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Figure 3: Force acting on one plate as a function of the distance of the housing from the yoke center.
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1.4 Seven plates
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Figure 4: Force acting on one plate as a function of the distance of the housing from the yoke center.
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