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Magnetic Fluids Based Heat Dissipators

by Ricardo Moura Costa PINTO

Power electronics play an importante role in advancing technology. However, the pur-

suit of higher power densities have resulted in ever-increasing heat flows whose efficient

dissipation and management is essential for the reliability and performance of any com-

ponent. Conventional cooling methods such as air and water cooling exhibit limitations

when it comes to handling high heat flows and consequently, liquid metals have gained

an increasing attention due to their superior thermophysical properties.

This thesis consists of four section: i) Fabrication of galinstan, the MCM alloy and

the mixtures of galinstan and MCM particles; ii) Thermomagnetic convection prototype

testing; iii) COMSOL simulations of an MHD induction pump; iv) Testing of two MHD

pumping prototypes, inductive and conductive.

In the first, magnetocaloric fluids with 2 wt%, 4 wt% and 6 wt% particle loadings

mixed in galinstan, a liquid metal alloy at room temperature were fabricated and charac-

terized. Both the manufactured mixtures and their individual components morphologi-

cal, chemical, thermophysical and magnetic properties were characterized. A magnetic

transition was observed at T = 33.5 ºC for the mixtures, which is in agreement with what

was expected for the Gd-Si-Ge alloy magnetic transition temperature, allowing us to con-

clude that galinstan does not alter the magnetic properties of the particles.

Subsequently, the mixtures were used in a heat dissipator prototype based on thermo-

magnetic convection with a thermal gradient of 7 ºC.
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In addition to explore the propulsion of liquid metal by means of thermomagnetic

convection, we also studied propulsion via magnetohydrodynamics. Our approach be-

gan by using COMSOL software to simulate the expected velocity profiles for a magne-

tohydrodynamic induction propulsion system as well as all the components required for

its operation, such as the magnetic field, induced currents and Lorentz force.

Finally, we conducted tests on two prototypes: a magnetohydrodynamics induction

pump based on the COMSOL simulations and a magnetohyrodynamics conduction pump.

We observed a significant flow of galinstan in the magnetohydrodynamics conduction

pump with a current of 5 A and a magnetic field intensity between 0.18 and 0.10 T.

In summary, in the first part of the thesis mixtures of galinstan with a Gd-Si-Ge alloy

and its individual components were manufactured and characterized. These were then

later tested in a prototype based on thermomagnetic convection. An induction MHD

pumping system was also simulated in COMSOL, and the flow rate of the galinstan was

studied as a function of the rotor frequency. Finally, two prototypes based on MHD pump-

ing were tested: one by means of induction and the second via conduction. In the second

one it was possible to observe a considerable flow of galinstan on the channel.
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Dissipadores de calor baseados em fluı́dos magnéticos

por Ricardo Moura Costa PINTO

A eletrónica de potência tem um papel importante no avanço da tecnologia. No en-

tanto, com a procura de densidades de potência cada vez maiores surgem elevados fluxos

de calor cuja gestão eficiente é essencial para a fiabilidade e o desempenho de qualquer

componente. Os métodos de arrefecimento convencionais, como o arrefecimento a ar e

a água, têm limitações quando se trata de lidar com elevados fluxos de calor. Por essa

razão os metais lı́quidos têm ganho alguma popularidade devido às suas propriedades

termofı́sicas superiores.

Esta tese consiste em quatro secções: i) Fabricação do galinstan, da liga do MCM

e de três misturas de galinstan com partı́culas de MCM; ii) Testes de um protótipo de

convecção termomagnética; iii) Simulações COMSOL de uma bomba MHD de indução;

iv) Testes de dois protótipos de bombagem, um indutivo e o outro de condução.

Na primeira, fluidos magnetocalóricos com cargas de 2 wt%, 4 wt% e 6 wt% de partı́culas

de MCM misturadas em galinstan, uma liga metálica lı́quida à temperatura ambiente

foram fabricados e caracterizados. Tanto as propriedades das misturas fabricadas como

dos seus componentes foram morfologicamente, quimicamente, termofisicamente e mag-

neticamente caracterizadas. Uma transição magnética foi observada a T = 33.5 ºC nas mis-

turas, o que está em linha com o esperado para a liga de Gd-Si-Ge fabricada, permitindo

assim concluir que o galinstan não altera as propriedades magnéticas destas partı́culas.

As misturas foram posteriormente testadas num protótipo de um dissipador de calor

baseado em convecção termomagnética sob a ação de um gradiente térmico de 7 ºC.

Para além de explorarmos a propulsão de metal lı́quido por convecção termomagnética,

estudámos também a propulsão por magnetohidrodinâmica. Começámos por utilizar o
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software COMSOL para simular os perfis de velocidade esperados para um sistema de

propulsão por indução magnetohidrodinâmica, bem como todos os componentes necessários

ao seu funcionamento, como o campo magnético, as correntes induzidas e a força de

Lorentz.

Por fim, testamos dois protótipos, um de propulsão magnetohidrodinâmica por indução

baseado nas simulações COMSOL e o outro propulsão magnetohidrodinâmica via condução.

Tendo-se observado um fluxo considerável de galinstan para a bomba magnetohidrodinâmica

de condução durante esta fase do estudo para uma corrente de 5 A e campo entre 0.18 e

0.10 T.

Em sumário, na primeira parte da tese, misturas de galinstan com partı́culas de uma

liga de Gd-Si-Ge bem como os seus componentes individuais foram fabricados e car-

acterizados. Estes foram depois testados num protótipo baseado em convecção termo-

magnética. Um sistema de bombagem MHD de indução foi simulado em COMSOL e

tendo sido estudado o fluxo de galinstan em função da frequência do rotor. Por fim

dois protótipos de bombagem MHD foram testados: um por indução e o segundo por

condução. Tendo-se observado no segundo um fluxo considerável de galinstan no canal.
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Chapter 1

Motivation

Power semiconductor devices are increasingly important in our society, with applications

ranging from renewable energy systems to electric vehicles and industrial automation

markets [1]. These devices handle high power densities and switching frequencies, en-

abling efficient power conversion and control. However, the increasing power require-

ments and miniaturization of electronic systems have led to higher heat fluxes generated

by these devices [2], as can be seen in Figure 1.1a). High temperature is the main cause

behind the malfunction or failure of electronics [3]. Figure 1.1b) shows the failure factor,

which denotes the ratio of the failure rate at any given temperature to the failure rate at a

fixed temperature of an electronic device as a function of temperature. It is evident from

this figure that beyond 75 ºC the failure rate of the device increases exponentially with

temperature. For that reason, effective thermal management is essential to ensure their

optimal performance, reliability, and longevity.

FIGURE 1.1: a) Number of transistors, heat flux and power consumption of microproces-
sor chips projections until 2022 b) Failure factor of a device as a function of temperature,

image from [4].

1



2 MAGNETIC FLUIDS BASED HEAT DISSIPATORS

Conventional cooling methods, such as air cooling, can only deal with small heat

fluxes, typically below 100 W/cm2 [5]. As can be seen in Figure 1.1a) air cooling solu-

tions are nowhere near enough to handle even current chip heat fluxes. For that reason,

there is a demand for new cooling alternatives capable of dissipating high heat fluxes (be-

tween 102 and 103 W/cm2 [6]) at operational time speeds. Liquid mini and micro-channel

cooling stands out as a technology capable of dealing with such heat fluxes, due to its

favorable thermophysical properties including higher thermal conductivity compared to

air [5]. Table 1.1 summarizes several thermophysical properties of different cooling flu-

ids, such as Ga68 In22Sn10 (galinstan), water and Ethylene glycol. Galinstan has a high

electrical conductivity, larger thermal conductivity when compared with water but lower

heat capacity. It was shown by Hodes et al. [7] that in their optimized configurations

a galinstan mini-channel should reduce the overall thermal resistance of the system by

about 40% when compared to an optimized water micro-channel. One advantage of us-

ing room temperature liquid metals (RTLMs) as a cooling fluid is that due to their high

electrical conductivity they can be wirelessly pumped, i.e. there is no need for mechanical

pumps. This pumping mechanism relies on principles of magnetohydrodynamics (MHD)

in which the coupling between magnetic field and current gives rise to a pumping Lorentz

force [8].

Some recent studies have gone one step further and have created mixtures of RTLMs

with magnetocaloric particles [9] [10]. This opens the possibility of pumping these mix-

tures through thermomagnetic convection, requiring only an applied magnetic field and a

thermal gradient. In the case of heat dissipators, this thermal gradient is already inherent

in the system, so the operation of this system would only need a magnetic field source,

which would greatly reduce the electrical consumption of the heat dissipator.

TABLE 1.1: Thermophysical properties of various cooling liquids, adapted from [11]. *
The physical properties of the fluid are based on a 60/40% ethylene glycol/water mix-

ture.

Property Unit Ga68 In22Sn10 Water Ethylene glycol*
Density kg/m3 6400 998 1107

Melting Point ◦C 11 0 -52.8
Specific Heat Capacity J/(kg ·◦ C) 365 4081 3284

Dynamic Viscosity Pa · s 0.0024 0.001 0.009
Electrical Conductivity S/m 3.46 · 106 5.5 · 10−6 3.2 · 10−6

Thermal Conductivity W/(m ·◦ C) 16.5 0.606 0.52



Chapter 2

Introduction and State of the Art

2.1 Liquid Metals

RTLMs are a distinct class of materials that possess the characteristics of both liquids and

metals. Unlike conventional metals, which typically exist in a solid state at room temper-

ature, RTLMs maintain a liquid form at ambient conditions. In nature there are only a

limited number of elemental RTLMs or near room temperature liquid metals (NRTLMs)

such as mercury (Tm = -39 ºC), francium (Tm = 21 ºC), gallium (Tm = 30 ºC) and cesium (Tm

= 28 ºC), although issues such as radioactivity in francium and cesium limit their applica-

bility. Due to the limited number of elemental RTLMs and NRTLMs, liquid metal alloys,

such as gallium-based alloys and NaK, have become popular alternatives for various ap-

plications [12][13] [14]. These are used in a variety of applications, from liquid mirror

telescopes [15], liquid metal photonics [16] to flexible electronics [17].

2.1.1 Mercury

Mercury (Hg) is perhaps the most well-known liquid metal. Due to its high thermal con-

ductivity, it was historically used as the cooling fluid for the Clementine nuclear reactor

[18]. However, the toxicity [19] associated with mercury as well as its relatively high va-

por pressure that increases exponentially with temperature [20] limit its use nowadays.

In fact, the European Union banned in 2017 several products containing mercury, such as

thermometers, barometers and some electronic equipment [21].

3



4 MAGNETIC FLUIDS BASED HEAT DISSIPATORS

2.1.2 Sodium Potassium Eutectic Alloy

NaK is an eutectic alloy, meaning it consists of a mixture of elements resulting in the low-

est possible melting point of the mixture as shown in Figure 2.1. The eutectic composition

for NaK occurs at approximately 77.5% potassium (K) and 22.5% sodium (Na), which

gives a melting point of around -12.6 ºC [22].

FIGURE 2.1: Representation of a eutectic point on a two-component phase diagram. im-
age from [23]

Due to its relatively low vapor pressure, higher boiling point and lower toxicity, sodium

potassium alloys as well as sodium alloys served as substitutes for mercury in several ap-

plications. In fact, this sodium alloys have been employed as coolants in nuclear power

plants, in space applications such as satellites and more recently in CPUs [24] [25] [26].

While NaK has significant advantages as a RTLM coolant, its use presents some limita-

tions associated with its high reactivity when in contact with water or humid air [27].

2.1.3 Gallium-based alloys

Gallium is an element with low toxicity and extremely low vapor pressure at room tem-

perature [28]. Since gallium’s melting temperature is slightly above room temperature (30

ºC) it is commonly alloyed with indium and tin to reduce its melting point (from 30 ºC to

11 ºC in the case of galinstan). The Ga-In-Sn phase diagram is represented in Figure 2.2.

Galinstan and Eutectic Gallium-Indium,Ga75.5 In24.5, (EGaIn) are two of the most pop-

ular gallium based RTLM alloys with melting temperatures of 11ºC and 15.5ºC, respec-

tively [29]. These alloys have several advantageous characteristics such as high thermal

conductivity, low viscosity, and relatively high electrical conductivity [30]. Galinstan for
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example is used today as a substitute of mercury in thermometers [31] and as substi-

tute for thermal paste, due to its higher thermal conductivity, for example in the Sony’s

Playstation 5 console [32]. For the past 20 years, gallium-based alloys have been stud-

ied as cooling fluids for the management of high heat flows. However, the use of liquid

gallium-based alloys has some challenges, namely its price (upwards of 35 $/ml with

the used reagents), its corrosive nature towards some metals (alluminum, copper, among

others [33]) and the development of a thin oxide layer on its surface when exposed to air,

which may limit its applicability [34].

FIGURE 2.2: Ga-In-Sn phase diagram, image from [35].

To circumvent the corrosive nature of these alloys, coatings can be applied to the met-

als thus preventing direct contact with the fluid [36]. As for the surface oxide layer, this

can be etched away using NaOH [37] or HCl [38]. Although the oxide layer is detrimental

for some applications, it is essential for others. The oxide layer gives the fluid the abil-

ity to mechanically stabilize itself in non-equilibrium positions. Without the oxide layer

the fluid, due to its high surface tension, would simply bead up [39]. This effect can be

observed in Figure 2.3 in which the liquid metal is initially in a non-equilibrium state be-

cause of the oxide layer. Afterwards, the EGaIn is exposed to acid removing the oxide

layer, resulting on the bead up of the metal. The existence of the oxide layer thus allows

for applications in microfluidics [40], 3D printing [41] amongst many others.

Gallium-based alloys, particularly galinstan due to its low melting point, is a more

viable solution for near room temperature cooling applications than mercury and NaK,
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which is toxic and highly reactive with air respectively.

FIGURE 2.3: a) Liquid metal droplet in non-spherical shape due to the oxide layer; b-c)
Removal of the oxide layer with acid (HCl); d) Liquid metal droplet beads up due to the

high surface tension, image from [39].

In recent years, RTLMs have been mixed with magnetocaloric particles [9][10], thus

allowing to control the fluid by the simple application of a magnetic field. This makes it

an interesting fluid for various areas such as microfluidic applications [42], electronics [43]

and refrigeration [9]. However, to the best of our knowledge, these mixtures of RTLMs

with magnetocaloric particles have not yet been applied in thermomagnetic convection

circuits. These circuit systems would allow the fluid to be pumped by only a magnetic

field and a thermal gradient.

2.2 Magnetocaloric Effect

The magnetocaloric effect (MCE), first discovered in 1881 by E.Warburg [44], is an intrinsic

property of all magnetic materials. The ordering of the magnetic moments of the material

when subjected to a magnetic field will reduce the entropy associated to the magnetic

moments sub-system. If this magnetization process is adiabatic and reversible, the total

entropy of the system does not change hence, there has to be an increase of the entropy
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of the lattice in order to compensate the entropy reduction from the magnetic moment

system. Consequently, this leads to an increase in the materials temperature [45].

The MCE is usually quantified either by the isothermal entropy variation (∆SM), blue

vertical line on Figure 2.4, or by the adiabatic temperature change (∆Tad), black horizontal

line on that figure, under a magnetization or demagnetization process of a material.

FIGURE 2.4: Entropy vs temperature plot in which the dotted line represents the com-
bined lattice and electronic entropy, the dashed lines represent the magnetic sub-system
entropy under different magnetic fields (H0 and H1) while the solid lines show the com-
bination of both. The isothermal entropy change and the adiabatic temperature change
are also illustrated by the blue vertical and black horizontal lines respectively, image

adapted from [46].

The MCE serves as the foundation to construct thermodynamic cooling cycles, achieved

through the magnetization and demagnetization of magnetocaloric materials and the heat

exchanged with a carefully selected heat exchanger, Figure 2.5.
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FIGURE 2.5: Schematic of a magnetic refrigeration cooling cycle. a) Adiabatic magne-
tization of the material resulting in an increase of its temperature; b) Removal of heat
from the material via an heat exchanger while maintaining the applied magnetic field;
c) Adiabatic demagnetization of the material resulting on the decrease of the material’s
temperature; d) Material absorbs heat from the surroundings thus increasing its temper-

ature. Image from [47].

A magnetocaloric cooling process was first demonstrated in 1933 by Giauque and

MacDougall, reaching temperatures as low as 250 mK through adiabatic demagnetiza-

tion [48]. Presently, this technology finds applications in cryogenic temperatures, pow-

ering sub-kelvin cryostats, and is currently being explored for hydrogen liquefaction [49]

[50]. It is also used in room temperature applications, boosted by the discovery of the gi-

ant magnetocaloric effect near room temperature in Gd5Si2Ge2 by Pecharsky in 1997 [51].

Although there is still a long way to go for this technology to be competitive with current

vapor compression cooling technologies it can already be found in the market on some

specific applications such as beverage coolers [52] [53].

2.2.1 Measurement of the MCE

The MCE can be quantified through both direct and indirect measurement techniques

[54]. Direct measurements of ∆Tad consist on the direct measurement of the materials´s

temperature change when subjected to a magnetic field intensity variation in adiabatic

conditions. This type of measurement is not common in the scientific/engineering com-

munity as it can be quite challenging due to the requirement of adiabatic conditions and
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good thermal contact between the sample and the thermal sensor [55]. Indirect measure-

ments, on the other hand involve measuring the magnetization of the sample as a function

of the magnetic field at different temperatures. Using Maxwell’s relation from the equa-

tion (2.1) we can determine both the ∆SM and ∆Tad [56].

(
∂S
∂H

)
T
=

(
∂M
∂T

)
H

(2.1)

Rearranging the equation (2.1) and integrating under the magnetic field we obtain the

following expression for the ∆SM.

∆S(T) =
∫ H f

Hi

(
∂M(H, T)

∂T

)
H

dH (2.2)

Then, we can determine in a similar fashion the expression for ∆Tad having in mind

that in a adiabatic process dS = 0.

∆Tad(T) =
∫ H f

Hi

T
Cp(H, T)

(
∂M(H, T)

∂T

)
H

dH (2.3)

Comparing the equations (2.2) and (2.3) we can see that to determine the ∆SM we

only need to measure the magnetization as a function of the magnetic field for differ-

ent temperatures, something relatively trivial to measure in any standard magnetometer

equipment. As for the indirect measurement of ∆Tad we need both the measurements

of the heat capacity and magnetization of the material at different temperature and field

values. It is worth highlighting from the above equations that the magnitude of the MCE

is proportional to the derivative of the magnetization as a function of temperature, thus

being maximized in temperatures near a magnetic phase transition [57].

Figure 2.6 shows the ∆SM and ∆Tad as function of temperature for Gd5Si2Ge2 calcu-

lated using the equations above.



10 MAGNETIC FLUIDS BASED HEAT DISSIPATORS

FIGURE 2.6: a) Entropy change of Gd5Si2Ge2 as function of temperature from isothermal
measurements for a magnetic field variation of 2 and 5 T respectively in comparison with
the ∆S of Gd for the same values of magnetic field variation. b) Adiabatic temperature
change as a function of temperature of Gd5Si2Ge2 in comparison to Gd for magnetic field

variations of 2 and 5 T. Image from [51].

2.3 Thermomagnetic Effect

The thermomagnetic effect consists in inducing phase transitions on a ferromagnetic ma-

terial by supplying heat to a material when a magnetic field is being applied [58]. Consid-

ering a magnetized ferromagnetic material, by increasing its temperature, we will reduce

its magnetization value because we are inducing a misalignment of the magnetic mo-

ments through thermal energy. If we now continue to increase the temperature, we will

eventually reach the transition temperature, i.e, the Curie temperature (TC), where the

transition from a ferromagnetic state to a paramagnetic state takes place, thus resulting in

a sudden drop in the magnetization. The magnetic materials can be divided into two large

groups, those undergoing first-order (FOPT) and second-order (SOPT) phase transitions,

being identified by analyzing their free energy derivatives and their depedence on tem-

perature. In the case of materials presenting FOPT, the first derivative of the free energy

(magnetization in this case) is discontinuous across the phase transition, while materials

with SOPT show a discontinuity in the second derivative of the free energy (heat capacity)

[59].

Similar to the MCE mentioned in the section above, the thermomagnetic effect is also

larger when ∂M
∂T is larger, thus being maximized near the TC of the material. As can be
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seen in Figure 2.7, FOPT are much sharper than SOPT, hence presenting larger ∂M
∂T , so

materials with a FOPT generally present a larger thermomagnetic effect [60].

FIGURE 2.7: Magnetization vs temperature phase transition diagrams of a) second order
phase transition and a b) first order transition marked by the discontinuity of the M(T)

graph at TC, adapted from [61].

However, unlike SOPT materials, they exhibit large hysteresis, which in the case of

magnetic materials can be described as a mismatch between the magnetization response

of the material to the application and removal of an external magnetic field. Which in

turn results in a memory of their previous magnetic state even after the field is removed.

This leads to energy losses over a magnetization-demagnetization cycle and is typically

associated to the strong magnetovolume coupling exhibited by these materials. In fact,

this strong magnetovolume coupling is also responsible for the general poor cyclability

properties of these materials, as it typically leads to mechanical failure after several ther-

mal/magnetic field cycles [62].

The thermomagnetic effect can be harnessed for several applications, such as motors,

power generators [63] and self pumping of ferrofluids. Nikola Tesla proposed in 1889 the

first thermomagnetic motor, as depicted in Figure 2.8.
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FIGURE 2.8: Diagram of Nikola Tesla’s thermomagnetic motor, the armature A is at-
tracted to the magnet’s north pole N, being then heated by the gas burner H. When A
transitions from a ferromagnetic state to a paramagnetic state it will be pushed away
from the magnet because of the smaller magnetic susceptibility of material A at higher
temperatures, that will then cool down to the ferromagnetic state being then again at-
tracted to the magnet, thus resulting on the movement of the flywheel 13, image from

[64].

Regarding the thermomagnetic generators, the working principle is similar to the ther-

momagnetic motor from Figure 2.8. Considering a ferromagnetic material in a magnetic

circuit that uses a permanent magnet as a magnetic field source, changing its temper-

ature will result in a change of the magnetization of the material. As a result of this

temperature-induced variation in magnetization, the overall magnetic flux in the mag-

netic circuit changes[65]. This time variation of the magnetic flux now induces a voltage

in a coil wound along the magnetic circuit as a result of Faraday’s law of Induction [66].

Equation 2.4 represents the electromotive force ϵ induced in a coil with N turns by a time

varying magnetic flux ( dϕ
dt )

ϵ = −N
dϕ

dt
(2.4)

2.3.1 Thermomagnetic Convection

In recent years research has been done to harness the thermomagnetic effect to pump

ferrofluids for cooling applications. Ferrofluids are colloidal suspensions of ferromagnetic

or ferrimagnetic nanoparticles (typically below 10 nm [67]) within a carrier liquid such as

water or kerosene [68]. The magnetic particles are coated with a surfactant to prevent

agglomeration before being incorporated in the solvent.
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An example of a thermomagnetic convection cooling circuit is shown in the Figure

2.9. Since the magnetic susceptibility of the ferrofluid,around TC, is higher for lower tem-

peratures, the cold ferrofluid will be more strongly attracted to the permanent magnet

than the hot ferrofluid, thus generating a driving force actuating in the ferrofluid. The fer-

rofluid absorbs heat from the heat load, increasing its temperature and therefore reducing

its magnetic susceptibility, being pumped away from the permanent magnet and towards

the heat sink, where it will dissipate heat, cooling down and then returning to a state of

high magnetic susceptibility. The pumping force is highly dependent on the concentra-

tion of nanoparticles in the ferrofluid and in the intensity of the applied magnetic field.

Thus one can control the ferrofluid flow velocity by increasing the loading of nanoparti-

cles or by substituting the permanent magnet with an electromagnet, making it possible

to control the intensity of the magnetic field with the supply current and consequently

control the fluid flow.

FIGURE 2.9: Schematic of a self-pumped ferrofluid via thermomagnetic convection, im-
age from [69].

An interesting step forward now would be to combine the favorable thermophysical

properties of RTLMs, such as high thermal conductivity, with a thermomagnetic pumping

system with little to no electrical power consumption. Although there are many studies

in the literature on thermomagnetic pumping and magnetic fluid metals, to the best of

our knowledge there has not yet been any study harnessing the synergistic effect arising

from combining these two.

In this thesis, we aim to fill in this scientific and engineering gap through the develop-

ment of magnetic fluids by mixing galinstan and micro particles of Gd5Si2.4Ge1.6, due to
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its room temperature TC, following the work of Filipa Furriel’s thesis [70]. The production

of the magnetic fluid and results are discussed in chapter 3 and 4 respectively.

COMSOL simulations were also carried out on a MHD induction pumping system, as

well as testing two prototype MHD pumps, one via induction and the other via conduc-

tion, which are detailed and analyzed in chapters 3 and 4 respectively.

2.4 MHD Pumping

MHD is the field that studies the effects of the interaction between electrically conduc-

tive fluids and electric and magnetic fields [71]. Since the introduction of this topic to the

present day, several MHD systems have emerged with applications ranging from subma-

rine propulsion [72], energy harvesting [73] to liquid metal pumping [74] among many

others.

MHD pumping of liquid metals working principle relies on the Lorentz force that

arises from the combination of a current and a magnetic field, represented in equation 2.5.

F = J × B (2.5)

Where F is the induced Lorentz force, J the current density, and B the magnetic flux

density.

MHD pumps can be subdivided into two large groups, conduction pumps and induc-

tion pumps depending on the origin of the electrical current.

2.4.1 MHD Conduction Pumps

The operation of this type of pumps starts by applying an electric current through a con-

ducting fluid orthogonal to an applied magnetic field. As a consequence of equation 2.5,

the interaction of electric current and magnetic field generates a force that pumps the

fluid in a direction orthogonal to both. Figure 2.10 ilustrates the induced Lorentz force

upon the application of out-of-plane current and a in-plane magnetic field. There are two

main types of MHD conduction pumps, DC and AC conduction pumps. In the first, we

have a magnetic field perpendicular to an applied DC current. This type of pumps has

been widely used for pumping liquid metal for cooling nuclear reactors [75]. However,

in some fluids, the DC pumping can generate bubbles within the fluid (in the case of sea

water, the current induces the water electrolysis thus forming bubbles of hydrogen and
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oxygen), that not only reduces the pumping efficiency but also degrades the electrodes

[76]. In the case of AC conduction pumps an AC current, synchronous with an AC mag-

netic field, is applied through the conducting fluid, and for high enough frequencies the

reaction behind the production of the bubbles is reversed at high enough speed.

Some advantages of conduction MHD pumps are their simplicity and reliability due to

lack of moving parts. Some challenges are the requirement of high currents, and electrode

degradation from contact with the fluid.

FIGURE 2.10: Schematic of a DC conduction MHDs pump, image from [77].

2.4.2 MHD Induction Pumps

MHD induction pumps, as the name suggests uses alternating magnetic fields to induce

current in the fluid, as consequence of Lenz’s law, a Lorentz force will then appear from

the combination of the magnetic field and induced current. In comparison with MHD

conduction pumps, these pumps present better stability, efficiency and performance [78].

There are two main groups of MHD induction pumps depending on the source of alter-

nating magnetic field, that can be produced by: i) rotating permanent magnets (Figure

2.11); ii) electromagnets (or solenoidal coils).

FIGURE 2.11: Schematic of a rotating permanent magnet MHD induction pump, image
from [79].
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A system with permanent magnets presents several advantages when compared to the

use of coils, such as a less complex construction as well as a potentially higher efficiency

since the Joule losses are negligible [80]. On the other hand, a coil system allows for the

use of higher magnetic field frequencies which is essential to increase the magnitude of

the induced currents. Based on this knowledge, in this thesis we set out to study an MHD

induction pump based on rotating permanent magnets to pump galinstan into a mini-

channel for application in a heat dissipator in addition to the thermomagnetic convection

heat dissipator discussed on the section above.



Chapter 3

Experimental Methods

The work done in this thesis is divided into four main groups: i) Fabrication of galin-

stan, the magnetocaloric material (MCM) alloy and the mixtures of galinstan and MCM

particles; ii) Thermomagnetic convection prototype testing; iii) COMSOL simulations of

an MHD induction pump; iv) Testing of two MHD pumping prototypes, inductive and

conductive.

3.1 Galinstan production

The galinstan used throughout this thesis was produced following the experimental pro-

cedure reported by Isabela A. de Castro, et al. [81]. We started by measuring the mass of

a gallium ingot purchased from Fisher Scientific [82] with a purity of 99.99%. Given the

stoichiometry of galinstan (68:22:10) we determined the corresponding masses of indium

and tin to be weighed. The indium and tin ingots used were purchased from AlfaAeser

[83] and thermoscientific [84] respectivily and both reagents had a purity of 99.99%. The

reagents were weighted in a Kern® ABT 100-5M analytical balance.

The reagents were placed in a goblet immersed in a sand bath as can be seen in the Fig-

ure 3.1a). The temperature was set using a hot plate, and monitored with a thermometer

that was in contact with the goblet. The temperature was slowly raised, and the reagents

were thoroughly mixed throughout the melt with a glass stirring rod (a video of the galin-

stan preparation can be found here *). Despite the different melting points of the reactants

(30 ºC for Ga, 157 ºC for In and 232 ºC) the reagent mixture was already molten for a tem-

perature of 100 ºC. This can be explained by the liquid gallium dissolving the indium and

*https://drive.google.com/drive/folders/1UO7xhcNqNwQeVx5PNZDaRjcSfAHK0v3g?usp=sharing

Video of the galinstan production

17

https://drive.google.com/drive/folders/1UO7xhcNqNwQeVx5PNZDaRjcSfAHK0v3g?usp=sharing
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tin [35]. Nevertheless, we continued to heat and mix our melt until a temperature of 150

ºC was reached.

It is important to note, that the temperature measured does not correspond to the ac-

tual temperature of our mixture, since it is in direct contact with the goblet, and therefore

corresponds to an over-approximation of the actual temperature of the mixture.

Finally, we let the mixture cool down to room temperature, while maintaining its liq-

uid state. Then the galinstan was transferred to a small glass container (Figure 3.1b))

using a plastic pipette. During the transfer we made sure to avoid the oxide layer formed

in the surface of the galinstan.

FIGURE 3.1: a) Ga-In-Sn melting setup, an aluminum pan filled with sand is heated by
direct contact with an hot plate. A small goblet with the reagents is immersed in the
sand while being constantly mixed and its temperature measured with a thermometer;

b) Synthetized galinstan stored in a glass container.

3.2 Arc-Melting

The production of the Gd5Si2.4Ge1.6 button began with the measurement of the reactants

(Gd-Si-Ge) masses, according to the alloy´s stoichiometry, with an high-precision scale.

The reagents were then placed into an arc-melting furnace. The lower melting point

reagents were covered by higher melting point reagents to minimize potential evapora-

tion losses. In order to minimize the oxidation of the alloy during the melting and solid-

ification process, a vacuum of 10−5 mbar is established in the chamber, then the chamber

is filled with high purity argon (around 800 mbar), an inert gas, as a purging process. This
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purging is repeated three times before the first melt in order to strongly reduce oxygen

content in the chamber.

For the first melt we began by opening the water-cooling circuit in order to prevent

the melting of the copper base and the tungsten tip. Afterwards we place the tungsten

tip close to the copper (without touching) and set a high enough voltage difference be-

tween them resulting in an electric arc. Subsequently, we begin to heat up the titanium

getter since it absorbs gases, such as oxygen, when heated to temperatures above 700 ºC

[85]. Finally, with circular tip movements we begin to melt our sample, that due to sur-

face tensions gains a spherical shape. In between consecutive melts both the getter and

the button were flipped and the aforementioned protocol repeated until three melts were

accomplished.

The arc-melting furnace used was an Edmund Bühler AM 500, capable of reaching

temperatures of up to 3500 ºC. A schematic of the furnace can be seen in Figure 3.2.

FIGURE 3.2: Schematic of an arc-melting furnace, image from [86].

3.3 Magnetic Fluid

The fabrication of the magnetic fluid began by defining the different loadings of Gd5Si2.4Ge1.6

micro particles to be mixed in the produced galinstan. Three mixtures were fabricated

with nominal loadings of 2 wt%, 4 wt% and 6 wt%. These loadings correspond to the

mass percentages that we try to incorporate into our galinstan, which may differ from
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the percentage successfully incorporated into the galinstan experimentally. The masses

of magnetocaloric material were measured assuming a volume of 1 mL of galinstan. The

incorporation of the Gd5Si2.4Ge1.6 particles into the galinstan was done in a Aldrich® At-

mosBag glove bag in order to minimize the oxidation of galinstan during the fabrication

of the mixture. Figure 3.3 shows the used glove box as well as the required tools for this

process.

After sealing the glove box, a purging protocol was repeated four times by alterna-

tively establishing a low pressure (down to below 10 mbar with a vacuum pump) and

filling the glove box with high purity argon (99.9999% pure). After that, an agate mortar

and pestle were used to incorporate the magnetocaloric microparticles into the galinstan.

Then, the mixture was grinded until a homogeneous appearance was achieved †.

Afterwards the mixture is pipetted into an eppendorf and its magnetic properties are

tested by approximating an array of NdFeB permanent magnets. Even though the mixture

was fabricated in a glove box, it still developed a thin oxide layer in its surface. For that

reason the pipetting of the mixture was made as described in section 4.1.

FIGURE 3.3: Experimental material used for the production of the magnetic fluid, a glove
box, 1- Vacuum pump outlet; 2- Glass flask with the fabricated galinstan; 3- Eppendorfs
with the measured masses of Gd-Si-Ge alloy powder; 4- Array of squared NdFeB perma-

nent magnets; 5- Plastic pipette; 6- Agate pestle and mortar; 7- Inert gas inlet.

†https://drive.google.com/file/d/1Vem3PlUQjQHgyn8mtZrXEe1nP2JNYOCp/view?usp=sharing

Video of the fabrication of the magnetocaloric fluid

https://drive.google.com/file/d/1Vem3PlUQjQHgyn8mtZrXEe1nP2JNYOCp/view?usp=sharing
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3.4 X-Ray Diffraction

When x-rays interact with the atoms within a crystal they undergo diffraction, resulting

in constructive and destructive interference (Figure 3.4). This process yields a diffrac-

tion pattern, which carries valuable information about the crystal’s atomic arrangement.

Diffraction is possible with x-rays due to its low wavelength (λ), in the order of magnitude

of the interatomic distances.

FIGURE 3.4: Schematic of Bragg´s X-Ray diffraction formulation; at the left constructive
interference; at the right destructive interference, image from [87].

X-ray diffraction (XRD) can be explained by Bragg’s law, formulated by Sir William

Henry Bragg and his son Sir William Lawrence Bragg in 1913 [88]. Bragg’s law describes

diffraction according to equation 3.1.

nλ = 2dsin(θ) (3.1)

Constructive interference occurs when two times the spacing between crystal lattice

planes (d) times the sine of the incidence angle (θ) is equal to an integer multiple (n) of

the x-ray wavelength (λ). When this condition is met it results in a Bragg peak of the

diffraction pattern. Since the wavelength of the x-rays will be constant throughout the

measurements, the diffraction pattern will be obtained by probing x-ray intensity peaks

as a function of the incident angle. The spacing between crystal lattice planes in a cubic

(a = b = c), tetragonal (a = b ̸= c) or orthorhombic (a ̸= b ̸= c) cells can be related with

the lattice parameters a, b, c by equation 3.2.
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1
d2

hkl
=

h2

a2 +
k2

b2 +
l2

c2 (3.2)

Where h, k, l represents the Miller indexes, each peak corresponds to a given direction hkl

[89].

The XRD measurements were performed in a Rigaku® SmartLab XRD with the Smart-

Lab Guidance software. A 9 kW rotating anode with a copper target was used to produce

the x-ray radiation. The radiation used was Cu Kα with λ = 1.5418740 Å as a nickel filter

was used to filter out Kβ radiation. A Bragg-Brentano configuration with a θ-2θ geometry

was used, while 2θ was scanned from 10 º to 90 º with a step size of 0.01 º. With these

measurements we were able to determine the percentages of crystalline phases present in

our fabricated alloy through a LeBail refinement.

3.5 SQUID Magnetometry

A superconducting quantum interference device (SQUID) magnetometer is a type of in-

duction magnetometer. The magnetic moment is indirectly measured by measuring the

voltage change induced in a coil by a changing magnetic field of a moving magnetized

sample.

The signals induced in the pick-up coils by changing the vertical position of the sample

are then inductively coupled to the SQUID itself that measures voltage oscillations that

are quantified in units of flux quantas. Through previous measurements of a standard

callibrated sample, fit the voltage vs displacement curve, enabling the determination of

the magnetic moment.Then by dividing the total magnetic moment by the sample mass

or volume we are able to determine the magnetization.

The SQUID equipment used throughout this thesis was a Magnetic Properties Mea-

surement System 3 (MPMS3) from Quantum Design [90]. Its superconducting magnet

can generate magnetic fields up to 7 T. The temperature can also be controlled from 400 K

down to 1.8 K. The pick-up-coil geometry of the system is constituted by four supercon-

ducting coils (Figure 3.5). The two pairs of coils are set in a opposed series configuration

which removes contributions from external magnetic fields, such as the applied magnetic

field [91].
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FIGURE 3.5: Pick-up-coil geometry of a SQUID magnetometer, image from [90].

The SQUID was used during this work for two main purposes: to study the mag-

netic transition of the fabricated MCM powder and its MCE, and to study the mixtures of

galinstan with the MCM particles. For the powder, it is possible to estimate the TC of the

material using isofield magnetization as a function of temperature (M(T)) curves and to

quantify the magnetocaloric effect indirectly by measuring isothermal magnetization as a

function of magnetic field (M(H)) curves at temperatures around TC and using the equa-

tion 2.2 to determine ∆S. With regard to mixtures, SQUID measurements make it possible

to quantify the loading of mixed particles in the galinstan by comparing the M(H) curves

of the mixture with the M(H) curves of the MCM powder. Measurements of the magnetic

moment of fluids take extra care compared to powders. For example, it would not be

possible to obtain a viable measurement using VSM, since on we would spread the sam-

ple across the sample holder, thus invalidating the initial centering process of the sample,

which is one of the assumptions of these measurements. On the other hand, as the fluid is

conductive, if we used VSM we would be inducing currents in the sample which would

result in artifacts in the measurements.

3.6 SEM-EDS

The resolution limit achievable in a microscopy system is dependent on the wavelength

of the ”illumination” source used. In conventional optical microscopes this illumination
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is done using light that in turn has a high wavelength, which limits the resolution achiev-

able, around 200 nm, at best [92]. In scanning electron microscopy (SEM), since we are

using an electron beam, we can achieve better resolutions (1 to 20 nm) due to the reduced

and controllable electron beam wavelength.

The operation of the SEM begins by producing a beam of electrons which in turn

is accelerated by an electron gun, this beam is then focused and directed to the sites of

interest by a set of condenser lenses, scanning coils and objective lenses [93]. This beam

is directed within a chamber where the specimen under study is located, it is important

to note that both the chamber, the electron gun and all the path traveled by the electron

beam are under a high vacuum so that there is little particle intereference/scattering in

the focusing and scanning process with the electron beam [94].

The interaction between the electron beam and the sample produces a variety of sig-

nals, as can be seen in Figure 3.6, where secondary electrons, backscattered electrons and

characteristic x-rays stand out, which are acquired from a set of specific detectors posi-

tioned in the SEM sample chamber and then analyzed by the imaging software.

FIGURE 3.6: Various signals resulting from the interaction between an electron beam and
the sample, image from [95].

Each of these signals provides different information ranging from the topography of

the sample surface to its chemical composition. When the electron beam hits our sample,

secondary electrons are produced from the emission of electrons from the valence layers

of the constituent atoms of the sample. Since these electrons have a low energy (E <
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50 eV) only those coming from layers close to the material´s surface are detected, thus

containing information about the topography of the sample surface [96].

Backscattered electrons are more energetic electrons than secondary electrons and are

generated by elastic scattering of electrons from the main electron beam. The coefficient

of backscattered electrons created per number of total electrons strongly depends on the

atomic number of the sample, a higher atomic number results in a higher coefficient and

consequently a higher number of backscattered electrons. In this way these electrons can

be used to create images where the contrast is given by differences in atomic number in

the sample.

Characteristic x-rays are formed when electrons from an outermost layer decay to free

inner layers due to collisions with electrons from the beam. The energy of these emitted

x-rays is specific to each element, so it can be used to perform an elemental analysis of the

sample. These x-rays are detected and analyzed in the form of an intensity versus energy

spectrogram. This technique is called Energy-dispersive X-ray spectroscopy (EDS).

3.7 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a technique used to quantify the heat absorbed

or released by a material when its temperature is being controlled [97]. The DSC measures

the difference between the heat flow rate of a reference and the sample. The heat flow

is calculated by equation 3.3 where dQ
dt is the heat flow, Ts the sample temperature, Tr

the temperature of the reference and R the thermal resistance from the heat source to

the sample that is approximately equal to the thermal resistance from the source to the

reference.
dQ
dt

=
Ts − Tr

R
(3.3)

For the DSC measurements we defined two measurement protocols, one for Gd5Si2.4Ge1.6

powder and the other for samples produced with galinstan. The first protocol began by

measuring the MCM powder mass in an aluminum pan. The pan was loaded into the

DSC and its temperature was lowered down to -100 ºC, afterwards the temperature was

cycled between -100 and 100 ºC with a rate of 10 ºC/minute while recording the heat flow

as a function of temperature in a thermogram.

The samples with galinstan had to be measured with alumina pans since galinstan cor-

rodes aluminum [98]. Since we changed the sample holder, a recalibration of the machine
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was required. We started by measuring a new baseline with an empty alumina sample

holder. The new calibration was then validated by measuring the melting and solidifica-

tion of a certified indium standard. Afterwards, we measured the galinstan samples mass

and loaded them in the DSC and after cooling it down to -100 ºC the temperature was

cycled between -100 and 100 ºC at a rate of 10 ºC/minute.

From a thermogram, such as the one in Figure 3.7, one can identify if an event is

endothermic or exothermic (melting and crystallisation peaks in Figure 3.7 respectively),

as well as the temperature at which it takes place and the amount of heat involved.

All the DSC measurements were made with a TA Instruments® DSC25 calorimeter

at the Institute for Energy Technology (IFE), in Norway. With these measurements we

were able to determine the melting and solidification temperatures of our fluid, as well as

analyze the magnetic transition of our MCM.

FIGURE 3.7: Example of a DSC thermogram, image from [99].

3.8 COMSOL MHD induction pump

A finite element method (FEM) model was developed to simulate an MHD induction

pump in the COMSOL Multiphysics software. We started by creating the geometry of

our pump, as illustrated in Figure 3.8. It is made of a rotor with 12 embedded permanent

magnets with dimensions 5x3mm and a mini-channel with a diameter of four millime-

ters. The rotors velocity is modeled by setting a rotating domain from a moving mesh.

Afterwards we assigned materials to the various components, such as, galinstan to the

mini-channel, NdFeB to the permanent magnets and for simplicity air to the remainder of

the geometry.
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To simulate the problem, we imported three physics interfaces from COMSOL, the

magnetic fields (mf), the laminar flow (spf) and the magnetohydrodynamics (mhd).

FIGURE 3.8: Geometry design of the MHD induction pump on COMSOL: 2) galinstan
channel; 5-16) NdFeB permanent magnets. The remaining geometry is composed of air.

Magnetic Fields (mf)

The magnetic fields interface starts by setting a magnetic insulation in the outer bound-

ary of our geometry and solves the Maxwell equations for the entire geometry by setting

an ”Ampère’s Law” interface. Afterwards with the ”magnets” embedded interface, we

define our permanent magnets by setting their magnetic properties according to the cor-

responding material and define the magnetic poles. In our setup the permanent magnets

are alternatively magnetized.

Laminar Flow (spf)

The galinstan flow is modelled in the Laminar Flow interface by solving both the Navier-

Stokes and the continuity equation for incompressible fluids. As for the boundary condi-

tions we manually selected the walls of the channel and defined a no slip condition.

Magnetohydrodynamics (mhd)

Finally, to couple both the fluid flow, the magnetic fields, and the induced currents we

used the magnetohydrodynamics interface. A Lorentz force was introduced by coupling

the alternating magnetic field of the rotating permanent magnets with the induced cur-

rents generated via Lenz’s law by equation 3.4.
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F = J × B (3.4)

The interface also solves Ohm’s law for the current density J of a conducting fluid

moving with a velocity u in a magnetic field B (equation 3.5).

J = σ(E + u × B) (3.5)

3.8.1 Meshing and Studies

After defining the physics of the problem, we applied a mesh to the entire geometry.

Additionally, two studies were performed, firstly a stationary study in which both the

magnetic fields and fluid flow equations are solved. Since there is no movement, we are

only solving for an initial stationary magnetic field thus we are not inducing current in

the galinstan. Afterwards we performed a time dependent study, while setting the results

of the stationary study as initial conditions.

The time dependet study allows the analysis of the temporal evolution of the magnetic

field, as well as for the induced current densities in the fluid. We were also able to study

the velocity of the fluid inside the mini-channel and the induced Lorentz forces.

3.9 Thermomagnetic cooling circuit prototype

In order to study the thermomagnetic convection of the produced magnetic fluids we

built the setup pictured in Figure 3.9. It consists of an acrylic mini-channel with 4mm

of diameter. The channel is filled with the magnetic fluid and a temperature gradient is

imposed using a TEC1-12706 Peltier. The thermal contact between the fluid and the Peltier

was achieved with copper tape. Finally, an array of 6 Nd-Fe-B permanent magnets with

20 x 20 x 2 mm dimensions, was set near the heat load part of the circuit, as portrayed

in Figure 2.9. The magnetic field intensity was also studied as a function of distance as

represented on Figure 3.10. As we can see the magnetic field intensity varies between 0.18

(at 5mm from the surface) and 0.10T (at 9mm from the surface) on the channel.
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FIGURE 3.9: Experimental setup of the thermomagnetic cooling circuit; 1- Thermal cam-
era; 2- Peltier with copper tape; 3- Array of squared NdFeB permanent magnets; 4-

Acrylic mini-channel; 5- Produced magnetic fluid.

FIGURE 3.10: Magnetic field intensity of the permanent magnet array as a function of
distance measured with a Gauss meter, the vertical lines represent the magnetic field in

the boundaries of both walls of the magnetic fluid chanel.

The thermal camera used is an Optris Xi 400, which takes its measurements using

infrared (IR) radiation. As the fluids used are metallic (and hence highly reflective), it is

difficult to see small flow rates with the naked eye, making it essential to use a thermal

camera to identify them.
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3.10 Magnetohydrodynamics cooling circuit prototype

Two home-made prototypes based on MHD pumping were tested. The first one is a

follow-up to the COMSOL simulation, based on induction of currents in the galinstan

using an alternating magnetic field. While the second one relies on the coupling between

a static magnetic field perpendicular to an applied DC current.

3.10.1 MHD induction pump

The MHD induction pump prototype is made of a rotor with 12 permanent magnets

moved by a DC motor, and a 3D printed PLA channel with 4mm of diameter as can be

seen in Figure 3.11. The rotor is set in plane with the channel thus a in plane rotation gen-

erates out of plane current loops within the galinstan. The coupling between the current

loops and radial magnetic field will then generate a tangential Lorentz force in the fluid.

FIGURE 3.11: Experimental setup of the MHD induction cooling circuit; 1- Peltier with
copper tape; 2- 3D printed PLA channel; 3- DC motor; 4- Rotor with embedded NdFeB

permanent magnets; 5- Produced galinstan.

3.10.2 MHD DC conduction pump

The MHD conduction pump prototype is made of two concentrical electrodes made of

copper and stainless steel respectively, and an array of 6 Nd-Fe-B permanent magnets

with 20 x 20 x 2 mm dimensions, as can be seen in Figure 3.12. The permanent magnets
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are set below the electrodes generating a field in the z direction. The magnetic field inten-

sity as a function of distance of the magnets is represented on Figure 3.10. By now setting

a potential difference between the electrodes we get a radial current passing through the

fluid. The coupling between the radial current (at red in the figure below) and the mag-

netic field in the z direction (at green in the figure below) we get a tangential Lorentz force

(at yellow in the figure below).

FIGURE 3.12: Experimental setup of the MHD DC conduction cooling circuit; 1- Stainless
steel electrode; 2- Galinstan channel; 3- Copper electrode; 4- Plastic cover; 5- Array of
squared NdFeB permanent magnets. Vectors of magnetic field (at green), current (at red),

and Lorentz force (at yellow) are also represented.





Chapter 4

Results

4.1 Galinstan

Firstly, we did a morphology and elemental composition analysis of the produced Ga-

In-Sn alloy with SEM-EDS, obtaining the spectrum represented in Figure 4.1. From that

analysis was possible to determine the elemental composition of the sample, obtaining 68

wt% Ga, 22 wt% In, 10 wt% Sn. These results are in line with the intended galinstan alloy

(Ga68 In22Sn10), however it should be noted that these measurements have an associated

uncertainty of up to 5%.

FIGURE 4.1: SEM-EDS spectrum of the produced Ga-In-Sn alloy as well as a SEM image
of the liquid metal (inset).

33
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It is important to note that the SEM-EDS measurement is made on a small section (few

squared micrometers) of the total sample. For this reason, we cannot claim that the entire

sample has the same determined Ga-In-Sn composition.

The produced alloy was then further characterized with DSC measurements. The ther-

mogram corresponding to the heating and cooling of the liquid metal is represented in

Figure 4.2. It is easy to notice right away that the melting temperature of the alloy (red

curve) differs from its solidification temperature (blue curve). This is not uncommon in

the literature and has been documented in several liquid metals, including galinstan [100]

[101]. This phenomenon is called supercooling and is characterized by the solidification

of the material at a temperature below its melting temperature, this difference in tempera-

ture is called the degree of supercooling, as defined in equation 4.1 where Tm is the melting

temperature and Ts is the solidification temperature [102]. Physically, supercooling can be

understood as an extra energy barrier to overcome originating from short-range ordering

within the liquid[35].
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FIGURE 4.2: DSC thermogram of the fabricated Ga-In-Sn alloy from -100 ºC to 100 ºC,
after being cooled from room temperature down to -100ºC the sample is heated up to 100

ºC (red curve) and then cooled down to -100 ºC (blue curve).
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∆T = Tm − Ts (4.1)

From the literature, the melting temperature is reported both as -19 ºC [35] and 11 ºC

[103], the first referring to its solidification temperature.

Analyzing now the curve corresponding to the heating protocol, we can see that there

is a partial overlap of two peaks in a transition that onsets at T=9.8 ºC, as can be seen from

the thermogram zoom in Figure 4.3. This leads us to the hypothesis that the melting of

our alloy is not entirely homogeneous. MingJiang et al. [104] obtained for a Ga-In-Sn alloy

(similar to galinstan in composition (Ga69 In21Sn10)) a melting peak with a shape similar

to the one obtained in this work. Handschuh-Wang et al. [105] studied both galinstan

and eutectic Ga-In-Sn, Ga68.5 In21.5Sn10 (EGaInSn), with DSC, for the EGaInSn he obtained

a similar peak as the one in Figure 4.3. Regarding the galinstan, the authors obtained

two separated melting peaks. Turning now to the melting point itself, we see that it is

relatively lower than the 11 ºC documented in the literature [103].

FIGURE 4.3: DSC thermogram zoom on the melting peaks observed during heating pro-
tocol.

Regarding the cooling protocol curve, we observe a more complex behavior. From the

scan of Figure 4.2 we can identify two separate transitions, the first at 0.6 ºC and the other

around -26 ºC. A similar thermogram for the cooling ramp was obtained in [104], with a

first small transition around 0 ºC and a larger one at a lower temperature corresponding
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to the actual solidification of the sample. The first peak, as explained in [106], is due to

the development of a short-range order in one metallic phase. While the second peak

represents the long-range solidification of the sample. It is worth noting that there is no

consistent data in literature of the DSC of the solidification of galinstan. Some authors

report the appearance of three peaks during the cooling protocol [70] [106], while others

present similar results to those obtained in this work with only two peaks [104] [9]. This

can somewhat be explained by the existence of different phases within the Ga-In-Sn alloy

coming from different fabrication methods, thus altering the number of measured peaks

as well as the position of the peaks in the thermogram. Comparing the value obtained

for the solidification temperature with the reported value of -19 ºC [106], we see that the

value obtained is lower, possibly due to deviations from the expected composition of the

alloy.

Other important thing to take into account regarding the position of the peaks is that

it changes with different heating and cooling rates for example, the temperature of the

melting peaks increases with increasing heating rate [107].

4.2 Magnetocaloric Particles

Using FullProf software, we carried out a LeBail refinement of the measured diffrac-

togram. Figure 4.4 shows the fit obtained against the experimental pattern, as well as

the statistics associated with it.
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FIGURE 4.4: LeBail refinement performed on the XRD pattern of the fabricated
Gd5Si2.4Ge1.6 powder. The red points represent the observed intensities (yobs), the black
curve the calculated intensities (ycalc), the blue curve yobs − ycalc and the green one the

Bragg position.

As we can see from the graphical analysis of Figure 4.4 the peaks are mostly all in-

cluded in the fit. So despite the Rwp of our fit being large, this can be attributed to the low

absolute intensity of our XRD pattern, which in turn increases the value of Rwp.

The fit included the Orthorhombic phase I (the expected phase for a sample with our

stoichiometry) and the Monoclinic phase, from which it was possible to determine the

percentages of these phases in the Gd-Si-Ge powder. The results were of approximately

75% of the Orthorhombic phase and 25% of the Monoclinic phase. Tabel 4.1 has the lattice

parameters used on the LeBail refinement for both phases [108].

TABLE 4.1: Lattice parameters used for the Orthorhombic I and Monoclinic phases in the
LeBail refinement.

Orthorhombic I Monoclinic
a (Å) 7.5041 ± 0.0001 7.5884 ± 0.0004
b (Å) 14.7749 ± 0.0003 14.7857 ± 0.0003
c (Å) 7.7861 ± 0.0001 7.7849 ± 0.0003
α (º) 90 90
β (º) 90 90
γ (º) 90 92.750 ± 0.005

The MCPs were then analyzed with SEM, Figure 4.5a) shows the resulting SEM mi-

crograph of the powder and an inset with the EDS spectrum. The micrograph shows, as

expected, a non-uniform distribution of particle sizes at the micrometer scale. From the
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EDS analysis we obtained an atomic percentage of Gd 60%, Si 24% and Ge 16%. Compar-

ing this composition with the expected 56:27:18, we can see that the values obtained with

a maximum associated uncertainty of 5% cover the expected composition.

Using the ImageJ software, we analyzed the sizes of the particles in the figure below,

obtaining the following histogram. A lognormal fit was then performed to the data, with

a mean length of particles of 1.08 µm as can be seen in Figure 4.5b).

FIGURE 4.5: a) SEM micrograph of the produced Gd-Si-Ge powder. Inset image shows
the EDS spectrum and atomic percentages obtained for the alloy. b) Histogram of the

particle length distribution with a lognormal fit.

Regarding the magnetic characterization of the Gd-Si-Ge powder, we began by deter-

mining the Tc. For that, we measured the isofield (1000 Oe) magnetization as a function

of temperature curves from -268.2 to 100.9 ºC for cooling and heating, respectively, repre-

sented in Figure 4.6. From the analysis of the data, we see that the material undergoes a

single magnetic phase transition which assures us that we have a material mainly com-

posed of a single phase, as proven by XRD measurements in Figure 4.4. Despite having

25% of Monoclinic phase, it is not unusual for this alloy not to present two magnetic tran-

sitions in the M(T) curves [109].

In order to estimate the Tc we can determine the temperature at which the derivative

of magnetization as a function of temperature is maximum. From the inset of Figure

4.6 we can see that the determined Tc was 33.8 ºC and 34.1 ºC for cooling and heating

respectively. The produced particles have, as expected, a magnetic transition at slightly

above room temperature, which is required as we intend to fabricate a room temperature

heat dissipator based on thermomagnetic convection. This alloy has a magnetic transition
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referenced at 32.9 ºC [108], since the Tc calculated is practically 1 ºC higher, this small

difference can be attributed to the fact that the measurements were taken on different

machines and under slightly different measurement protocols and to slight stoichiometry

differences.
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FIGURE 4.6: Isofield (1000 Oe) magnetization as function of temperature for a cooling and
heating protocol, red curve for cooling and blue curve for heating. Inset image represents
the calculated magnetization derivative in order of temperature as well as the determined

values of Tc for cooling and heating.

In order to quantify the MCE of our sample, we began by measuring isothermal M(H)

curves. The curves were measured for temperatures between -3.2 and 66.9 ºC with a step

of 2 ºC, under magnetic fields from 0 to 7 T. Figure 4.7a) shows the measured M(H) curves,

where in blue we have the curves in which the material is in its ferromagnetic state, while

the red curves represent the M(H) curves of the material in its paramagnetic state.

Using equation 2.2, we obtained the graph in Figure 4.7b) that represents the entropy

variation of our material as a function of temperature for a magnetic field of 7 T. The en-

tropy change of the material peaks at -9 Jkg−1K−1 for a temperature of around 36.9 ºC.
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Filipa Furriel et al. [70], obtained for the same alloy an entropy change of -6 Jkg−1K−1 at

34.9 ºC for a magnetic field change of 5 T. Calculating the change in entropy with the same

data but for a change of 5 T, we obtain approximately -7.2 Jkg−1K−1, which is higher than

that obtained in [70]. Since there are several factors that influence the entropy variation of

the material, such as particle size [110], microstructure [111], induced strain [112], chem-

ical disorder, we cannot conclude that this difference is due to changes in the expected

stoichiometry.

FIGURE 4.7: a) Isothermal M(H) curves measured around TC , blue and red curves cor-
responding to a temperature below and above TC respectively. b) Calculated entropy

variation as a function of temperature connected with an spline.

The magnetic phase transition was further analyzed by DSC. Figure 4.8 shows the

obtained thermogram from which we can see a transition at around 30 ºC for both heating

and cooling curves. This difference in temperature compared to the temperature obtained

by the SQUID measurements can be explained by the fact that the DSC measurements

were taken at zero magnetic field and under different heating and cooling protocols. In

the heating curve we see that upon the ferromagnetic to paramagnetic state, the sample

absorbs heat. As for the cooling curve, we observe an exothermic process characterized by

the release of heat by the sample as it goes through the paramagnetic to the ferromagnetic

state.
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FIGURE 4.8: DSC thermogram zoom on the melting peaks.

4.3 Magnetic fluid

After the production of the mixtures of galinstan with Gd5Si2.4Ge1.6 powder we began to

test their magnetic actuation upon the approximation of a permanent magnet. A video of

the results can be consulted on the link in the footer below *. As expected, the magnetic

actuation has an upward qualitative trend with the increase in the percentage of MCM

incorporated into the galinstan.

The mixtures were analyzed using SEM-EDS in order to visualize the distribution of

particles in the galinstan liquid matrix. Figure 4.9 shows the results obtained from the

SEM-EDS analysis of the mixture with 6wt% of MCM. The micrograph shows the matrix

of galinstan with microparticles of MCM at its surface, confirmed with the EDS spectrums

identified as Z1 and Z2 respectively.

It is also important to note right away that the particle distribution within the galinstan

is not uniform which was to be expected, since the size distribution in the powder was

large. The sample is composed of mainly galinstan with some clusters of magnetocaloric

particles.

*https://drive.google.com/drive/folders/19Ex9wHFbvNbCeuqdJOyJGKzo9RFmqded?usp=sharing

Videos showing the magnetic actuation of the three produced mixtures

https://drive.google.com/drive/folders/19Ex9wHFbvNbCeuqdJOyJGKzo9RFmqded?usp=sharing
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FIGURE 4.9: a) SEM image of the produced mixture of galinstan with 6wt% of micropar-
ticles of Gd5Si2.4Ge1.6; b) EDS spectrum of element Z1; c) EDS spectrum of element Z2.

The mixtures were then magnetically analyzed with SQUID. Starting by measuring

the magnetization as a function of temperature, we obtained the results presented in Fig-

ure 4.10. We can see that we still have a singular magnetic phase transition, which in-

dicates that no new magnetically ordered phases are generated from our Gd-Si-Ge alloy

when it is mixed with galinstan.

Through the analysis of the magnetization derivative as a function of temperature,

we were able to estimate the TC of our mixture, as seen in the inset image of Figure 4.10.

Obtaining a TC of 33.5 ºC, which correlates nicely with the values obtained for the Gd-Si-

Ge powder. This further reinforces the idea that, at least in the short to medium term (at

least 3 months), galinstan does not alter the properties of the magnetic transition of our

MCM. It is also worth noting the presence of a small artefact in the graph at T = -16.2 ºC

which could be due to the solidification of the galinstan.
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FIGURE 4.10: Isofield (1000 Oe) magnetization as function of temperature for the cooling
of a mixture of galinstan with 2 wt% of Gd5Si2.4Ge1.6. Inset image represents the calcu-
lated magnetization derivative in order of temperature as well as the determined value

of TC.

The nominal loadings of magnetocaloric particles in the respective mixtures (2 wt%,

4 wt% and 6 wt%) have been mentioned throughout this thesis. However, it is to be

expected that the ”real” values are smaller than the nominal ones because at the end of

the transfer of the mixtures produced into eppendorfs, particles were visible in the mortar

along with the layer of oxidized galinstan left behind.

In order to quantify the actual loading in the mixtures, we again performed SQUID

measurements of our samples. The loadings were determined by comparing the satura-

tion magnetization M(H) curves at T = -263.2 ºC of our alloy powder and the respective

mixture under study. Figure 4.11 a) shows the M(H) curve measured at -263.2 ºC for the

Gd-Si-Ge powder and Figure 4.11 b) the M(H) cuurve measured for the sample of the

galinstan mixture with a nominal loading of 2 wt%. First, a linear fit was made at the
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high-field region of the M(H) curves in order to determine the slope. The slope poten-

tially associated with minor fraction of paramagnetic phase was then subtracted from the

M(H) curves to remove the paramagnetic component in order to determine the saturation

magnetization, the resulting curves are shown in red in Figure 4.11. In this way we were

able to extract the values of the saturation magnetizations, obtaining for Gd-Si-Ge pow-

der a value of approximately 196 emu/g. By dividing the values of the non-normalized

saturation magnetization obtained for the various mixtures by the value of the saturation

magnetization of the Gd-Si-Ge powder, we obtain an estimate of the mass of Gd-Si-Ge

present in the sample. Now to determine the loading of MCM in the sample we only

need to divide this value by the total mass of the sample.

FIGURE 4.11: M(H) curves at T = -263.2 ºC for the - a) Gd-Si-Ge powder; b) galinstan
mixture with a loading of 2%. The curves at black represent the original measured curves

while the red ones stand by the curves without the linear component.

The results of the loadings of the different mixtures are shown in Table 4.2. Initially,

three M(H) measurements were taken, one for each mixture. However, as can be seen in

the figure below, the loading obtained for the 2 wt% sample is the highest among the three,

contrary to the expected. As we saw above, the magnetic actuation of the samples to the

approach of a permanent magnet was found to be stronger as expected due to the higher

loading. The results obtained are therefore a potential indicator of the non-uniformity

of our samples, as seen in the SEM images. For this reason, we decided to make a new

set of measurements on the different samples from each of the three mixtures in order to

highlight potential loading variability within the mixture, represented in the last row of

the table below.
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Comparing the two sets of measurements, we can see that there is considerable vari-

ability between the two. In the second set, the loading determined for 6 wt% is three times

larger compared to the previous one, while the other two loadings drop their value to al-

most half of the previous one. These results confirm the non-uniformity of our mixtures,

so care should be taken on using this method to estimate the loading in the mixtures.

This lack of uniformity comes from several factors, the most obvious being the non-

uniform incorporation of the particles during the fabrication of the mixtures. Another

factor is the effect of exposing the sample to a magnetic field, because when ferromagnetic

particles are attracted to the magnetic field, they eventually form clusters of particles due

to dipolar interactions between particles. Therefore, removing the magnetic field does not

necessarily result in the particles returning to their original position in the liquid matrix.

Another important feature to take away from the results is that all the loadings cal-

culated are far below the expected loading. This can be explained, as mentioned above,

by the particles that are still visible in the mortar that have not been incorporated during

the fabrication of the mixtures. However, this is not the only factor responsible for the

reduction in real loading. Some of the particles in the mixture are lost on the walls of

the eppendorf where they are stored, as well as in pipettes that are used to transport the

mixtures and prepare samples. In the future this can be reduced by storing the mixtures

on containers filled with an acidic solution.

TABLE 4.2: Calculated loading percentages for the two sets of measurements of the three
fabricated mixtures.

Calculated Loading(%)
Measurement Number 2wt% 4wt% 6wt%

1 0.24 0.04 0.12
2 0.14 0.03 0.35

The mixture was further analyzed using DSC, Figure 4.12 a) and b) show the com-

parison between the thermograms obtained for the galinstan above and the mixture of

galinstan with 6wt% of the Gd-Si-Ge alloy for heating and cooling protocols respectively.

Regarding the melting of the sample, we again detect a peak formed by the overlap-

ping of two peaks. As for the relative position of the peaks, we observed that the melting

of the mixture occurs at a slightly lower temperature. Now looking at the cooling proto-

col, we still have two peaks that occur at slightly higher temperatures. These differences

between the positioning of the peaks in the two thermograms for the galinstan and the

magnetic fluid can be attributed to the fact that we are dealing with slightly different

phases of galinstan in the two samples and not so much to the particles in the mixture.
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FIGURE 4.12: DSC thermogram of galinstan at black and of a mixture of galinstan and
6wt% of Gd5Si2.4Ge1.6, of - a) heating ramp; b) cooling ramp.

In order to observe the magnetic transition of Gd-Si-Ge in our mixture, we zoomed in

on the thermogram in the vicinity of the Curie temperature, as can be seen in Figure 4.13.

A comparison of the curves for the mixture and Galinstan shows no magnetic transi-

tion. This is most likely due to the low loading of magnetocaloric particles in the mixture,

a similar result was obtained in [70].

FIGURE 4.13: Zoom of the DSC thermogram in the vicinity of the Curie temperature of
Gd-Si-Ge. The black curve represents the measurements in galinstan, while the red curve

represents the mixture with 6% loading.
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4.4 Thermomagnetic convection heat dissipator

We started by testing the prototype schematized in Figure 3.9 with a magnetic field in-

tensity on the channel between 0.18 and 0.10 T with a temperature gradient of around 7

ºC, but we were unable to observe any movement of the mixture. However, as the fluid

has a high reflectivity, it turns out to be quite complicated to observe small flows of the

mixture in the channel. For this reason, in order to really check whether there is any flow

of the mixture in the heat sink channel, we used the thermal camera to record the thermal

profile of our channel during the heating of the fluid in the vicinity of the Peltier with

and without the presence of the permanent magnets. Therefore, if there is a flow of the

mixture the heat dissipation should occur in a faster way than in the case where there

is no flow of our mixture, thus we would expect to find a discrepancy between the two

thermal profiles. Figure 4.14 shows the thermal profiles obtained for the cases without

(thermal profile a)) and with permanent magnets (thermal profile b)) 3 minutes after the

Peltier was turned on.

FIGURE 4.14: Thermal profiles recorded while heating the mixture with a Peltier - a) with-
out and b) with the presence of permanent magnets at t = 3 minutes. The temperatures
displayed for the measuring areas correspond do the mean value of all temperatures in-
side the area. It is important to note that a background corresponding to the profile at
t = 0 s (when the Peltier was switched on) has been removed from these profiles, so the
temperatures shown correspond to a temperature variation in regard to the initial tem-

perature.

From the analysis of the thermal profiles, it is not possible to identify any relevant

discrepancies between them so we conclude that there is no significant movement of the

mixture in the channel. This can be explained by a number of factors. On the one hand,

unlike the ferrofluids normally used in these applications with nanoparticles dispersed

in water, our fluid is made up of a galinstan matrix which has a viscosity more than
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twice as high. For this reason, the pumping force required to obtain a fluid flow of the

same order of magnitude must be higher. This pumping force depends on several factors,

including the loading of particles mixed in the fluid. As analyzed above, the fabricated

mixtures have an actual loading well below what was expected, which may be one of

the reasons why the prototype did not work. At the end of the tests, the mixture was

collected with a pipette into an eppendorf, and it was found that its magnetic actuation

was noticeably weaker compared to its initial state, thus suggesting that a portion of the

particles had been deposited at the bottom of the channel or had adhered to the channel

walls during the prototype testing process. This, combined with the non-uniformity of

our fluid, presents problems for the continued operation of the heatsink. Since the mixture

would be loaded less and less, this would lead to a lower pumping force and the eventual

cessation of movement.

On the other hand, the high surface tension of the fluid combined with the small di-

ameter of the channel presents yet another barrier to the start of the mixture’s movement.

At this point in the thesis, it was necessary to make a decision: continue with the

concept of pumping the fluid through thermomagnetic convection and work on improv-

ing the uniformity of our fluid (testing new fabrication methods), increasing the effec-

tive loading of particles in the fluid (using particles of other materials). Or change the

paradigm to an alternative pumping method, in this case MHD. In the end, we decided to

change the paradigm and now instead of relying on the loading of particles in the mixture

to pump it, we now rely on the fact that our fluid has a high electrical conductivity.

4.5 COMSOL simulations - MHD induction pump

We start by doing a stationary study of the geometry schematized in Figure 3.8 from which

we obtain the magnetic field distribution in our geometry at steady state (the frequency of

our rotor is zero). This data is then used as the initial conditions for our time-dependent

study. It is important to note that as the system is stationary there is no variation in our

magnetic field, so there is no current generation in our fluid and consequently there is no

pumping force being exerted on the fluid, so its velocity is zero.

Figure 4.15 a) shows the magnetic flux norm and the magnetic field lines at t = 0s for

a frequency of 1 Hz from the time dependent study.
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FIGURE 4.15: a) Magnetic flux density norm (surface plot) and magnetic field lines simu-
lated with the time dependent study at t = 0 s for a rotor frequency f = 1 Hz; b) Magnetic
field intensity in the y direction at t = 0 s, starting from a position 1mm apart from the
surface of the permanent magnet. Ther vertical lines show the magnetic field intensities

on the mini-channel boundaries.

Figure 4.15 b) shows the magnetic field intensity as a function of distance from 1 mm

apart of the surface of the permanent magnets to the limits of the geometry. We can see

that the magnetic field magnitude on the channel goes from 0.03T down to 0.011T at the

farthest boundary of the magnets. In order to compare these simulated values with the

real ones, we used a Gauss meter to obtain the data in Figure 4.16. It can be seen that

the values obtained from the simulation are considerably higher than those obtained ex-

perimentally, namely the magnetic field intensity on the channel that now experimentally

varies between 0.01 and 0.005 T. This difference in magnitudes is largely due to the exper-

imental conditions not being ideal, unlike the ones on the simulation.
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FIGURE 4.16: Magnetic field intensity of the permanent magnet rotor measured with a
Gauss meter as a function of distance, the first point corresponding to the Gauss meter in
direct contact with the permanent magnets, the vertical lines represent the magnetic field

on the galinstan channel walls.

As we already have a variation in the magnetic field over time in the time-dependent

study, we are already inducing, according to Lenz’s law, out-of-plane current loops in our

channel in order to cancel out the field variation. The Figure 4.17 shows the distribution of

the current density norm induced in our galinstan (graph a)), it is important to note that

vectorially this current consists of out-of-plane loops and the current density evolution

over time in the middle of the mini-channel (graph b)).

FIGURE 4.17: a) Induced current density norm distribution on the galinstan mini-channel
at t = 1 s and f = 1 Hz; b) Induced current density norm as a function of time in the middle

of the mini-channel at f = 1 Hz.

Analyzing the evolution of the induced currents we see a decrease in their maximum

over time until they stabilize, this is due to the increase of galinstan’s velocity until it
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reaches its equilibrium point.

The coupling of the magnetic field with the induced currents results in the appearance

of a Lorentz force perpendicular to both stimuli according to the equation 2.5. Figure 4.18

a) and b) show the force distribution in the channel, as we can see the force is not just

tangential, forming loops along the channel. Later on, we will analyze if this force profile

can cause the fluid backflows in certain parts of the channel.

FIGURE 4.18: a) Induced Lorentz force distribution in the galinstan channel; b) Arrow
surface of the induced Lorentz force in the channel.

By solving the equations for laminar flow, we can now extract the velocity profiles of

the galinstan over time, as shown in the Figure 4.19.

As the rotor is moving at a constant rotational frequency, the induced current and con-

sequently the Lorentz force will oscillate at a frequency equal to the oscillation frequency

of the magnetic field. Therefore, in terms of fluid velocity, it is expected that it will start to

increase approximately linearly as if it were under the application of an effective Lorentz

force. Reaching its saturation value after the prototype has been running for some time.
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FIGURE 4.19: Simulated velocity profiles along the channel for f = 1 Hz at - a) t = 1 s; b) t
= 2 s; c) t = 4 s; d) t = 8 s.

In order to study the evolution of the galinstan’s velocity over time, we placed a ve-

locity probe in the middle of the channel of our simulation. Graph a) in Figure 4.20 shows

the evolution of the velocity at this point for various frequencies over a time interval of

10 s. As expected, we observe an approximately linear increase in velocity in the initial

moments, until it begins to relax towards its equilibrium value.

We can now study the evolution of the magnitude of the equilibrium velocity as the

rotor frequency increases. As can be seen in graph b) of Figure 4.20, there is an approxi-

mately linear increase in saturation velocity with frequency. This can be explained by the

linear increase in induced current with frequency for low frequencies [113], which in turn

results in a consequent increase in induced force and fluid velocity.
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FIGURE 4.20: a) Velocity in the middle of the galinstan channel as a function of time
for different values of rotor frequency; b) Equilibrium velocity as a function of rotor fre-

quency.

In order to check whether we had galinstan backflow in our channel, we plotted the

graph in the Figure 4.21. As can be seen from the directions of the arrows, the flow of

galinstan is unidirectional, so there is no backflow.

FIGURE 4.21: Arrow surface of the galinstan velocity at t = 8s.

Animations of the performed simulations can be consulted in the link on the footer

below.*

*https://drive.google.com/drive/folders/1faQTag0BTC5ng45 rnsk6BQ gsRsBxgR?usp=sharing

Animations of the the COMSOL time dependent study

https://drive.google.com/drive/folders/1faQTag0BTC5ng45_rnsk6BQ_gsRsBxgR?usp=sharing
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4.6 MHD pumping

We started by testing the prototype from Figure 3.11, and it was not possible to observe

any movement of the fluid upon the rotation of the permanent magnets. The measured

magnetic field on the channel was between 0.01T and 0.005 T which is considerably lower

than obtained in the simulation, also the rotor frequency was of approximately 2.7 Hz.

Due to the galinstan’s high reflectivity, it would be difficult to observe small flows at the

naked eye, so we used again the thermal camera.

Figure 4.22 shows the thermal profiles of the galinstan channel after 1 and 3 minutes

of movement of our rotor. From the analysis of the profiles, it is not possible to detect

any significant fluid flow, but we do visualize that the fluid gets hotter, most likely due to

Joule heating caused by the induced currents.

FIGURE 4.22: Temperature profiles of the galinstan channel recorded after 1 (graph a))
and 3 minutes (graph b)) of the start of the rotor movement. The temperature of the
measuring areas corresponds to the maximum value of temperature recorded in the re-

spective area.

The failure of the prototype to function in contrast to the COMSOL simulations can be

understood by several factors: i) The COMSOL model does not take into account the sur-

face tension of the fluid, which together with the small diameter of the channel presents

a barrier to the start of fluid movement; ii) A part of the currents induced in the galinstan

will result in Joule heating instead of coupling with the magnetic field to induce a Lorentz

force and the experimental magnetic fields are considerably lower than those simulated;

iii) The COMSOL model is inherently 2D, so it does not take into account out of plane

magnetic fields whose temporal variation will generate currents and consequently forces
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in non-trivial directions. These in turn will reduce the magnitude of the galinstan pump-

ing force in the channel.

For these reasons, the induced pumping force will have to be increased to ensure that

the prototype works. This force depends on several factors, such as the magnitude of

the magnetic field and the induced currents. In a future iteration these factors can be im-

proved in various ways: the magnitude of the magnetic field can be increased by using

a higher mass of magnets and reducing the distance from the magnet rotor to the galin-

stan channel. As for the magnitude of the induced currents, this increases linearly with

the oscillation frequency of the magnetic field. As there are limitations on the frequencies

achievable with a small DC motor, increasing the frequency can be achieved by using a

greater number of permanent magnets in order to increase the periodicity of the magnetic

field distribution. If the frequency achieved is not sufficient, the use of coils would al-

low the magnetic field to switch much faster, resulting in a higher magnitude of induced

currents.

In order to check the galinstan’s behavior under more intense currents, we tested the

MHD conduction prototype shown in the diagram in Figure 3.12.

At the bottom is a link to a video of the test run using this prototype ‡. As can easily be

seen, by setting a 5 A current through the galinstan under the application of a static mag-

netic field with an intensity between 0.18 and 0.1 T in the galinstan channel boundaries,

we were able to induce quite a considerable flow. This leads us to conclude that the prob-

lem with the MHD induction prototype is partly that we are not able to induce currents

of a sufficiently high magnitude to pump the galinstan. In the future, electromagnetic

flow meters could be used to estimate the flow rate of these fluids. These measure the

flow rate through the voltage induced in them due to the temporal variation caused by

the movement of the fluid.

‡https://drive.google.com/drive/folders/1uiI-cnJzghCmQhU3Ey6WHAcXGwv5KZ6i?usp=sharing

Flow rate induced by the MHD conduction prototype

https://drive.google.com/drive/folders/1uiI-cnJzghCmQhU3Ey6WHAcXGwv5KZ6i?usp=sharing




Chapter 5

Conclusions and future work

The work of this thesis was divided into 4 main parts: i) Fabrication of galinstan, the MCM

alloy and the mixtures of galinstan and MCM particles; ii) Thermomagnetic convection

prototype testing; iii) COMSOL simulations of an MHD induction pump; iv) Testing of

two MHD pumping prototypes, inductive and conductive.

SEM-EDS analysis of the galinstan produced indicates an approximate elemental com-

position of 68 wt% Ga, 22 wt% In, 10 wt% Sn, which is the same as the expected compo-

sition of 68:22:10. DSC measurements showed two melting peaks starting at T=9.8 ºC,

as well as two peaks during the cooling process at T=0.6 ºC and T=-26 ºC. As discussed

above, in the literature there is great variability in the DSC data for this alloy, nevertheless

it should be noted that the melting and solidification points are close to those reported in

literature.

Regarding the Gd-Si-Ge alloy, a LeBail refinement revealed a composition of around

75% Orthorhombic phase I and 25% Monoclinic phase. SEM images of the powder made

it possible to study the distribution of particle sizes, obtaining an average size of 1.08 µm.

Using SQUID measurements, it was possible to determine the Tc of our powder, obtaining

33.8 ºC for the cooling protocol. It was also possible to quantify the magnetocaloric effect,

obtaining a ∆SM peak of 9 Jkg−1K−1 at around 36.9 ºC. The magnetic transition was also

observed through DSC measurements.

Three mixtures were fabricated with nominal loadings of 2 wt%, 4 wt% and 6 wt%.

Using SEM-EDS, it was possible to observe an irregular distribution of particles in the

galinstan. It was found that they were dispersed in a non-uniform way with some clusters

of particles. In order to quantify the true loading of particles dispersed in the galinstan,

57
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SQUID measurements were used, but the study was inconclusive due to the great vari-

ability of the loadings determined for different samples. This is due to the non-uniformity

of the fluid. However, it was immediately apparent that the calculated loadings are con-

siderably lower (the maximum determined loading being of 0.35 wt% for a nominal load-

ing of 6 wt%) than the target loadings, due to the loss of particles in the mortar when

preparing the mixture as well as through successive pipetting processes which result in

the loss of particles on the walls of the pipette. In summary, galinstan and a Gd-Si-Ge

alloy have been successfully produced, we also produced a mixtures of these two com-

ponents that can now be used in heat dissipator prototypes as well as in various other

applications. Regarding future work, we can advance in many ways: i) Investigate the

solubility of other MCMs in galinstan in order to maximize particle loadings; ii) Explore

alternative processes for incorporating MCM particles into galinstan; iii) Carry out a more

extensive statistical study in order to analyze the variability between loadings of samples

of the same mixture; iv) Store the produced mixtures on containers filled with an acidic

solution in order to reduce the particle losses within the eppendorfs.

On the second part, the mixtures were used in the thermomagnetic convection proto-

type. The thermal profiles obtained for a temperature gradient of 7 ºC with and without

magnetic field showed no significant flow of the mixtures in the channel as there was no

significant discrepancies between them. A future iteration of the prototype should pass

by: i) Increasing the mixtures uniformity; ii) Increasing the effective loading of particles

mixed in the galinstan, this may require the use of new alloys whose solubility in galinstan

is higher; iii) Also the prototype can be tested with higher sets of temperature gradients.

In the third part an MHD induction pumping prototype was then simulated in COM-

SOL. Having obtained the magnetic field distribution along the geometry, and now mak-

ing this field variable in time, we were able to determine the distribution of induced cur-

rents in the galinstan channel as well as the Lorentz force that arises through the coupling

between the magnetic field and the currents. By solving the Navier-Stokes equation for

the laminar regime, it was possible to study the velocity profile induced in the galinstan

over time. We also analyzed the dependence of the equilibrium velocity reached by the

galinstan (upwards of 33 cm/s) on the frequency of rotation of the permanent magnets,

predicting a linear increase as documented in the literature for low magnetic field fre-

quencies. A next step in this phase would be to include a COMSOL thermal study in the

simulations in order to analyze the system’s heat dissipation capabilities.
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This prototype was later manufactured and tested with our galinstan. With the help

of thermal profiles taken for a rotor frequency of 0 and 2.7 Hz, no significant galinstan

flow could be observed, contrary to what was expected from the simulation. This was

partly due to the fact that the high surface tension of the fluid was not included in the

COMSOL model, thus presenting an extra barrier to the start of the fluid’s movement.

On the other hand, as observed in the thermal profiles, there is Joule heating due to the

induced currents, so there is no perfect coupling of the magnetic field with the current

as in the simulation. A future iteration will aim to increase the induced pumping force.

This force depends on several factors, such as the magnitude of the magnetic field and

the induced currents. These factors can be improved in various ways: i) The magnitude

of the magnetic field can be increased by using a larger mass of magnets and reducing the

distance from the magnet rotor to the galinstan channel; ii) The magnitude of the induced

currents can be enhanced by increasing the magnetic field frequency, this can be achieved

by using a greater number of permanent magnets in order to increase the periodicity of

the magnetic field distribution; iii) Utilize coils thus allowing the magnetic field to switch

much faster, at the cost of a lower magnetic field intensity.

Finally, we tested the MHD conduction prototype and observed a considerable flow

of galinstan in our channel, which leads us to conclude that the magnitude of the currents

we are inducing in the MHD induction prototype are not large enough to induce move-

ment. In the future, electromagnetic flow meters could be used to estimate the flow rate of

these fluids. These simply consist in coils that measure the flow rate through the voltage

induced in them due to the temporal variation caused by the movement of the fluid.

This work thus serve as a starting point for further research on the subject, whether

in fluid engineering, COMSOL simulations or the optimization of each of the three proto-

types.
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