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Abstract

Abstract

Magnetic cooling (MC) is a thermal management passive heat pump technology based on
the thermomagnetic convection (TMC) of a ferrofluid (FF). Thermomagnetic convection
is the phenomenon of convective heat transfer by the motion of a FF, induced by the
combined effect of thermal gradient and the local variation in the fluid’s magnetization, in
the presence of an external magnetic field. TMC results from the temperature dependent
magnetization of a differentially heated FF, which results in a non-uniform magnetic
volume force. Such heat pumps do not need any external power, are vibration free,
noiseless and require minimum maintenance. Hence, they offer enhanced reliability, low
maintenance cost, little or no external energy requirement, and are environmentally

friendly.

Such magnetic cooling (MC) technology can replace conventional liquid-based cooling
technologies due to the absence of mechanical moving parts and its capability to self-
regulate over a range of heat load temperatures and power values. Earlier research on MC
systems have been intended for cooling microscale and small-scale devices. However,
large scale applications of MC systems are still a challenge due to limitations such as device
length scale, flow channel diameter, device geometry, form factor, heat load power,
temperature, FF volume, and low boiling point carrier fluid. Also, there are no experimental

and numerical investigations on the effect of device and FF parameters on MC.

Hence, the aim of this research is to investigate the cooling performance of large-scale MC
devices, capable of cooling high power heat loads and transferring waste heat over long
distance. Experimental and numerical study of enhanced thermomagnetic cooling

performance based on device and ferrofluid parameters are also studied.

The major research findings of this thesis work are the demonstrations of the capability of
novel passive magnetic cooling (MC) systems to cool high power heat loads and to transfer
waste heat over longer distances. This work also reported device and ferrofluid (FF)
parameters which can significantly increase the cooling performance. This work identified
the optimum combination of device configuration, magnet position, and FF properties for
magnetic cooling of the heat load. The research findings are further described in the

subsequent paragraphs.
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A multi-torus MC device, capable of kilowatt level cooling, has been fabricated and its
cooling performance assessed. The heat load temperature drop improved from 148°C to
214°C when heat load power was increased from 0.5 kW to 1 kW, respectively,
demonstrating the self-regulating nature of the device. The heat load cooling performance
was evaluated for various magnet positions. Simulated surface velocity vector plots
revealed ferrofluid vortices near the heat load, resulting in enhanced mixing of hot and cold
ferrofluid, leading to improved cooling. The present device offers lower thermal resistance
per unit length and lower ferrofluid thermal resistance per unit volume of FF compared to

conventional heat pipes.

The effect of device characteristics and properties on the cooling performance was also
investigated. The effect of thermal conductivity of the tube of the device and device
geometry on the cooling profile was determined. We developed several racetrack shaped
magnetic cooling devices with low device footprint and high thermal conductivity. A
hybrid copper-silicone device exhibited highest temperature drop of 123°C for a heat flux
value and initial heat load temperature of 3.47 kW/m? and 197°C., respectively. The
complete copper device cooled the heat load even when the magnet was placed away from
the heat load region. Interestingly, the extent of cooling was higher for a hybrid device with

higher silicone content.

Magnetic cooling devices with simple geometry can transfer heat over long distances. An
8 m long racetrack MC device was developed for the first time, and its cooling performance
was studied. The extent of heat load cooling was examined over a wide range of heat flux
values. This device transported heat from devices with heat flux values of up to 8.85 kW/m?.
The drop in temperature is up to 41°C for a heat load temperature of 197 °C. The local

Nusselt number exhibited a maximum near the magnet, enhancing heat load cooling.

The performance metrics, non-dimensional parameters, and heat load cooling were
calculated to analyze the TM cooling performance of various ferrite and metallic based FF.
The resultant magnetic pressure, friction factor, power transferred, and the exergy loss were
derived as a function of magnetic and thermophysical parameters to predict the
performance of FF based MC devices. Numerical simulations were performed to

investigate the effect of magnetic properties of the nanoparticles viz., bulk saturation
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magnetization, Curie temperature, pyro magnetic coefficient, and initial magnetic
susceptibility on the cooling performance. Ferrite ferrofluids prepared from y-Fe;O3, Fe3Oa,
and CoFe204 exhibited superior cooling. For metallic/alloy-based ferrofluids, FeCo
ferrofluid exhibited the best cooling performance followed by Fe and FeNi ferrofluids.
Bulk saturation magnetization of the suspended magnetic nanoparticles in the FF and the
viscosity of the FF were the parameters which significantly enhanced the convective heat
transfer and the heat load cooling. These results can be used to select the optimum
ferrofluid for enhanced TM cooling.

The novelties of this thesis work are manifold. We developed a multi-torus MC device to
cool heat loads having power and temperature as high as up to 1 kW and 580°C,
respectively. Secondly, circular and race-track shaped MC devices having different form
factors were developed for the first time from copper, silicone, and hybrid (copper +
silicone) tubes. The hybrid and copper-based racetrack shaped MC device yielded
significant heat load cooling of 121°C and 113°C, respectively, for an initial heat load
temperature of 200°C. An 8 m perimeter length racetrack shaped MC device was developed,
and its cooling performance was evaluated for the first time. The long-distance heat transfer
and cooling performance was investigated for a wide range of heat load power density and
temperature values, relevant to low-grade or medium-grade waste heat values. Finally, the
device performance was modelled with respect to the magnetic properties of suspended
MNP and the thermophysical properties of the FF. It was predicted that Fes04, CoFe20s4,

and FeCo ferrofluids should exhibit the best cooling performance.

These experimental and numerical investigations are useful to find the conditions for
obtaining the best cooling performance. Two large-scale MC systems were developed and
investigated for their use in cooling of high-power heat loads and transferring waste heat
over long distances. The performance can be further improved by using a low viscosity,
and highly magnetic FF. A hybrid MC device, due to the presence of larger thermal
gradient regions, can improve the cooling performance significantly. These developed self-
regulating, and passive magnetic cooling devices may meet specific industrial and

household cooling needs, increasing their efficiency, service life and reliability.
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Lay Summary

The global energy crisis is a major challenge of the present world. Moreover, a significant
fraction of the input energy gets wasted in the form of heat, vibration, and noise. Waste
heat can have an adverse impact on the reliability, efficiency, and service life of many
systems. Conventional cooling systems have low efficiency and utilize additional energy
for the removal of the waste energy. Therefore, a passive thermal management technique
is the need of the hour. Magnetic cooling is one such passive cooling technique that relies
on the principle of thermomagnetic convection. To develop magnetic cooling solutions for
large-scale cooling applications, they must be able to carry high amount of waste heat away
from the heat load to the heat sink and should be able to transfer the heat over long distances.
Taking these factors into consideration, we have developed several magnetic cooling

devices capable of cooling high power and high temperature heat loads.

A multi-torus magnetic cooling device, capable of cooling kW level heat loads was
designed and its cooling performance was investigated. This device can passively cool a 1
kW heat load from an initial temperature of 580°C to 366°C. Simulations also revealed that
ferrofluid vortices give rise to enhanced cooling due to the disruption of a thermal boundary

layer near the heat load.

To improve the cooling, the performance was tested against a range of device parameters
viz., tube material, device geometry, form factor and device footprint. Hybrid racetrack
magnetic cooling devices made up of both copper and silicone tubes were designed and
exhibited superior cooling performance due to the presence of larger thermal gradient
regions. The all-copper racetrack device offered faster cooling rate, whereas the hybrid
racetrack device gave rise to improved temperature drop. Due to the superior thermal
conductivity of copper, the all-copper device exhibited cooling even for positions of the
magnet away from the heat load. Based on these results, an 8 m long magnetic cooling
device was developed using copper tubes and its cooling performance was investigated.
This device transported heat from devices with heat flux values of up to 8.85 kW/m?. The

drop in temperature is up to 41°C for a heat load temperature of 197 °C.

To study the effect of ferrofluid parameters on magnetic cooling, the performance metrics,

non-dimensional parameters, and heat load cooling were calculated for various ferrite and
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metallic/alloy based ferrofluids. Ferrite ferrofluids prepared from y-Fe.Os, Fe3Os, and
CoFe;04 exhibited superior cooling. For metallic/alloy-based ferrofluids, FeCo ferrofluid
exhibited the best cooling performance followed by Fe and FeNi ferrofluids. Bulk
saturation magnetization of the suspended magnetic nanoparticles and the viscosity of the

ferrofluid enhanced the heat transfer and cooling significantly.

Vi
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Chapter 1

Introduction

Current technology demands better passive cooling methods to tackle the problem of
device overheating and consequent performance degradation. Thermomagnetic
convection is a promising passive heat transfer technique which utilizes a magnetic fluid
as a heat transfer medium. It has the potential to cool many devices and systems. Such
systems include electronic chips, CPUs, data servers, battery cabinets, solar panels, and
industrial machines. A magnetic fluid, also known as a ferrofluid, is a stable colloidal
dispersion of coated magnetic nanoparticles in a carrier fluid. Due to the temperature and
magnetic field dependence of magnetization of the ferrofluid, the motion of the ferrofluid
can be controlled and manipulated by a temperature gradient and an external magnetic
field. However, practical applications of this technique are still a challenge. The present
thermomagnetic convection based magnetic cooling devices operate over short distances
and can only cool low thermal power loads. Hence, the development of novel magnetic
cooling systems for cooling of kW power range heat loads is addressed. Cooling with the
heat load and the heat sink separated by several metres has also been studied. The present
work also investigated lower cost hybrid magnetic cooling devices for improved
thermomagnetic cooling. A simulation-based ranking was performed by considering
several metallic and soft ferrite materials based ferrofluids. The cooling performance was
assessed as a function of nanoparticle saturation magnetization, pyro-magnetic coefficient,

volume fraction and ferrofluid thermophysical properties.

This chapter includes the motivation, significance, problem statement, objective, and

novelty of this work.
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1.1 Overview

The global energy crisis is a major challenge due to diminishing non-renewable energy
resources, limited utilization of alternative renewable forms of energy, low energy
efficiency, increasing demand for energy due to the soaring population and expectations of
a higher standard of living [1, 2]. A significant fraction of input energy that is provided to
devices and systems is lost to the surroundings as heat, vibration, and noise, amplifying the
energy challenge. According to energy data from Lawrence Livermore National
Laboratory, a significant fraction of total energy in the United States is wasted due to
inefficient industrial processes and equipment [3, 4]. Waste heat is a by-product from heat
engines and systems, as predicted by the laws of thermodynamics [5]. The rapid depletion
of fossil fuels, global warming and high energy costs are major factors which drive R&D
on the capture and reuse of waste heat. Ideally, waste heat should be utilized in other

processes as an energy input instead of being allowed to dissipate to the ambient [6].

Estimated U.S. Energy Consumption in 2019: 100.2 Quads W Lawrence Livermore
W P Q l‘ National Laboratory
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Figure 1.1. Statistical data on the estimated U.S. energy consumption showing input energy to
different industrial sectors and the total fraction of utilized and rejected energy, produced by

Lawrence Livermore National Laboratory [3].

According to the second law of thermodynamics heat engines produce a certain amount of

waste heat, either low-grade, medium-grade or high-grade waste heat (Figure 1.2(a)) [6].

2



Introduction Chapter 1

Figure 1.2(b) represents the overall energy consumption and amount of waste heat in the
United States with and without a heat recovery system [6]. Waste heat is produced in, e.g.,
power generation units, industrial operations, vehicles, electronic components, and
biological processes. Figure 1.3 shows the amount of waste heat generated from various
industrial sectors and the corresponding temperature range [7]. Based on the waste heat
temperature range, it can be classified into 3 categories, viz., low-grade (<100°C), medium-
grade (100°C-400°C), and high-grade (>400°C) waste heats. A major fraction of the waste
heat falls in the low-, and medium-grade category (Figure 1.3). Thus, recovery of waste
heat can have a significant impact in addition to the increased reliability, efficiency, and

service life of the systems.

(a) Unrecovered Waste Heat in Different Temperature Groups (b) Current Elnergy Consumptlo.n, waSte_Heal Losses, and Work
Potential from Process with and without Heat Recovery
Systems
1
o I Waste Heat (77 FI25 C Reference) 6000
900 i
= 1) Waste Heat (300 F/150 C Reference) = N3 0 Eneray Cmsum:pm" Tewiyr
g 8w m Work Potential (77 F/25 C Reference) g 5000 m Waste Heat, 77°F Ref
> 700 2: o Waste Heat 300°F Ref
% 3 4000 m Work Potential 77°F Ref
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Temperature Group Heat Recovery Already in Place No Heat Recovery

Figure 1.2. (a) Unrecovered waste heat in low-, medium-, and high-grade temperature ranges, (b)
overall energy consumption, waste heat loss with and without the heat recovery system [6].
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Figure 1.3. Fraction of waste heat and the temperature level of various industries in the UK [7].

Cooling of such waste heat loads can be either active or passive [8]. Active cooling systems
can generally cool heat loads faster than passive cooling systems since active cooling
systems rely on external energy, e.g., a fan to enhance heat transfer. Active cooling
methods include cooling using forced air by a fan, forcing liquid on the top of hot surfaces
using an external pump, or thermoelectric devices. However, the major disadvantage of an
active cooling mechanism is its requirement of external power, resulting in higher cost [8,
9], vibration, noise, and maintenance [9]. On the other hand, passive cooling systems do
not require external energy, are silent, vibration free and require low maintenance [8]. The
driving force in such passive systems result from the difference in the temperature-
dependent properties of a fluid or material under a thermal gradient [10, 11]. This thermal
gradient is a natural consequence of the temperature difference between heat load
temperature and heat sink temperature. The cooling rate in the passive cooling systems can
be improved by the addition of heat spreaders and heat sinks in the region of heat load and
heat sink, respectively, to increase convective and radiative heat transfer. Natural
convection-based cooling is a classic example of a passive cooling technique. Other passive
cooling systems include heat pipes [12-14], cooling using phase change materials [15, 16],

and magnetic cooling using the thermomagnetic convection of a magnetic fluid [17-19].
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Fresh water scarcity is another major concern due to population growth, inefficient water
management, and polluted water resources [20, 21]. According to the World Wildlife
Organization, around 2.7 billion people face water scarcity at least for a month every year
[21]. Apart from human consumption and farming, water is heavily used in diverse
industrial sectors such as power generation, oil and gas extraction, water-based cooling
applications, production, manufacturing, mining etc. This results in the disappearance of

wetlands and degradation of ecosystems.

Water is used extensively in various active cooling applications, e.g., data centers [22],
computer CPUs [23], photovoltaics [24], magnetorheological brakes [25], and lowering
building temperatures by water evaporation cooling [26]. However, the loss of water due
to its evaporation is a major concern as it worsens water shortage. Moreover, water-cooling
systems require mechanical pumps for water circulation. Hence, they are noisy and
associated with mechanical vibration. Metal fins may be utilized to reject heat at a faster
rate to the ambient, adding to manufacturing cost and system complexity [27]. Pressure
drop is another issue. Water cooling systems need to be replaced by suitable alternatives to
alleviate the water crisis problem and overcome other challenges.

Hence, new strategies need to be developed to remove waste heat and eliminate water waste
in cooling systems. Better management of energy and water resources are major factors for
sustainable development [28]. A potential solution is the utilization of the thermomagnetic
convection (TMC) of a ferrofluid (FF), under the effect of a thermal gradient and a
magnetic field, as a passive heat transfer method [29]. A ferrofluid (FF) possesses fluidic
as well as magnetic properties [29, 30]. The use of FF for cooling applications is due to
their ease of manipulation and enhancement of their heat and mass transfer characteristics
by externally applying a magnetic field.

1.2 Motivation

There is growing interest in passive liquid cooling technology to replace active cooling
technology. About 20-50% of input energy in industrial sectors is discharged as waste heat
[31], reducing reliability and service life [6]. Examples of liquid cooling are spray coolers
[32] and micro jet cooling devices [33]. However, liquid cooling systems suffer from

vibration and noise as they use mechanical pumps. Hence new liquid transport systems
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have been implemented. A membrane-based actuation pump was developed, based on the
principle of electrostatic actuation, to control fluid flow by periodically applying and
removing electrostatic potential across the silicon electrodes through check valves [34].
Other actuator types viz. thermo-pneumatic actuators [35, 36], magnetic actuators [37, 38],
and piezoelectric actuators [39, 40] were also developed using membrane based actuation
for driving the fluid along a flow duct. Since all these actuator type pump systems rely on

check valves, there is a great risk of fatigue and choking of the valves.

Conventional heat pipes and thermosyphons have been extensively utilized as passive heat
transfer systems having high effective thermal conductivity [12, 13]. They are based on the
evaporation-condensation cycle of a working fluid. However, the cooling performance of
these systems is limited due to pressure fluctuations, start-up failure, flow choking due to
higher vapor velocity, entrainment limit, boiling in the wick structure, viscous limit, gravity
dependence, complex geometrical requirement and evaporation section sensitivity to the
power density at the heat load [41, 42]. Hence, conventional heat pipes are not suitable for

long-distance heat transfer.

Flow due to the interaction of a fluid with an external electromagnetic field is promising
as it does not use a mechanical pump, thus avoiding various issues associated with the
conventional flow systems discussed earlier. Fluids can be categorized mainly into three

branches based on their interaction with the electromagnetic field [43].

e Electrohydrodynamics (EHD): This deals with the effects arising due to an electric
force. It works on the principle of the Coulomb force acting on free charged
particles. However, the magnitude of the effects in EHD based actuators is limited
by the low electrical conductivity of fluids, which limits flow speed [44].

e Magnetohydrodynamics (MHD): It is the study of the interaction between an
external magnetic field and an electrically conductive fluid. However, MHD
systems rely on very high electrical conductivity fluid unlike EHD [44]. Utilizing
these systems in cooling applications is not feasible due to the requirement of high
magnetic field strength, such as those produced in superconducting magnets [45].

e Ferrohydrodynamics (FHD): It deals with the motion of the fluid induced by

magnetic polarization forces. In FHD, there is no requirement of current flow
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within the fluid, hence the fluid need not be electrically conducting. In FHD, the
fluids used are known as ferrofluids. The body force in FHD is due to the
temperature and field dependent magnetization of FF resulting from a thermal
gradient and external magnetic field gradient.
Ferrofluids possess both fluidic and magnetic behavior, which gives the additional
advantage of controlling the motion of a FF by an external magnetic field [29, 30]. Before
suspension, magnetic nanoparticles (MNP) are coated with a long-chain surfactant layer to
prevent particle agglomeration due to magnetic dipolar interactions and van der Walls
interactions [46]. This coating imparts colloidal stability to the magnetic nanoparticles in

the carrier fluid.

Thermomagnetic convection (TMC) is the phenomenon of convective heat transfer by the
motion of a FF induced by the combined effect of thermal gradient and the local variation
in the fluid’s magnetization in the presence of an external magnetic field [46]. The notable
feature of TMC is the temperature dependence of the fluid’s magnetization, which induces
a non-uniform magnetic volume force. The cooler fluid near the magnetic field experiences
a stronger magnetic volume force compared to the hotter fluid due to its higher
magnetization, thus giving rise to convective motion of fluid. This flow of FF can be
controlled by tuning the magnetic properties of the magnetic nanoparticles, heat load
temperature, heat flux as well as the strength and orientation of the externally applied
magnetic field [47]. Notably, such heat pumps based on TMC do not need any external
energy input to move the FF along the flow channel. The temperature gradient and
magnetic field gradient from a permanent magnet or an electromagnet are sufficient to
sustain flow. Therefore, these systems are self-driven [48]. As no mechanical moving parts
are involved, there is almost no vibration or noise. Hence, magnetic cooling heat pumps
can overcome the problems associated with other cooling mechanisms, with enhanced
reliability, low maintenance cost, little or no external energy requirement and

environmentally benign.

Figure 1.4(a, a”) represent the number of citations and number of publications for the
“ferrofluid” search string from the Web of Science. The statistics related to the present
work, which is associated with the convection of ferrofluid, is shown in Figure 1.4(b, b°).

The search string used was “ferrofluid/magnetic fluid & convection”. It can be observed
7
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that the interest in these fields has been increasing rapidly over the past two decades. Hence,

it motivates us to investigate the magnetic cooling systems for enhanced cooling.
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Figure 1.4. (a) Number of citations per year, and the (a’) number of publications per year for the
ferrofluid search string. (b) Number of citations per year, and (b’) number of publications per year

related to the search string ferrofluid or magnetic fluid and convection (Web of Science).
1.3 Problem Statement

The reliability of magnetic cooling (MC) devices is limited by several factors such as
choice of FF, volume concentration of magnetic nanoparticles in the FF, thermal
conductivity of the solid phase in the FF, viscosity of the FF, boiling point of the carrier
fluid, Curie temperature of the magnetic solid phase, types of tube materials, characteristic
length of the tube material, and strength of the magnet used. For enhanced TM cooling, the
magnetic nanoparticle must possess high saturation magnetization, be either soft
ferromagnetic or superparamagnetic, and possess high pyro magnetic coefficient [49]. The
carrier fluid should have low viscosity [49]. The FF should possess high thermal
conductivity and should remain magnetic over a wide temperature range. The thermal
conductivity of the tube material and the design of the magnetic cooling device are also
important. Hence, the FF magnetic and thermophysical parameters, magnetic cooling
device design, and applied magnetic field strength and position etc. can be optimized to

achieve enhanced thermomagnetic cooling performance using a magnetic cooling heat
pump.
Magnetic cooling (MC) based on the thermomagnetic effect of a ferrofluid has the potential

to replace existing liquid-based cooling technologies due to the absence of mechanical
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moving parts and its capability to self-regulate over a range of heat load temperatures and
power values. However, current magnetic heat pumps generally operate a low heat load
power values, power density, and heat load temperature values [44, 50]. Previous reports
focused on miniature devices for microfluidic applications, e.g., in magneto
electromechanical systems (MEMS) and lab-on-chip (LOC) devices [51-54]. Moreover,
the MC devices used a variety of tube materials and tube geometries for their investigations.
The effect of tube material thermal conductivity and flow tube geometry on the
thermomagnetic cooling of the heat load has not yet been investigated.

There are a few reports of long MC devices utilizing two-phase boiling heat transfer of a
binary temperature sensitive FF [19, 55]. However, there are no reports on a long MC heat
pipe based on single-phase heat transfer of a FF. Soft-ferrite based FF are usually used as
the heat transfer medium in MC device due to their ease of preparation and better colloidal
stability [17, 56]. FF having higher saturation magnetization may result in enhanced
cooling. However, there are very few reports on the synthesis and application of
metallic/alloy based FF for thermal management and heat load cooling in an MC device
[57, 58]. There are no simulation studies and ranking of the effect of magnetic nanoparticle
properties and FF thermophysical properties on the cooling performance. Hence,
experimental, numerical, and analytical investigations of the magnetic cooling

performance using TMC of a single-phase FF were carried out.

The limitations of some MC devices reported earlier and the advantages of the MC devices

considered in the present work are listed in Table 1.1.

Table 1.1. Area of study, the focus of study and limitations of earlier magnetic cooling devices.

Study area Previous reports Limitations
Heat load Small-scale cooling for MEMS Lower heat load power and
power/temperature  and LOC application [51-54] lower heat load temperature

Magnetic field Permanent magnet [17, 18] and No investigation on magnet

type and position electromagnet [19, 54] position on cooling, energy
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requirement for electromagnet,

use of multiple magnets

FF temperature Wall temperatures were _ ] o
_ No experimental investigation
profile measured [59, 60]
Thermal o No experimental and simulation
o Tube having single thermal
conductivity of . study on the effect of tube
conductivity [57, 58, 61-63] ) o
flow tube material thermal conductivity

] No experimental and simulation
A single geometry type [17,
Tube geometry 5] study on the effect of tube
geometry

No experimental or simulation

Device length Small device length [53, 64, study on the cooling
scale 65] performance of long MC heat
pipe

No experimental and simulation

) ) Water-based or low-boiling oil- study on the cooling
FF carrier medium _ .
based FF [17, 53, 54] performance of a high-boiling
oil-based FF

_ No ranking of both ferrite and
FF MNP type and  Soft ferrite based FF [17, 18]

_ _ metallic/alloy based MNP’s
its magnetic and few alloy-based FF [57,

properties on the simulated

properties 58]
results of MC performance

o No simulation results on the
Lower thermal conductivity

FF thermophysical ) o effect of FF thermophysical
) [17] and higher viscosity [57, )
properties 58] properties on the MC
performance
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1.4 Hypothesis

Magnetic cooling heat pumps have been studied as passive heat transfer systems. Their
performance depends on the magnetic and thermophysical properties of a FF, design of the
device such as device length, tube cross sectional area, flow tube geometry, and operation
over a range of heat load powers and temperatures. We seek to test if we can develop a MC
device for cooling of kW level and high temperature heat loads using a multi-torus device

design and larger tube cross section for enhanced heat transfer.

We also hypothesize that the performance can be enhanced by tuning the tube material
thermal conductivity, specifically by developing a hybrid MC device consisting of both
lower and higher thermal conductivity tubes. We also seek to develop a long MC device

based on single-phase thermomagnetic heat transfer of the FF.

Most MC devices utilize ferrite based FF as the heat transfer medium [17, 18]. Very few
results are available on the synthesis and utilization of metal based FF [57, 58]. Hence,
simulations of ferrite and metallic/alloy-based FF were carried out and they are ranked

based on their cooling performance.
1.5 Novelty

Previous literature on the MC devices focused mainly on micro-scale, and small-scale low
power devices for cooling waste heat from heat loads operating below 100°C [17, 18, 64,
66, 67]. Multiple magnets were used to improve the cooling performance [68, 69].

However, this results in a large device footprint [70, 71].

Hence, we developed a novel multi-torus MC device having larger heat load interface area
to cool kilowatt level heat loads. The heat load power and temperature were as high as 1
kW and 580°C, respectively. For the first time, a larger flow tube diameter of 25 mm was
used. For 1 kW heat load power, the heat load was cooled by 214°C. We also calculated
the effective thermal resistance of the multi-torus MC device and compared the values with

conventional heat pipes.

The flow tube material and geometry were considered as two device design-based
parameters and the cooling performance was evaluated as a function of those parameters.

Circular and race-track shaped MC devices having different form factors were developed
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for the first time from copper, silicone, and hybrid (copper + silicone) tubes. The effect of
tube thermal conductivity on the performance was studied. The hybrid and copper-based
racetrack shaped MC device yielded significant heat load cooling of 121°C and 113°C,
respectively, for an initial heat load temperature of 200°C.

An 8 m long racetrack shaped MC device based on the single-phase heat transfer of the FF
was developed and its cooling performance was evaluated for the first time. The long-
distance heat transfer and cooling performance was investigated for a wide range of heat
load power density and temperature values, relevant to low-grade or medium-grade waste
heat values. This MC device can effectively transport heat from devices with waste heat
flux values of up to 8.85 kW/m? and cool the system significantly by up to 41°C for an
initial heat load temperature of 197 °C.

Finally, the device performance was numerically investigated with respect to the magnetic
properties of suspended MNP and the thermophysical properties of the FF. Several soft
ferrites and metallic/alloy-based MNP were considered and the effect of saturation
magnetization, Curie temperature, and pyro magnetic coefficient on the TM cooling
performance was studied. Based on the simulation results, the FF were ranked by their
cooling performance and the cooling results for the best FF was compared with
conventional heat pipes. This work identifies the optimum combination of device
configuration, magnet position, and FF properties for magnetic cooling of the heat load.
The novelties of this thesis are listed in Table 1.2.

Overall, the novelties and their underlying physics can be summarized for each chapter.
Chapter 04 investigates the cooling performance of a novel multi-torus MC device for
various magnet positions and range of heat load power values. Use of multiple magnets in
MC device can tune the applied magnetic field gradient for enhanced cooling. However, it
increases the device footprint. Hence, we studied the effect of the variation of magnetic
field gradient with respect to the heat load center by varying the position of the magnet.
The variation in magnet position triggers the heat load cooling by forming the FF vortices
at different regions of the heat load, thus giving rise to a particular trend in the obtained

cooling.
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Chapter 05 reports the superiority of hybrid MC device over copper and silicone devices
in terms of the heat load cooling magnitude. The combined effect of thermal gradient and
magnetic field gradient gives rise to the TMC of FF. The enhancement in any one or both
parameters result in enhanced heat load cooling. The magnetic field gradient can be
controlled by changing the position and orientation of the permanent magnet with respect
to the heat load. Similarly, the thermal gradient can be enhanced by creating a junction of
two materials having dissimilar thermal conductivity along the flow channel. In the present
study, a highly thermally conductive copper tube was joined to a silicone tube having a
relatively lower thermal conductivity, thus creating a copper-silicone hybrid hot-cold
junction near the heat load region. This gives rise to a larger thermal gradient region, and

hence superior heat load cooling.

Chapter 06 investigates the capability of long MC device for heat transfer over longer
distances. Without even using any mechanical pump, the volume force resulting from the
applied magnetic field, helps in driving the FF over the longer flow channel length. The
effect of device perimeter for the long MC devices on the cooling performance was
investigated. We reported that the cooling does not vanish even for the highest device

perimeter (20 m) as the minimum cooling is achieved due to the formation of FF vortices.

The thermomagnetic cooling is majorly governed by the FF parameters. However, there
were no simulation studies focusing entirely on the effect of various FF parameters on the
cooling performance. Hence, in Chapter 07, we included several studies, which accounts
for the effect of FF parameters on MC performance. The underlying physics can be traced
to the dependence of thermomagnetic volume force on the susceptibility, magnetization,
and the pyromagnetic coefficient of the FF. We also derived several parameters as
functions of FF magnetic and thermophysical parameters, which can help in selecting the

suitable FF for cooling application.
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Table 1.2. Novelty of this thesis work.

SI. No. Thesis results Novelty of this work

Multi-torus device design Heat load power

up to 1 kW
A self-regulating multi-torus
Heat load temperature up to 580°C
1. magneto-fluidic device for

i ) 214°C heat load cooling for highest heat
kilowatt level cooling

load power and temperature

Lower thermal resistance

High Conductivity, Low Effect of device form factor on cooling
5 Footprint, High Cooling, Effect of tube thermal conductivity (copper
' Passive Magneto-fluidic and silicone) on cooling
Devices Hybrid device design (copper + silicone)
8 m long racetrack shaped magnetic cooling
device
Cooling performance evaluation based on
Magnetic cooling device for i i i
the single-phase thermomagnetic convection
long distance heat transfer .
of ferrofluid
by thermomagnetic
i i Local and average Nusselt number as a
convection of ferrofluid
function of heat flux
Numerical investigation of long magnetic
cooling device
Ranking of soft-ferrite and
A metallic/alloy based Ranking of ferrofluid based on the heat load
' ferrofluid based on their cooling performance
performance
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1.6 Significance

Magnetic cooling (MC) based on the thermomagnetic (TM) effect is an attractive cooling
technology [17]. The performance can be optimized by tuning the strength, position, and
orientation of the externally applied magnetic field. Due to the presence of MNP, the
thermal conductivity of the FF increases by applying an external magnetic field, and the
effect can be attributed to the formation of chainlike structures within the FF [72, 73]. The
absence of mechanical moving parts in the MC system minimizes vibration and noise.
Hence, this cooling technology provides a potential solution to improve the reliability and
service life of heat engines and many other modern devices. It has the potential to eliminate
the need of water-cooling technology by evaporation. The MC device can be considered

for large distance passive heat transfer [56].
Aims and Objectives

The aim is concerned with the experimental design and performance analysis of a magnetic
cooling device for kW level applications as well as numerical modelling of the

thermomagnetic effect to provide deeper understanding and performance optimization.
The specific objectives of this thesis are;

e To develop a large-scale multi-torus MC device for cooling the heat loads
dissipating waste heat in the kilowatt range.

e To develop silicone, copper, and hybrid MC devices and to study the effect of
geometry, device form factor, and effective thermal conductivity of the device on
the heat load cooling performance.

e To evaluate the long-range thermal transport and TM cooling performance of an 8
m long race-track shaped MC device for a range of heat load power density and
temperature values.

e To numerically investigate the thermomagnetic flow profile, isothermal contour
plots, Nusselt number and velocity profile of the MC devices using finite element
analysis.

e To rank soft ferrite and metallic/alloy nanoparticle-based FF based on their cooling

performance estimated using numerical simulation.
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Finally, the optimum configuration of device geometry, magnet position and FF will be

elucidated.

The science behind these aforementioned objectives are as follows.

Higher surface area of the cooling device can carry higher amount of waste heat
from the heat load. Hence, multi-torus MC device was designed with the silicone
tube having an internal diameter of 25 mm.

Apart from magnetic field gradient, thermal gradient also affects the magnetic
cooling. This can be attributed to the change in the themo-magnetic volume force
with a change in the temperature distribution of the ferrofluid across the flow
channel. The temperature distribution of the ferrofluid affects the magnetization.
Hence, we studied the effect of device thermal conductivity in greater detail in
chapter 05.

Long range thermal transport using magnetic cooling device was never investigated
owing to the limitations in the available thermomagnetic volume force that can
drive the FF through the flow channel. However, by slight modification of the flow
channel geometry to racetrack shape, reduced the drag force significantly due to the
absence of any sharp corners. The detailed investigations were reported in chapter
06.

MC device cooling performance strongly depends on the FF magnetic and
thermophysical parameters. Hence, we investigated by numerical simulation, and
analytical calculation, the effect of ferrofluidic parameters on the cooling

performance. The detailed analyses were reported in chapter 07.

1.7 Organization of the Thesis

The present thesis report is organized into 8 chapters, including 4 results chapters, as

described below.

» Chapter 1 provides an overview of MC technology. It also summarizes the

motivation, problem statement, hypothesis, objective and scope, novelty, and

significances.
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» Chapter 2 provides a literature review starting with the development of FF research
and the principle of TMC. The preparation, properties, stability requirement, and
selected applications of FF are also summarized. The theoretical background and
previous literature are summarized.

» Chapter 3 describes the experimental methods to develop the MC device designs.
The modelling methods to simulate the TM effect of the FF using COMSOL
Multiphysics are also described along with the governing equations, boundary
conditions and meshing details.

» Chapter 4 delineates the TM cooling performance of a multi-torus MC device for
kilowatt level heat load cooling. The cooling performance and FF temperature
profile was investigated for various magnet positions with respect to the heat load.
The TM effect was simulated using a single-phase 2D finite element model of the
multi-torus MC device.

» Chapter 5 examines the effect of device thermal conductivity, geometry, and form
factor on the heat load cooling. The effect of hybrid MC device (made by joining
highly thermally conductive copper tube with silicone tube having lower thermal
conductivity) and the ratio of the copper to silicone length in the hybrid device on
the heat load cooling for different magnet positions were investigated over a range
of heat load power density and temperature values. The results were verified using
2D numerical simulations.

» Chapter 6 presents the design, performance, and simulation of the longest
magnetic cooling device developed so far, based on the single-phase TMC of FF.
An 8 m long MC device was built, and its cooling performance was tested over a
range of heat flux values. The simulated temperature profiles, velocity vector plots
were analyzed to understand the MC performance.

» Chapter 7 focuses on the effect of material parameters on the TM cooling
performance of the MC device. It reports the simulation results on the effect of
magnetic properties of nanoparticles viz., saturation magnetization, Curie
temperature, pyro magnetic coefficient, nanoparticle volume fraction, and the

thermophysical properties of FF viz., thermal conductivity, and viscosity on heat
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load cooling. Several ferrite and metallic/alloy based MNP were considered for the
simulations and ranked based in their cooling performance.

» Chapter 8 is a summary of the thesis and possible future directions.
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Chapter 2

Literature Review

Thermomagnetic convection is the convective heat transfer of a ferrofluid from a hotter
region to a colder region due to the combined effect of a thermal gradient and a magnetic
field gradient. Magnetic cooling, governed by the principle of thermomagnetic convection,
possesses several advantages over other conventional active and passive cooling
techniques. The present chapter outlines the chronological development in ferrofluid
research, the synthesis procedures, and types of ferrofluid. Subsequently, the stability
requirements of the ferrofluid, its thermophysical properties and various applications of
ferrofluids are described. The modelling and experimental investigations of magnetic

cooling devices has been elucidated.
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2.1 Magnetic Fluid

A magnetic fluid (MF), also termed as ferrofluid (FF), is a stable colloidal suspension of
nanometer size magnetic particles in a carrier fluid medium [1]. These magnetic
nanoparticles (MNP) are usually ferrites or alloys of iron, nickel, and cobalt. A ferrofluid
differs from a magnetorheological (MR) fluid, in which the suspended magnetic particles
are of micron size, the particle volume fraction is usually higher. One key aspect of FF is
that it can retain its flow even after attaining magnetic saturation, hence it behaves like a
liquid magnet, whereas a MR fluid experiences great changes in rheological properties

under the application of a large magnetic field.

A ferrofluid is usually electrically non-conducting. Exceptions are some recently
developed FF containing graphene or carbon nanotubes along with the MNP. A stable
ferrofluid usually implies that the size of the suspended MNP should be less than 15 nm in
diameter [2]. The MNP also need to be capped by long chain surfactant molecules to
prevent their agglomeration even under large magnetic fields. Brownian motion resulting
from thermal agitation keeps the MNP suspended in the dispersion fluid. A typical FF
contains less than 20% volume fraction of coated magnetic particles [2]. In the absence of
an external magnetic field, the magnetic moments of the MNP are randomly oriented in a
FF. Hence, the FF possesses no net magnetization. The MNP in the FF are often
superparamagnetic. Under the influence of a magnetic field, the MNP orient along the field
direction and the FF behaves like a liquid magnet. The extent of FF magnetization depends
on the type (metallic, alloy or ferrite) and concentration of MNP constituents in the FF, the
strength and orientation of the applied magnetic field, and the temperature of the ferrofluid.
The motion of a FF can be controlled by changing the magnitude and direction of
application of an external magnetic field. As the FF can be remotely manipulated in a
wireless fashion, it has a multitude of applications in targeted drug delivery [3, 4],
hyperthermia [5, 6], droplet microfluidics [7], particle synthesis [8], energy harvesting [9,
10] and waste heat recovery [11-14].

2.1.1 Chronological development of ferrofluid research

Research on ferrofluids can be dated back to the 1930s [15, 16]. Ferrofluid research

subsequently increased in the 1960s due to industrial manufacture of ferrite-based FF [17].
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FF research has continued due to applications in materials science, mechanical engineering,

biotechnology, and biomedical engineering. The chronological development in ferrofluid

research is summarized below.

212

Neuringer and Rosensweig presented a phenomenological treatment of the fluidic
and thermodynamic response of MF under the influence of a non-uniform magnetic
field [18].

Papell invented a MF by dispersing MNP in a low viscous carrier liquid for its use
as a propellant in no gravity condition in a space shuttle [19].

Cowley and Rosensweig studied the interfacial stability of a FF by deriving the
condition for the critical magnetization level for the onset of instability between a
magnetic and non-magnetic fluid layer [20].

Hall et al.[21] studied the effect of an applied magnetic field on the viscosity of a
FF by applying Stokes’ theorem to the steady-state motion of the FF.

Kaiser et al.[22] discussed applications utilizing FF e.g., in viscous dampers in
satellites, energy conversion devices, accelerometers, specific gravity analyzer and
treatment of cranial aneurysms.

Krueger et al.[23] investigated the hydrostatic flow profile of a FF surrounding a
current-carrying wire oriented along the vertical direction.

Perry et al.[24] observed surface instability in FF by applying a strong periodic
magnetic field gradient along a direction tangential to the FF interface.

Berkovsky et al.[25]studied experimentally and numerically convective heat
transfer characteristics of a vertical FF layer.

Byrne calculated the force and torque on a magnet immersed inside a FF [26].
Tanahashi et al.[27] derived equations to describe the steady state flow of a MF in
a circular pipe due to a magnetic field parallel to the flow direction.

Stiles et al.[28] proposed a theory on the influence of axial magnetic field to

stabilize cylindrical Couette flow of MF.

Preparation and types of ferrofluid

A stable ferrofluid is prepared by dispersing coated super-para or soft-ferro/ferrimagnetic

nanoparticles in a carrier fluid such as water or organic oil [9]. The FF is prepared in three
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steps: (a) synthesis of MNP, (b) surface coating using long-chain polymer/s to avoid
interparticle interactions, and (c) dispersion of the coated MNP in a suitable carrier fluid.
A FF is synthesized by either physical or chemical methods of preparation [2]. There are
basically two types of FF viz., metallic/alloy-based and soft ferrite-based FF. Metallic or
alloy-based nanoparticles for FF were prepared by methods such as reduction of metal salts,
high-temperature reductive decomposition, thermal decomposition of metal carbonyls, and
high-energy ball milling [29]. Metal oxide based FF utilize synthesis of MNP by methods
such as sonochemical synthesis [30, 31], reverse-micelle [32, 33], co-precipitation [34-37],
hydrothermal synthesis [12], sol-gel [38], thermal decomposition [39, 40], phase-
transfer[41] and ball-milling [42].

Previously, the top-down physical approach was followed to obtain magnetic particles in
the nanometer size range, e.g., the use of surfactant assisted high energy ball milling. Using
this physical technique, FF was made by Papell in the early 1960’s [19]. The FF was
prepared by grinding commercially available micron-sized magnetite particles in a ball mill,
subsequently coating the resultant nanoparticles in oleic acid, and dispersing them in
heptane. Due to the difficulty in synthesis of alloy-based multicomponent MNP and FF
with precise composition control using chemical methods, such FF were often prepared
using high energy ball milling [11, 13]. Chaudhary et al.[11] synthesized Fe-Ni-Cr MNP
using high energy ball milling under argon atmosphere, coated them using a mixture of
oleic acid and ammonium hydroxide solution, and subsequently dispersed the coated
nanoparticles in oleic acid. Sharma et al.[13] synthesized Fe-Cr-Al MNP and oil-based FF
using surfactant-assisted ball milling under argon atmosphere using oleic acid as both the
surfactant and carrier fluid. Other physical methods of preparation of metallic FF include
inert gas condensation [43]. Hai et al.[43] prepared iron and cobalt based-FF using inert
gas condensation for MNP synthesis, followed by dispersion in a mixture of oil and

surfactant.

Very few reports focused on the synthesis of metallic or alloy MNP-based FF using
chemical methods. Miguel et al.[44] prepared Fe-based colloidal suspensions for use as a
contrast agent for magnetic resonance imaging. Fe nanoparticles were synthesized using a
laser pyrolysis technique followed by surface stabilization and dispersion in dextran under

alkaline environment. However, the Fe nano powders exhibited a core-shell nanostructure
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with an iron-oxide shell. Bao et al.[45] prepared water-based cobalt nanoparticle based FF,
using hydrophobic cobalt nanoparticles synthesized by thermal decomposition using a
phase transfer technique. Salgueirifio-Maceira et al.[46] prepared water-based FF from
oleic acid and oleyl amine capped Fe-Pt nanoparticles, which were initially dispersed in
hexane. Bénnemann et al.[47] synthesized air stable Fe and Fe-Co FF using the thermolysis
of carbonyl salts in the presence of trialkyl aluminum. Mild oxidation was deliberately
performed to create a thin oxide shell around the metallic core for easy surface capping and
dispersion in oil medium. Table 2.1 summarizes the literature on the preparation method,

dispersant and carrier fluid medium, and target applications of metallic/alloy-based FF.

Table 2.1. Summary of magnetic nanoparticle types, nanoparticle synthesis method used,
surfactant and carrier fluid used for the preparation of metallic/alloy-based ferrofluid, and their

intended target application.

MNP Synthesis Carrier Targeted
Reference Surfactant used ) o
type method fluid application
Chaudhary  Fe-Ni-  High energy Ammonium Oleic Thermal
etal[11]. Cr ball milling oleate acid management
Sharmaet  Fe-Cr-  High energy o Oleic Thermal
. Oleic acid )
al.[13] Al ball milling acid management
) Drug
Hai et Fe & Inert gas _ . )
) Octoil Brij-92 targeting &
al.[43] Co condensation _
hyperthermia
) Sodium Magnetic
Miguel et Laser )
Fe ) Dextran hydroxide  resonance
al.[44] pyrolysis ] ]
& dextran imaging
Bao et Thermal Aminododecanoic Biomedical
Co o ) Water o
al.[45] decomposition acid application
Maceira et Thermal Oleic acid & Drug
FePt . _ Water )
al.[46] decomposition oleyl amine targeting
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Oleic acid & Toluene ) )
Bonnemann Fe & Thermal Biomedical
. cashew nut shell & o
et al.[47] FeCo  decomposition o application
liquid kerosene

Most of the metallic oxide-based FF preparation follows the bottom-up approach using a
chemical method for the synthesis of magnetic colloids. Precise control of the MNP size,
composition, magnetization, and Curie temperature can be achieved using the bottom-up
approach [2]. Magnetite is the preferred choice of MNP for FF preparation due to its ease
of synthesis and the wide temperature span over which it remains magnetized. Substituted
ferrite-based FF using M-Fe>O4 (M=Co, Mn, Ni, Zn, Mg) have also been considered due
to their tunable Curie temperature and their magnetic properties. Some of the literature on
the synthesis and application of soft ferrite-based FF is summarized below.

Vuong et al.[48] synthesized stable magnetite FF for hyperthermia and MRI applications.
Magnetite nanoparticles were synthesized using the thermal decomposition method. The
phase transfer process was followed to prepare water-based FF by removing organic
solvents. Lazi¢ et al.[6] prepared water-based FF (from coprecipitation synthesized
magnetite nanoparticles) to study the effect of photon and electron irradiation for
hyperthermia applications. Goharkhah et al.[49] synthesized water-based magnetite FF to
investigate its convective heat transfer performance. Magnetite was synthesized by the
coprecipitation method and dispersed in DI-water through the addition of
tetramethylammonium hydroxide (TMAH). Pislaru-Danescu et al.[50] synthesized
transformer oil-based FF (using oleic acid capped superparamagnetic FesO4 nanoparticles
prepared by the coprecipitation route) for its use as a coolant in power transformers.
Zaibudeen et al.[51] studied the performance of a non-enzymatic sensor for detection of
urea using a magnetite FF based oil-in-water microemulsion. MNP were synthesized using
the coprecipitation method. The emulsion was functionalized by a triblock copolymer for

urea detection.

Celik et al.[52] synthesized cobalt ferrite nanoparticles via chemical reduction route for its
application in magnetic hyperthermia. The as-synthesized nanoparticles were capped using
a mixture of oleic acid and oleyl amine and dispersed separately in phenyl, benzyl and octyl

ether. Arulmurugan et al.[53] prepared ferrofluid, using Co-Zn ferrite nanoparticles, for
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energy conversion by TMC. The MNP were synthesized using the chemical coprecipitation
method, followed by coating using ammonium oleate and dispersion in heptane. The Curie
temperature and saturation magnetization of the as-synthesized nanoparticles were tuned
by zinc substitution. Chaudhary et al.[12] synthesized ammonium oleate coated Mn-Zn
ferrite based FF in an aqueous medium for low grade thermal management applications.
The hydrothermal technique was used for the synthesis of Mn-Zn ferrite nanoparticles.
Gadolinium substituted Mn-Zn ferrite nanoparticles were synthesized using the chemical
coprecipitation method and subsequently dispersed in distilled water for MF hyperthermia

applications [54].

Halbreich et al.[55] synthesized maghemite nanoparticle-based FF using the chemical
coprecipitation method to prepare MNP, followed by dispersion of the resultant MNP in
nitric acid. Ghasemi et al.[56] prepared oil-based maghemite FF, using the chemical
coprecipitation method to prepare MNP, to study its magneto-viscous effect. Polikarpov et
al.[57] synthesized water-based maghemite FF using a chemical method. Table 2.2
summarizes the literature on the preparation method, dispersant and carrier fluid medium
and applications of ferrite-based FF. It can be inferred from Table 2.1 and Table 2.2 that
the synthesis of metallic/alloy-based and soft ferrite-based MNP are mostly performed by
the thermal decomposition and coprecipitation technique, respectively. Thermal
decomposition of metal precursors is performed at elevated temperature in the presence of
surfactant molecules and under argon or argon/H, atmosphere to prevent agglomeration
and oxidation of the nanoparticles. The coprecipitation method is widely used for the
synthesis of ferrites due to its ease of production, low-cost, facile particle size control,
relatively low reaction temperatures, good composition control, less hazardous precursors,

reduced time for the reaction, and scalability [3, 58].

Table 2.2. Summary of magnetic nanoparticle types, nanoparticle synthesis method used,

surfactant and carrier fluid used for the preparation of ferrite-based ferrofluid, and target application.

MNP Synthesis Surfactant Carrier Targeted
Reference . "
type method used fluid application

31



Literature Review

Chapter 2

Papell[19]

Vuong et
al.[48].

Lazi¢ et

al.[6].

Goharkhah
et al.[49]

Pislaru-

Danescu et

al.[50]

Zaibudeen
et al.[51]

Celik et
al.[52]

Arulmuruga
n et al.[53]

Chaudhary
et al.[12].

Jadhav et
al.[54]

Halbreich et
al.[55]

FesOq4

Fes0q4

FesOq4

FesOq

FesOq4

FesOq4

CoFe04

Co-Zn
ferrite
Mn-Zn
ferrite
Gd-
substitut
ed Mn-

Zn ferrite

v-Fe203

High energy ball
milling
Thermal

decomposition

Coprecipitation

Coprecipitation

Coprecipitation

Coprecipitation

Chemical

reduction

Coprecipitation

Hydrothermal

Coprecipitation

Coprecipitation

32

Oleic acid

Oleic acid &

oleyl amine

Oleic acid

Tetramethyla
mmonium

hydroxide

Oleic acid

Oleic acid

Oleic acid &

oleyl amine

Ammonium

oleate

Ammonium

oleate

No

information

No

information

Heptane

Water

Water

Water

Transfo

rmer oil

Water

Ether

Heptane

Water

Water

Nitric

acid

Propellant in

space shuttle

Hyperthermia
& MRI

Hyperthermia

Thermal

management

Thermal

management

Biosensor

Hyperthermia

Thermal

management

Thermal

management

Hyperthermia

Biomedical

application



Literature Review Chapter 2

Ghasemi et o o Kerosen No
v-Fe2Oz  Coprecipitation Oleic acid ) _
al.[56] e information
Polikarpov Chemical Electrostatic No
v-Fe203 o Water ) )
et al.[57] method stabilization information

2.2 Stability Requirements of Ferrofluid

The stability of a ferrofluid depends on various aspects [59]: (a) FF consist of MNP with
high surface energies, hence they are thermodynamically unstable, (b) nanoparticles in the
FF experience thermal Brownian motion, keeping the FF in stable suspension against
gravitational sedimentation, (c¢) MNP may agglomerate due to magnetic dipolar
interactions and van der Waals interactions and then sediment, (d) no chemical reaction
should occur between the nanoparticles or between the carrier fluid and nanoparticles.
MNP suspended in a carrier fluid experience several effects. Some of these effects favor
stable suspensions while the rest increase particle agglomeration and settling. Therefore,
aggregation and settling of particles are two crucial factors defining the stability of a

ferrofluid.

Magnetic nanoparticles in the FF experience thermal, magnetic and gravitational effects
[2]. The energy per MNP under these different energies are,

Thermal energy = kT 2.1)
Magnetic energy = uoMHV 2.2)
Gravitational energy = ApVgL (2.3)

where, k is Boltzmann’s constant, T is absolute temperature, uo is the free space magnetic
permeability, M is the nanoparticle magnetization, H is the strength of externally applied
magnetic field, V is the volume of the nanoparticle, which is equal to nd*/6 for a spherical
particle of diameter d, Ap is the density difference of the solid and fluid phases in the FF,
g is gravitational acceleration, and L is the height of the particle above zero potential in the
gravitational field.
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2.2.1 Stability under external magnetic field

Under the effect of an external magnetic field gradient, magnetic nanoparticles experience
an attractive force towards stronger magnetic field regions, while thermal motion acts
against the magnetic force to impart random motion to the nanoparticles across the fluid
volume [2]. Stability against particle agglomeration is supported by a high ratio of thermal

energy to magnetic energy,

Thermal energy kT (2.4)
Magnetic energy ~ poMHV

The maximum allowable nanoparticle size that can be dispersed in carrier fluid to avoid

sedimentation can be assessed by using the Odenbach formula [60];

r 1/3 2.5
d < (°k /pOMHV)

2.2.2 Stability in gravitational field

The gravitational force acts on the center of mass of the particle and pulls it down while
thermal energy favors the uniform dispersion of particles in the carrier fluid [2]. The

relative influence of gravitational field and magnetic field is given by the ratio

Gravitational energy  ApglL (2.6)

Magnetic energy " uoMH
But the gravitational energy is almost 100 times weaker than the magnetic energy [2].

Therefore, particle segregation due to gravitational effect is unlikely to happen for ferrite

nanoparticles.
2.2.3 Stability against particle agglomeration

As the concentration of magnetic nanoparticles in the ferrofluid is high, frequent collisions
occur between the nanoparticles [2]. Hence, there is a very high chance of nanoparticle
agglomeration. When particles encounter each other, the magnetic dipole-dipole
interaction energy is given by [2],

1 2.7
Faa = —HM?V @7

Thermal agitation works against the agglomeration of nanoparticles and this effect of

reducing agglomeration can be assessed by the ratio

34



Literature Review Chapter 2

Thermal energy 12T (2.8)
Dipole — dipole interaction energy  uoM2V
Again, the particle size can be deduced, and the inequality can be given by

Y 2.9)
72kT 3
d = ( /nquz)

Apart from magnetic dipolar interactions, electric dipole-dipole interactions can also affect
particle agglomeration [2]. Considering all the energy terms that affect stability, magnetic

nanoparticles ranging up to 10 nm in size can be used for preparation of stable ferrofluids
[2].
2.3 Thermophysical properties of ferrofluid

The thermophysical properties of FF are thermal conductivity and viscosity. The thermal
transport of FF depends greatly on the thermophysical properties and is affected by the
magnitude and direction of the applied magnetic field [61]. Hence, the thermophysical
properties under applied magnetic field can be strongly anisotropic. Both the thermal
conductivity and viscosity of the FF are higher than the base fluid value both without as
well as in the presence of an external magnetic field. The effect of various factors on the
thermal conductivity and viscosity of the FF are discussed in the following subsections.
The thermophysical properties of a FF also depend on several other factors such as
nanoparticle volume concentration, size and type of magnetic nanoparticle, properties of

carrier fluid, surfactant coating type, and temperature [9].
2.3.1 Thermal conductivity

Water or oil is usually used as the liquid phase coolant for waste heat removal from devices
and systems. Recently, the potential of a stable suspension of nanoparticles to enhance the
thermal conductivity of the base fluid, improving heat transfer, has been investigated. This
thermal conductivity enhancement in the base fluid was studied by the addition of either
metallic nanoparticles or their oxide such as Al20s3, Cu, CuO, TiO2, Ag, graphene and
carbon nanotubes [14]. However, the addition of highly thermally conductive nanoparticles
to the base fluid does not always result in substantial enhancement of the thermal
conductivity of resultant suspension [62]. These investigations opened up the opportunity
for the use of MNP in a base fluid, especially under the application of an externally applied
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magnetic field. The improvement in the thermal conductivity of a stable FF is represented
as the ratio of the thermal conductivity of the FF (k#) to the thermal conductivity of the

carrier fluid ().
2.3.1.1 Theoretical background for the enhancement of ferrofluid thermal conductivity

Thermal conductivity of FF tends to increase significantly under an applied magnetic field.
Two mechanisms are proposed for the enhancement of the thermal conductivity of FF,
namely, Brownian motion and MNP chain formation [63, 64]. Brownian motion is the
random zigzag movement of small particles in the carrier fluid due to collision with the
fluid molecules. The Brownian motion can contribute to FF thermal conductivity
enhancement in two ways: (a) heat transport through the FF due to the diffusion of MNP,
and (b) micro-convection of carrier fluid around the MNP [65, 66]. The theory of Brownian
motion as the factor for enhancing thermal conductivity of the FF has not gained much

interest as it overestimated the thermal conductivity [14].

Magnetic nanoparticle chain formation due to dipolar interactions in the presence of an
external magnetic field has received interest as the main mechanism behind the thermal
conductivity enhancement of FF [63, 67]. The presence of nanoparticle aggregates provides
effective low thermally resistive path for faster heat conduction compared to the carrier
fluid thermal conductivity. MNP tend to assemble in the direction of the applied magnetic
field and form 1-D chains, 2-D aggregates and 3-D superlattices, depending on the strength
and orientation of magnetic field [14].

Theoretical models for the thermal conductivity improvement have been developed by
many researchers. The Maxwell formula [68] (equation (2.10)) is extensively used to
evaluate the thermal conductivity of solid-liquid mixtures, but it doesn’t consider the shape
of the solid particles [69].
knp  [kp + 2kpp + 2(ky — kpy )@ (2.10)
ko |k + 2kyps — (ky — kpp )@
Hamilton et al. [70] modified Maxwell’s formula by including the effect of shape for

calculating the thermal conductivity (equation (2.11)).
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ky + (n— Dk — (n— D& (kyp — k) (211)
In these formulae, @ represents nanoparticle volume fraction in the FF; Kp, kpf and Kot

knf = kbf

represent the thermal conductivities of particle, base fluid, and FF respectively, while n

represents the shape of the nanoparticle [69].
2.3.2 Viscosity

The viscosity of a ferrofluid tends to increase under the application of an external magnetic
field, this phenomenon is called the magnetoviscous effect [1]. The reason for such an
effect can be attributed to the hindered motion of the FF due to the alignment of the tiny
magnetic dipoles along the direction of the applied magnetic field. Rosensweig [71]
discovered the magnetoviscous effect in concentrated magnetite FF. McTague [72] studied
this effect in a dilute cobalt nanoparticle based FF. They observed an increase in the
viscosity of the FF with an increase in the applied magnetic field strength. McTague also
observed larger increment in the FF viscosity when the magnetic field was applied in a

direction parallel to the flow of FF than the perpendicular case.
2.3.2.1 Theoretical study of viscosity of ferrofluid

Viscosity affects the application of FF [69, 73]. The presence of magnetic agglomerates
affects the viscosity [74]. FF with larger particles result in a sharp increase in viscosity in
the presence of a magnetic field due to the magnetoviscous effect, whereas FF having finer
particle size of ~10nm do not display much contribution to the magnetoviscous effect [74].
Einstein’s equation [75] relates viscosity to the nanoparticle volume fraction;
Mns =15 (1 + 2.50) (2.12)

The above correlation is best suited for low volume fraction of particles and considers the
effect of Brownian motion of particles in the base fluid [69]. Kunitz has accounted for the
case of higher particle concentration of up to 50% and developed an empirical formula to
describe the viscosity of the stable suspension (equation (2.13)) [76]. Here, @ is the particle
volume concentration; nnf, ¢ are the viscosities of the FF and the base fluid, respectively.
These models are applicable when there is no applied magnetic field [69]. Rosensweig
estimated the viscosity variation of FF, as a function of external magnetic field for different

ratios of hydrodynamic stress to magnetic stress, using the dimensional analysis technique
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[77]. For the values of this ratio above 10, the viscosity does not vary with magnetic field
while for values between 10 and 10, it does vary with applied field. Ilg et al.[78] studied
the anisotropy in the observed viscosity of a FF using molecular simulation. They observed
different viscosity coefficients of the FF at different orientation of the magnetic field with
respect to the flow direction as a function of magnetic field strength and volume

concentration of nanoparticles in the FF.
_ (14059 (2.13)
Nnr =Ny (1— )+

2.4 Applications of Ferrofluids

Ferrofluids possess both fluidic and magnetic behavior, hence the dynamics of the FF can
be tuned by applying an external magnetic field. The thermal properties of FF such as
thermal conductivity, viscosity, and heat capacity along with the magnetic properties can
be tuned by an external magnetic field. Hence, FF finds application in various fields of
biotechnology, biomedical engineering, and mechanical engineering [1, 2, 79]. FF is used
in multitude of applications viz., targeted drug delivery, hyperthermia, magnetic seal,
materials synthesis, energy harvesting, micro robotics, optical filters, micromechanical
sensors , magneto-optical filters, optical switches, optical limiters and magneto-optical
waveguides, biosensors, and thermal management systems [79-83]. Energy harvesting and
thermal management are the two major applications of FF, which utilize the conversion of
waste energy for energy management. These two applications are described in the

following subsections.
2.4.1 Energy harvesting

Ferrofluids contain superparamagnetic or single domain soft ferro/ferrimagnetic
nanoparticles which can act as tiny magnetic dipoles under an external magnetic field.
Hence, they develop magnetic flux lines around a given volume of the FF under the
application of an external magnetic field. If the magnetic flux can be made time varying
and cut the surface of a coil perpendicularly, a voltage is generated owing to Faraday’s law
of electromagnetic induction. The time variation of magnetic flux can be achieved by
utilizing natural energy sources such as vibrational energy, wind energy, tidal energy, and

thermal gradient. Hence, the FF are a potential fluid medium for vibrational energy
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harvesting systems. Energy harvesting refers to the conversion of environmental energy to
electrical energy [84]. FF-based energy harvesters are useful to power sensors in
sophisticated medical instruments, buildings, meteorological and archaeological
monitoring , military applications, and industrial equipment [9]. The harvested electrical
energy can be used to power sensor networks in remote places to avoid regular maintenance
and replacement issues. Vibrational energy harvesters utilizing FF, unlike solar energy
harvesters, can provide electrical power throughout the year due to the abundance of
vibrational energy sources [9].

The magnitude of the harvested energy depends on the time-varying flux linkage passing
perpendicular through the coil around the harvester, which depends on the frequency of the
energy that induces the FF vibration. Yun et al.[10] developed a FF-based energy harvester
system by passing air bubbles at different rates through the FF column (Figure 2.1). The
movement of air droplets through the FF at a certain frequency disturbs the
temporalmagnetic flux linked with the coil. They developed a numerical model to study
the effect of drag force, interfacial tension, buoyancy, and electromagnetic forces on the
magnitude of harvested energy.
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Figure 2.1. Schematic and working principle of ferrofluid-based energy harvester based on air
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droplet motion through the ferrofluid [10].

Bibo et al.[85] investigated an electromagnetic energy harvester for converting mechanical

vibration to electrical power resulting from the sloshing motion of FF. The schematic of
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such an energy harvester is shown in Figure 2.2. Due to the fluidic behavior of FF, it can
be filled inside containers of any shape. The MNP can respond to very small acceleration,

giving rise to electrical power ranging from W to mW range with a potential of being

scalable [86].
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Figure 2.2. Concept of electromagnetic energy harvester utilizing the sloshing motion of ferrofluid

in the presence of an applied magnetic field [85].

Recent literature reported the use of a solid thermomagnetic alloy for energy harvesting
owing to Faraday’s law of electromagnetic induction [87, 88]. Deepak et al. devised a
multifunctional hybrid TM oscillator for cooling the heat load as well as harvesting energy
from waste heat (Figure 2.3). They reported voltage and current generation of 10 V and
15 mA per oscillation cycle. In another work, they demonstrated an enhancement in energy
harvesting by replacing the rigid spacer with a flexible spacer (Figure 2.4) [87]. A 32%
increment in oscillation frequency was reported due to the use of flexible spacer, resulting
in 18% enhancement in the voltage harvested. They also derived the figure of merit of the
hybrid thermomagnetic oscillator considering device parameters with magnetic properties

of the alloy.
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Figure 2.4. Schematic of the hybrid thermomagnetic oscillator with a flexible spacer showing

different phases of oscillation [87].
2.4.2 Energy and thermal management

The flow of a FF under the combined effect of thermal and magnetic energy can be
controlled by an external magnetic field. The corresponding phenomenon is called
thermomagnetic convection [14]. Many experimental and theoretical studies have been
performed to assess the conversion efficiency of magnetic and thermal energy to the
movement of the FF, which can be used to remove waste heat from devices. This method
is used to realize passive heat transfer systems. Moreover, MC devices based on the TM
effect are noise free, vibration free, require no or low maintenance, and are self-pumping
and self-regulating in nature [12, 89]. The principle along with the experimental and
theoretical investigations on MC devices are reported in the next section. Figure 2.5
represents one such MC device to cool the heat load.

Magnetic fluid

Magnet

T = temperature
M = magnetization

M>0;FM
M=0;PM

Heat load

T1>T2>T3>T6>T5>T4

Figure 2.5. Schematic of a magnetic cooling device used to transfer waste heat from a heat load to

the heat sink using the thermomagnetic convection of a ferrofluid [13].
2.5 Thermomagnetic Convection of Ferrofluid

A normal fluid, under the effect of a thermal gradient, experiences a variation in its density,

which affects the buoyancy of the fluid, this is known as natural convection (Figure 2.6(a)).
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The gravitational field is the major driving factor for natural convection. Due to the
interplay between the thermal gradient and the gravitational field, the denser fluid falls to
the bottom portion of the container, while the relatively warmer fluid rises, leading to bulk

fluid motion.

In the presence of a thermal gradient, if the normal fluid is replaced by a FF, then the
density variation is also accompanied by a variation in the FF magnetization. In such a case,
the interplay between the thermal gradient and the externally applied magnetic field leads
to the motion of FF, this phenomenon is known as thermomagnetic convection, as shown
in Figure 2.6(b) (TMC). In TMC, an external magnetic field triggers the stronger
movement of colder FF towards the magnet, pushing the warmer FF away from the magnet,
due to a differential magnetic Kelvin body force on the FF [90]. Gravity is not a
requirement for TMC, which makes it a suitable convection method for thermal
management in space shuttles under zero gravity condition [91, 92]. TMC loops do not
require any mechanical moving parts for FF flow, instead the fluid flows under the effect
of thermal gradient and magnetic field, hence, these systems are self-pumping in nature
[92-95]. Moreover, the FF pumping speed through the flow channel gets autotuned due to
the change in the effective magnetization gradient as the temperature is varied, hence TMC
based cooling systems are self-regulating in nature. A TMC based cooling system is also
known as a MC system or a TM cooling device.. These MC systems can recover waste heat
from heat engines, household appliances, electrical and mechanical devices, electronic

equipment, data servers etc.

(o

MAGNET
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Figure 2.6. Schematic of (a) natural convection (left) of a fluid under the effect of a thermal
gradient, and (b) thermomagnetic convection (right) of a ferrofluid in presence of a magnetic field
gradient applied parallel to the thermal gradient.

2.5.1 Theoretical background of thermomagnetic convection

Devices based on thermomagnetic convection can be important for passive thermal
management. The FF removes heat from the heat load under the influence of an external
magnetic field [91]. The dispersed MNP are set in motion by the magnetic field, and
transfer part of their kinetic energy to the surrounding carrier fluid, resulting in bulk motion
of the fluid [61].

A ferrofluid experiences several forces such as van der Waals force, magnetic dipolar force,
gravitational force, drag force and Brownian force. Some of the forces lead to nanoparticle
agglomeration due to their attractive nature, while the other forces impart random motion
to the nanoparticles. A differentially heated FF subjected to an external magnetic field
experiences a non-linear magnetic volume force as a result of the temperature dependence
of FF magnetization. This force arises due to the interaction of magnetic moments of the
MNP with the applied magnetic field and is known as Kelvin body force. Electromagnetic
theory [96] gives the Kelvin body force experienced by a FF having magnetization M in a
magnetic field of strength H,

F= u,(M.V)H (2.14)
where, o IS the magnetic permeability of the free space. Under an applied magnetic field,

the suspended magnetic nanoparticles in a FF take less time to align in the field direction
compared to the characteristic time for TMC to commence [61]. Therefore, equation (2.14)
can be rewritten as,

F= (%) (H.V)H (213)

where M and H represent the scalar magnitude of magnetization of the material and the
strength of magnetic field, respectively. By using the vector identity and further
considering the electrically non-conductive nature of the FF, equation (2.15) can be

modified as,

F = uyMVH (2.16)
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Equation (2.16) clearly reveals that the magnetic field gradient results in a Kelvin body
force acting on the FF. The interaction force also depends on temperature, because
temperature affects the FF magnetization [2]. Therefore, under a thermal gradient, the FF
experiences a TM driving force in the presence of a magnetic field, which causes

convective motion of a FF along the flow channel.
2.5.2 Numerical simulation of thermomagnetic convection effect

Numerical simulations were conducted to understand the effect of various parameters such
as ferrofluid parameters, thermophysical properties, flow tube geometries, magnitude, and
direction of applied magnetic field, and heat flux magnitude on the TMC of a FF. The FF
flow and heat transfer characteristics were simulated in the presence of both static and
dynamic magnetic fields. The numerical models for the investigation of the TMC of a FF

can be mainly divided into two categories:
2.5.2.1 Single phase numerical model

A ferrofluid is a multiphase system, i.e., a solid magnetic MNP suspended in a liquid phase
carrier fluid [14]. However, due to the very small size of the magnetic particles and the
very small value of slip velocity between the MNP and the carrier fluid, a thermal
equilibrium is established between the two phases of the FF [97]. Hence, the physical
properties of the FF can be treated as the weighted average value of both the phases
(depending on their relative concentration) and can be treated as a single-phase continuum
without separately considering the solid and liquid phases. The single-phase numerical

model for simulating FF heat transfer is also known as homogeneous model.

Ganguly et al.[98] correlated the heat transfer enhancement due to the TMC of the FF using
a single-phase simulation model. They observed the formation of FF vortices near the cold
wall and local asymmetry of the thermal boundary layer profiles near the higher magnetic
field regions. They also concluded that the heat transfer augmentation greatly depends on

the number and the relative distance between the line dipoles.

Goharkhah et al.[99] numerically studied the influence of an alternating non-uniform
magnetic field on the laminar thermomagnetic heat transfer of a FF through a flow channel.

A total of eight line dipoles were considered along the top and bottom surface of a flow
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channel with slight offset position and were simulated to turn the magnetic fields on or off
periodically by adding a rectangular wave form to the numerical model. An increase in the
heat transfer performance was reported with increasing magnetic field strength and
Reynolds number. They observed a sharp increase in local heat transfer coefficient near

the alternating magnetic field region.

Ashouri et al.[100] numerically simulated the TMC of a FF, which was filled in a cavity
containing the permanent magnet. In the developed 2D single phase model, the side walls
are defined as the hotter and colder sides with different temperatures, the top and bottom
walls are defined as adiabatic. They observed two counter orienting strong FF circulation
loops in the upper and lower half of the cavity. They also investigated the effect of
permanent magnet size on the FF TMC and found that the circulation loops increase in size
with increasing magnet size. However, an optimum size of the magnet showed better TMC
due to the counteracting nature of increase in magnetic field strength, and flow resistance

with increasing magnet size.

Sheikholeslami[101] studied the free convective heat transfer of a FF through a porous
cavity using a single-phase control volume finite element numerical model. He investigated
the effect of various non-dimensional numbers such as Hartmann number, Rayleigh
number and Darcy number on the heat transfer characteristics of the FF. He observed that
the gradient in temperature increased with increasing Darcy number, Rayleigh number and

MNP volume fraction, but reduced with increasing Hartmann number.

Fadaei et al.[97] numerically investigated the forced thermomagnetic heat transfer of a
magneto-sensitive nanofluid under rotating magnetic field using a single-phase approach.
They studied the effect of varying magnetic field strength, frequency, fluid inlet velocity
and viscosity on the convective heat transfer of the FF. They found that the velocity profile
changed from parabolic to sinusoidal shape for certain magnetic field parameters. The
Nusselt number decreased with increasing inlet fluid velocity for a given magnetic field

strength.

Hekmat et al. [102] numerically studied the TMC of water-based FezO4 FF in a 3D annular
region for varying MNP volume fraction and magnetic field gradient. Zanella et al. [103]

simulated the effect of FF TMC on the cooling of a transformer with and without the
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ferromagnetic core. The presence of a highly permeable core strengthened the effect of
magnetic field near that region, giving rise to stronger TM effect. Mousavi et al. [104]
numerically investigated the effect of magnetic field on the FF flow behavior inside a
helical tube. They obtained ~40% increase in Nusselt number with increasing magnetic

field strength.
2.5.2.2 Two-phase numerical model

In the two-phase numerical modelling approach, the solid magnetic nanoparticle phase and
the liquid carrier fluid phase are treated as two independent phases having separate sets of
conservation equations [14, 97]. Factors such as friction between the two phases, Brownian

diffusion, and settling of nanoparticles are also considered in the two-phase approach.

Aminfar et al.[105] used two-phase numerical modelling to study the TMC of a kerosene
based Fe3Os FF. They investigated the effect of positive and negative magnetic field
gradients on the hydrodynamic and thermal characteristics of the FF in a vertical channel.
Their results showed that a negative magnetic field gradient acts like the buoyancy effect,
resulting in higher convective heat transfer and pumping power. In another study, Amnifar
et al.[106] investigated the hydrodynamic behavior of a sea water based Fe3Os FF in a
vertically oriented rectangular duct using a two-phase numerical model. In this model, they
considered the electrical conductivity of the FF along with the ferrohydrodynamic
phenomena. The effects of non-uniform magnetic field with both positive and negative
gradients, uniform transverse magnetic field, and combined non-uniform and uniform
magnetic fields on the TMC effect of the FF were studied. They reported that non-uniform
magnetic field with a negative magnetic field gradient and uniform transverse magnetic
field results in larger Nusselt number and friction factor. For the case of non-uniform
magnetic field as well as uniform magnetic field, they observed that by increasing the
magnetic field strength of the uniform field, the effect arising due to the non-uniform axial

field decreases to a greater extent.

Aursand et al.[107] developed a one-dimensional two-phase model to study the flow
behavior of a FF due to TMC. The model employed a nanoparticle model with sets of
equations for describing the thermodynamic state of the particles. They also incorporated

statistical mechanics to account for the non-uniform MNP size distribution. They reported
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that the prediction on the thermomagnetic heat transfer performance of the FF is highly

sensitive to the temperature profile of the flow channel.

Sheikholeslami et al. developed a two-phase numerical model to study the forced
convective heat transfer of a FF under the effect of a variable magnetic field in a semi-
annulus tube. They used a finite element method model using a control volume concept to
solve the ferrohydrodynamic governing equations. They studied the effect of various non-
dimensional numbers such as Lewis number, Hartmann number and Reynolds number on
the thermomagnetic convective heat transfer of a FF. An enhancement in the Nusselt
number was observed with increasing Reynolds number and decreasing Lewis and

Hartmann number.

Shahsavar et al.[108] numerically investigated the effect of magnetic field on the entropy
generation of a Mn-Zn ferrite-based FF in a miniaturized channel using two-phase
modelling. They studied the effect of Reynolds number, the strength of the external
magnetic field, number of line dipoles and their relative arrangement around the flow
channel on the thermal and entropy generation rates. They observed rotating vortices of the
FF, which resulted in flow mixing and uniform temperature distribution. They also reported
that the entropy generation rate due to friction tends to increase with increasing field
strength and decreasing Reynolds number, whereas the total entropy generation rate
reduces with increasing magnetic field strength and higher Reynolds number. Table 2.3
summarizes this literature on the thermomagnetic heat transfer and flow behaviour of a FF

using single-phase and two-phase simulation model.

Table 2.3. Summary of literatures on the single-phase and two-phase simulation model to

study the thermomagnetic convection of a ferrofluid.

Simulated Ferrofluid Numerical o
Reference Major findings
geometry type approach
Ganguly et Small Water/No Single- Enhancement in heat
al.[98] rectangular  information phase transfer depends on the
channel number and placements
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Goharkhah et Two-
al.[99] dimensional
rectangular
flow
channel
Ashouri et Rectangular
al.[100] cavity
Sheikholeslami Porous
[101] media
Fadaei et Rectangular
al.[97] channel
Aminfar et Vertical
al[105]. channel
Aminfar et Vertical
al[106]. channel

Fe;O4/Water

No

information

FesO4/Water

FesO4/Water

FesO4/Kerose

ne

FesOa4/Sea

water
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Single-

phase

Single-

phase

Single-

phase

Single-

phase

Two-

phase

Two-

phase

of the magnetic line
dipoles.

Forced convection of FF
enhanced by applying
AC magnetic field and

higher Reynolds number.

Larger size of magnet
improves TM force
resulting in higher drag

force.

Nusselt number
enhanced with rise of
Darcy number, Rayleigh
number, and MNP

volume fraction.

Higher mixing rate of FF

and reduction in thermal

boundary layer thickness

under rotating magnetic
field.

Negative and positive

magnetic field gradient

augment and suppress
the Nusselt number,

respectively.

Nusselt number and
friction factor increased

for negative gradient
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axial field but decreased

for positive gradient

axial field.
Aursand et Rectangular Mn-Zn Two- FF based cooling
al.[107] flow ferrite/Kerose phase provides compactness to
channel ne the cooling system with

improved performance.

Sheikholeslami Semi- No Two- Enhancement in Nusselt
et al.[109] annulus information phase number with increase in
tube Reynolds number and

decrease in Hartmann

number and Lewis

number
Shahsavar et Two Mn-Zn Two- Fluid vortices formed
al.[108] stationary  ferrite/Tetrad phase under magnetic field,
parallel ecane leading to flow mixing.
plates Total entropy generation

rate reduced with
increasing strength of the
magnetic field and higher

Reynolds number.

2.5.3 Experimental investigation of thermomagnetic convection effect

Thermomagnetic convection (TMC) based magnetic cooling devices utilizing a ferrofluid
as the cooling medium have been developed over a wide range of temperatures, heat load
power/heat flux, flow tube diameter, flow tube geometry, flow tube length, range of
external pumping power, heat sink temperature, type and strength of external magnetic
field and various ferrofluidic properties such as type of MNP, volume concentration of
MNP, and carrier fluid medium. Cooling prototypes driven by TMC mainly consists of FF,
flow channels, magnetic fields, heat sink, and heat source (Figure 2.7). Many researchers
have investigated the effect of various factors, e.g., tube geometry [110], heat load power
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and power density [110-113], MNP volume fraction in FF [12], magnetic field strength [12,
99, 111-113], heat sink temperature [111-113], inclination of flow channel [114], and
position of magnet with respect to heat load [110].Depending on the tube length, tube
diameter, a TMC based magnetic cooling device can be subdivided into three categories,
viz., micro scale, small scale and large scale. The following subsections describe some

experimental investigations of the TM cooling performance of a FF.

Performance of a Magnetic

Cooling Device

Il Il
Geometrical Thermal Ferrofluidic
parameters parameters properties
il il il . .
Type & conc. of
Tube geometry T%’g” & magnetic
teter nanoparticle

Figure 2.7. Various thermal, magnetic, fluidic, and geometric parameters, which affect the cooling

performance of a thermomagnetic convection based magnetic cooling device.
2.5.3.1 Micro scale magnetic cooling devices

Micro scale magnetic cooling devices were mainly investigated for microfluidic
applications, e.g., in MEMS and LOC devices. Love et al. [93, 115] compared the
experimental results with theoretical models of a ferrofluidic pump system for application
in a microfluidic platform. They prepared Mn-Zn ferrite-based FF, using both oil and water
as the carrier medium, having a Curie temperature of 150°C. The channel used for the study
of this microfluidic pump for lab-on-a-chip (LOC) application was a 2 mm diameter glass
tube filled with various FF. They estimated the fluid velocity from the digital camera video
output. They measured the displacement using a ruler attached to the flow channel and time
from the digital recording. They compared the energy conversion efficiency of both the
water and oil-based Mn-Zn ferrite, and oil-based magnetite FF in a MC system. They also

demonstrated LOC device cooling using this device.
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Flowing ferrofluid .

Figure 2.8. Microfluidic magnetocaloric pump for LOC applications [115].

Pal et al. [90] fabricated and experimentally analyzed the performance of a miniaturized
thermomagnetic pump targeting MEMS application. They used a glass tube of 2 mm inner
diameter to pump the FF under the effect of thermal and magnetic field gradient. They
observed an enhancement in the performance of the pump with an increase of either the
heat input at the heat load or the external magnetic field strength. They concluded that the
TM pump offers better flow rate compared to MHD or field actuated pumps.

2.5.3.2 Small scale magnetic cooling devices

Most of the magnetic cooling devices developed so far are small scale devices. In small
scale devices, the flow channel length is less than 1 m, hence they are suitable for cooling
of small devices. Lian et al. [112] conducted particle image velocimetry (PIV)
measurements to determine the velocity of the ferrofluid in the flow channel. The flow loop
was a 75 mm square channel with a depth of 1mm, fabricated as a groove on an aluminum
plate (Figure 2.9). When two heat loads are used, the flow velocity was found to be higher
for a circular geometry compared to both the single heat load case and a square geometry.
They also observed FF vortices near the stronger magnetic field regions. Xuan et al. [95]
developed a magnetic cooling device for cooling electronic chip using the TMC of a FF.
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They found that placement of the permanent magnet near the heat load region resulted in

enhanced cooling performance.

| 90mm
ﬁ-glass
heater -
O cooler omm
Imm ¢
|
channel
fmm
magnet aluminium
ta e Substrate
00

Figure 2.9. Schematic of an automatic heat transport device [112].

Lietal. [111] designed a rectangular cross section magnetic cooling device to examine the
effect of external magnetic field strength and power of heat load on the FF flow and heat
transfer characteristics. They observed a linear increase in the flow velocity of the FF with
increase in the heat load power. Chaudhary et al [116] investigated the magnetic cooling
performance of a water-based Mn-Zn ferrite FF using both experiment and simulations.
The Mn to Zn molar ratio in the nanoparticle was carefully varied to achieve the desired
Curie temperature and the relevant saturation magnetization. They investigated the effect
of heat load temperature, the concentration of MNP in the FF and the saturation
magnetization of the MNP on the cooling performance of the FF. Cooling was found to

increase for larger magnetic field strength and higher MNP volume fraction.

Szabo et al. [117] used infrared thermal imaging to investigate the combined effects of
buoyancy force and magnetic force on FF heat transfer due to TMC effect. Heat transfer
was analyzed by calculating the Nusselt number and modified Rayleigh number. Zonouzi
et al. [118] experimentally investigated the influence of a magnetic quadrupole field on
device cooling performance. The local heat transfer coefficient and the pressure drop in the
FF for different Reynolds numbers was studied for various axial positions of the

quadrupole magnets.
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2.5.3.3 Large-scale magnetic cooling devices

Azizian et al.[119] studied the influence of an external magnetic field on the
thermomagnetic convective heat transfer and pressure drop of a FesOs/water FF under
laminar flow condition. The flow channel was a stainless-steel tube with an inner diameter
of 5.5 mm and the length of the test section was 1 m. The heat transfer was enhanced with
an increase in the strength of magnetic field and its gradient. From the simulation, they
attributed heat transfer enhancement to MNP agglomeration, resulting in higher
momentum and energy transfer. Wang et al.[120] experimentally investigated the influence
of external magnetic field orientation and their relative placement on the thermomagnetic
convective heat transfer performance of a FesOs/water FF at a heat load power of 65 W.
The heat load section was made from a stainless-steel tube having an inner diameter of 5
mm and length of 1.2 m.

Goharkhah et al.[49] studied the TM heat transfer performance of a FesOas/water FF under
the effect of both constant and alternating magnetic field conditions. The heat load section
was an aluminum tube having an internal diameter and length of 9.8 mm and 2.68 m,
respectively. They investigated the effect of MNP volume fraction on the thermophysical
properties and local heat transfer coefficient of the FF. They attributed the heat transfer
enhancement using the constant and alternating magnetic field to nanoparticle chain
formation and FF vortices resulting in better flow mixing, respectively. In another work,
they examined the effect of varying magnetic field on the heat transfer performance of a
FesOus/water FF [121]. They reported larger heat transfer of FF with increasing magnetic

field intensity for a constant value of Reynolds number.

Khairul et al. [122] studied the TMC of a FesO4/water FF under laminar and turbulent flow
conditions as a function of the external magnetic field strength. The MC system used for
the investigation has a total channel length more than 3 m. The thermal performance was
investigated by studying the effect of pumping power, friction factor, and exergy loss. They
reported that the advantages of using FF based heat transfer in MC devices overweighs the
disadvantages arising due to the friction factor.

Yamaguchi et al. [114] experimentally studied the performance of a 5 m long magnetic heat transfer

system using a temperature-sensitive binary MF (Figure 2.10). They reported heat transfer from a
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35.8 W heat load using liquid-gas two-phase flow for the horizontal orientation of the device. They
observed an enhancement in the heat transport performance and the flow pressure due to the boiling
of the low-boiling organic liquid. They reported a maximum thermal energy transfer of 107 W over
a distance of 5 m. They also found that the average Nusselt number of the magnetic fluid increases
with magnetic field strength. Recently they developed a 10 m long-distance thermal transport
device based on liquid-gas two-phase boiling of a temperature-sensitive magnetic fluid for waste

heat recovery over a wide temperature range [123].

Table 2.4 summarizes the experimental investigations on the FF TMC based magnetic
cooling devices and their categories based on the device length scale along with the study

focus.
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Figure 2.10. Schematic diagram of (a) experimental flow prototype, (b) test section, and (c)

inclination angle dependent testing [114].

Table 2.4. Summary of magnetic cooling devices based on the thermomagnetic convection

of a ferrofluid. Notations used: Ltwune: length of the flow tube, dwne: characteristic flow tube

length/inner diameter for a rectangular/circular cross section, Pmax: maximum applied

heat load power, Qmax: maximum applied heat flux, Tmax: maximum heat load temperature,

AT: extent of heat load cooling due to thermomagnetic convection, exp: experiment, sim:

simulation, NA: no data available.

Magnetic cooling device

Device Performance

Tube
Ref _ _ Prmax (W)/ Category &
. materla|. FerrOﬂl.“d Ltube dtube Qmax Tmax AT StUdy fOCUS
Device type mm mm °C °C
yp (mm) | (mm) (kW) (°C) | (°C)
geometry
Fes04: oil
Mn-Zn )
[93, Glass: ) Micro scale,
) ferrite: 40 2 NA 86 13 )
115] straight Exp+sim
water &
oil
Glass: ) Micro scale,
[90] _ FesO4: 0il 110 2 6.2 W 68 NA
straight Exp
Aluminum  Mn-Zn Small scale,
[112] ] _ 300 8 QW 68 48
:square  ferrite: oil Exp
PMMA:
Mn-Zn Small scale,
[95] rectangula ) ) 460 4 5W 80 ~18
ferrite: oil Exp
r
Glass:
Mn-Zn Small scale,
[111] rectangula ) ) 360 4 3.7TW 77 ~25 )
ferrite: oil Exp+Sim

r
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[119] rectangula
r
Aluminum
[49]
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Chapter 3
Experimental and Modelling Methods

This chapter discusses the design of magnetic cooling devices developed to cool heat loads
over a wide power and temperature range. The components used for these devices are
discussed and categorized into three sections viz., magnetic field unit, fluid flow unit, and
heat transfer unit. Various designs and their geometrical parameters are given. The
thermomagnetic cooling performance of our magnetic cooling devices were numerically
verified and validated by a 2D numerical model developed using COMSOL Multiphysics.
The governing equations and relevant boundary conditions used for the numerical
simulation of the thermomagnetic convection effect are also presented. Finally, the
material properties for different ferrite and metallic/alloy-based ferrofluids are provided,

these were used to rank the materials based on their modelled cooling performance.
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3.1 Overview

The principle of passive thermomagnetic convection (TMC) of a ferrofluid (FF) was used
to develop magnetic cooling devices. These devices had a range of the following
parameters: (a) size of the device, (b) internal diameter of the flow tubes, (c) geometry of
the device, (d) thermal conductivity of tube material, (e) coupling and multiplexing of the
tubes, (f) heat load length and area, and (g) magnet positions. The components required to
develop the magnetic cooling device, and the instruments used to record the experimental
data are discussed.

2D numerical models to elucidate the single-phase FF thermomagnetic (TM) heat transfer
were developed for various MC devices. The numerical model was further elaborated
through the governing equations, modelling methodology and the boundary conditions.
The effect of HL power, strength of magnetic field, and thermophysical properties of FF
on flow behavior were simulated. The experimental findings were modelled and compared
with the experimental results to optimize the performance. The material parameters being
used to rank various ferrite and metallic/alloy-based FF depending on their MC
performance is provided. Figure 3.1 shows the overview of the experimental, modelling,

and analytical methods used for this thesis.

Magnetic Cooling
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Multi-torus Temperature Numerical
device profile validation metric
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Thermal Scalar & vector
imaging surface plots

Figure 3.1. Overview of the experimental, modelling, and analytical methods used in this thesis.
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3.2 Magnetic Cooling Device Experimental Setup

A MC device requires the integration of several items, e.g., tubes for the flow of FF to
remove the waste heat, a permanent magnet to provide the magnetic driving force to the
FF, temperature measuring unit to determine the temperature distribution of the heat load
and FF along the flow channel, infrared (IR) camera for thermal imaging of the magnetic
cooling device, and data acquisition unit. FF is used as the fluidic heat transfer medium in
the magnetic cooling device. The constituents of the MC device and the properties of the
FF used for this work is described in the following subsections. The device dimensions and
the surface temperature/ power/power density of the heat loads were used as input

parameters for numerical investigation of the TM flow behavior of the FF.
3.2.1 Components of the magnetic cooling device setup

The main components of the magnetic cooling devices are:(a) magnetic field unit, (b) fluid

flow unit, and (c) heat transfer unit.
3.2.1.1 Magnetic field unit

For magnetic pressure driven FF flow along the flow channel, a non-uniform magnetic
field was applied near the vicinity of heat load using a permanent magnet. The magnet is a
10cm*5¢cm*2cm Nd-Fe-B permanent magnet (Lifton Magnets, Singapore) of N50 grade,
having a surface magnetic field strength of 0.41 T. A Gaussmeter (Lakeshore, model 410)
was used to measure the distribution of magnetic field along the surface of the Nd-Fe-B
magnet and along the flow channel. The accuracy of the Gaussmeter is 10 Tesla.

3.2.1.2 Fluid flow unit

The fluid flow unit of the MC device consists of silicone and copper tubes to form the
closed flow loops, as described below. The properties of the silicone and copper tubes is
given in Table 3.1.

Silicone tubes

Silicone tubes of various internal diameters were connected through T-joints to provide a
closed flow loop. Silicone tubing was used to form the flow loops because of its excellent
chemical resistance, flexibility, and high degradation temperature. Due to its flexible nature,
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the arc lengths of the flow channels were easily adjusted to the desired device geometry,

device length and heat load arc length.
Copper tubes

Copper tubes were also used. The use of copper tubes results in an enhancement of heat
transfer from the heat load due to its superior thermal conductivity, high degradation
temperature. The high thermal conductivity of copper offers effective low-grade waste heat
transfer (below 100°C) from the heat load to the FF.

Hybrid tubes

In MC devices, thermal gradient and magnetic field gradient are two important factors. The
thermal gradient can be enhanced by creating a junction of two materials having dissimilar
thermal conductivity along the flow channel. In the present study, highly thermally
conductive copper tube was joined to silicone tube having a relatively lower thermal
conductivity, thus creating a copper-silicone hybrid hot-cold junction near the heat load
region. This gives rise to a larger thermal gradient region. A hybrid copper-silicone device
can improve TM cooling compared to its full copper device counterpart. In addition, use
of silicone reduces both cost and the weight of the device.

Table 3.1. Properties of silicone and copper tubing used for this work.

Sr. Properties Silicone Tube Copper Tube
1. Thermal Conductivity, k (W.m*K™) 0.2 400

2. Specific Heat, Cp (J.kgt K1) 1050 385

3. Density, p (kg.m™) 1100-2300 8960

4, Melting temperature, Tmeit (°C) >450 1085

5. Optical Property Translucent Opaque

3.2.1.3 Heat transfer unit

Heat transfer unit includes (a) the heat load, (b) temperature measurement unit, and (c)

surface insulation.
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Heat load

Two types of heat loads were used to provide the thermal field gradient, and their TM
cooling performance tested. These heat loads simulate a waste heat source for two heat
load power regimes. To investigate the TMC effect at lower heat load power/power density
values and cool low and medium grade waste heat loads, heater wires (Kanthal wires,
Proheat Singapore) having a resistivity of 8.8 QQ/m were wrapped on the tube wall. For the
investigation of the MC effect at higher heat load power, higher heat load temperature, and
larger surface area heat loads, a hot plate having a maximum power rating of 1.1 kW was
used as a heat load. The power and the temperature of the heat load was adjusted using the

regulator knob of the hot plate.
Temperature measurement unit

To investigate the heat load, FF temperature at various points around the flow loop was
recorded. The temperature measurement unit consists of thermocouple probes and the

temperature recorder.
Thermocouple probes

K-type and T-type thermocouples having measurement accuracy values of +1.5°C and
+0.5°C, respectively were connected at various regions of the flow loop to measure the
heat load and FF temperature profiles. T-type thermocouples were used to sense
temperatures below 300°C. K-type thermocouples were used to sense the temperature of
the kW level heat load (typically >300°C).

Temperature recorder

To record the temperature readings of the heat load and the FF, the thermocouples were
connected to the temperature module of a highly sensitive data acquisition system (N1 9213,
cDAQ-9178, National Instruments) with a sensitivity value of +0.02°C. Temperature
values were recorded over a fixed time period and subsequently stored in a computer using

LabVIEW system engineering software (National Instruments).
Surface insulation

The heat load region of the magnetic cooling device was thermally insulated using a

ceramic fiber blanket minimize heat loss to the ambient due to natural convection. A
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ceramic fiber blanket was used because of its excellent high temperature stability, low

density, and low thermal conductivity.

3.2.2 Ferrofluid

An oil-based audio FF (APG S11N, Ferrotec, Singapore) comprised of FesO4 nanoparticles
dispersed in organic ester oil was used as the heat transfer fluid. It possesses high saturation
magnetization, high flash point temperature, high MNP volume fraction and good
dispersion stability at high temperatures and strong magnetic fields. The properties of the
FF are provided in Table 3.2

Table 3.2. Properties of oil-based APG S11N ferrofluid (Ferrotec, Singapore); abbreviations used:
- MNP: magnetic nanoparticle, NA: not applicable.

Ferrofluid Properties Notation  Value or Content
Magnetic nanoparticle MNP Fes0q
Carrier fluid NA Organic ester oil
Ferrofluid saturation magnetization (mT) Ms 22
Fez04 nanoparticle volume fraction (% v/v) Co 5-8
Viscosity (mPa.s) M 85
Density (kg.m) P 1150
Thermal conductivity (W.m1.K™?) K 0.15

3.3 Experimental Designs of Magnetic Cooling Devices

Magnetic cooling devices of various geometrical shapes, sizes, and flow channel internal
diameters were prepared from tube materials to investigate the cooling performance. The
flow loop was filled with FF and then part of it was placed in contact with the heat load
section. An Nd-Fe-B permanent magnet (N50 grade, Lifton Magnets, Singapore) of
dimensions 100 mm x 50 mm x 25 mm and saturation magnetic flux density of 0.41 T was
used. The permanent magnet was placed near the heat load section to provide the necessary
magnetic force field to the FF. During the experiment, the heat load was entirely covered

with 12.5 mm thick ceramic wool to minimize heat loss from the heat load. No cooling
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means or coolants were used at the heat sink to cool the FF. No external pumps or external
energy sources were utilized. Based on the heat load power/heat flux and temperature, heat
load surface area and length, three different types of MC devices were developed (as shown
in Figure 3.1. Overview of the experimental, modelling, and analytical methods used in
this thesis.), as described in the following subsection. The design aspects and the device
parameters of the magnetic cooling devices are provided in Table 3.3 and Table 3.4,

respectively.

Table 3.3. Design aspects of developed magnetic cooling devices.

Magnetic Cooling )
Geometry Torus Tube Material ~ Heat Load Type

Device
Multi-torus device  Circular: Triple Triple Silicone Planar hot plate
Copper, . -
) Racetrack: ) o Radial resistive
Racetrack device ) Single Silicone, )
Single ) heating
Hybrid
Long racetrack Racetrack: ) Radial resistive
_ ) Single Copper )
device Single heating

Table 3.4. Device parameters of the developed magnetic cooling devices. Notations used: Lp: total
length of the device, di: internal diameter of the flow tube, L: heat load arc length, Pma: maximum

heat load power, Qmax: maximum heat flux at the heat load, Tmax: maximum heat load temperature.

Magnetic
coolin Lo (cm) di (mm) L (cm) Pnax (W): Qs Tmax (°C)
| i X
9 0 (kW/m?) "
device
Multi-torus
_ 176 25 25 1000: 16 580
device
Racetrack
_ 130 8.1 30 30: 3.93 200
device
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Long
racetrack 800 8.1 18 40: 8.85 200

device

3.3.1 Multi-torus magnetic cooling device

A multi-torus MC device was developed for the cooling of kilowatt level heat load, with
heat load power and temperature up to 1 kW and 580°C, respectively. Cooling was
achieved by a three concentric torus configuration device and larger flow channel diameter
of 25 mm. The multi-torus device provided larger surface area for waste heat transfer from
the heat load to magnetic cooling device. The multi torus device consists of three concentric
torus shaped silicone tubes (Figure 3.1. Overview of the experimental, modelling, and
analytical methods used in this thesis.(a)), forming three flow channels (FC 1, FC2, and
FC 3). A hot plate (power rating: 230Vx13A) was used to simulate a source of waste heat
in the power range of 0.5 kW to 1 kW. The portion of the device in contact with the HL
surface (Y= -125 mm to 125 mm), is termed as the heat load section. This section was
wrapped with aluminum to efficiently transfer heat from the heat load to the tubes and

subsequently to the ferrofluid. The device dimensions are provided in Table 3.5.

Ferrofluid

( a ) Il Cold ( b ) Az
I Hot

+Y4 * oy “ NdFeB Magnet
= M: Magnetization
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Flow Channel 1 (FC 1) (0,-10,0)
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Figure 3.2. Schematic of the multi-torus magnetic cooling device, showing (a) XY, (b) XZ, and (c)
YZ-plane views. The ferrofluid exhibits temperature dependent susceptibility (ym), viz. ferrofluid
shown in blue (cold, higher ym), green (warm, lower ym), red (hot, lowest ym). The thermal gradient
is provided by the heat load, applied along +ve Z direction by a hot plate, simulating a waste heat
load source. The magnetic field is applied by a permanent magnet (PM) along the —ve Z direction.
T-type thermocouples, indicated as red dots, were mounted at various positions, as shown in Figure
3.2(b, ). (Xpm, Ypm, Zpm) denotes the position of the permanent magnet. All dimensions and

coordinate positions are in mm.

Table 3.5. Dimensions of the concentric tori flow channels in the multi-torus magnetic cooling

device.
Device Component Notation Inner Diameter (mm) Outer Diameter (mm)
Flow channel 1 FC1 500 560
Flow channel 2 FC2 440 500
Flow channel 3 FC3 380 440

3.3.2 Circular shaped magnetic cooling device

Circular MC devices were developed using copper and silicone tubes. The effect of tube
material thermal conductivity on the TM cooling of the heat load was experimentally
investigated using these circular devices, the device perimeter (Lp) and heat load arc length
(L) of 130 cm and 30 cm, respectively. The schematic of these devices is shown in Figure
3.3. The device dimensions and the physical properties of copper and silicone tubes are
provided in Table 3.6.
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HEAT
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Figure 3.3. Schematics of the circular magnetic cooling devices with heat load arc length and

perimeter of 30 cm and 130 cm, respectively. The circular devices are made up of (a) copper, and
(b) silicone tubes. The heat load is obtained by radial resistive heating wire of nichrome. The
magnetic field is applied by a Nd-Fe-B magnet near the heat load region. T-type thermocouples
were positioned along the heat load section (blue dots). The origin (0,0,0) is taken at the center of
the heat load. White arrows represent the ferrofluid flow direction due to thermomagnetic

convection.

Table 3.6. Dimensions and physical properties of circular magnetic cooling devices made from

copper and silicone tubes.

Thermal . ) Internal Device
Tube o Specific Heat  Density _ _
Sr. Material Conductivity L (kg.mr) Diameter  Perimeter
ateria Jkgtl K m
wmiky ~ OkeKD (mm) (cm)
1.  Copper 400 385 8960 8.1 130
2. Silicone 0.2 1150 1150 8 130

3.3.3 Racetrack shaped magnetic cooling device

Racetrack shaped MC devices offer lower device footprint compared to circular devices.
To study the effect of device geometry on cooling, we developed copper-based circular
and racetrack shaped magnetic cooling devices having the same device perimeter (Lp: 130
cm) and heat load arc length (L: 30 cm). The effect of tube material thermal conductivity
on the TM cooling was also studied using circular devices of copper and silicone having

the same Lp and L as the previous case.
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To improve the TM cooling, the thermal gradient near the heat load was enhanced by
creating a junction of highly thermally conductive copper tube and the silicone tube having
lower thermal conductivity. Due to the dissimilar thermal conductivity, the copper-silicone
hybrid hot-cold junction near the heat load region provides relatively larger thermal
gradient compared to devices made from a single tube material. Five different hybrid
racetrack shaped devices were prepared having the copper tube percentage of 0, 25, 50, 75
and 100 to study the effect of copper to silicone ratio on the TM cooling (Table 3.7). The
schematics of all racetrack shaped MC devices are shown in Figure 3.4. To study the effect
of heat load tube material on the TM cooling using the hybrid device, two sets of
experiments were performed for Hybrid-25 and Hybrid-75 devices for both copper and

silicone heat loads separately (Table 3.7).

The heat load was prepared using resistive heating of nichrome wire having a resistivity
value of 8.8 Q/m. The waste heat was simulated by applying a DC voltage across the
resistive wire using a DC power supply (Keithley 2231A-30-3 triple channel DC power
supply) having a current and voltage rating of 3 A and 30 V, respectively.
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Figure 3.4. Schematics of the racetrack shaped magnetic cooling devices with heat load arc length
and perimeter of 30 cm and 130 cm, respectively. The racetrack devices are made up of (a)
completely silicone, (b) 25% copper and 75% silicone, (c) 50% copper and 50% silicone, (d) 75%
copper and 25% silicone, and (€) completely copper. The heat load is a radial source, simulating
a source of waste heat. The magnetic field is applied by a Nd-Fe-B magnet near the heat
load region. T-type thermocouples were positioned along the heat load section, blue dots
in Figure 3.4(b). The origin (0,0,0) is taken at the centre of the heat load. White arrows

represent the ferrofluid flow direction due to thermomagnetic convection.

Table 3.7. Developed copper-silicone hybrid magnetic cooling devices, their abbreviations, and

heat load material.

Sr.  Copper/Silicone Percentage (%/%) Abbreviation Heat Load Material
1 0/100 Silicone-100 Silicone
2 25/75 Hybrid-25 Copper & Silicone
3 50/50 Hybrid-50 Copper
4 75/25 Hybrid-75 Copper & Silicone
5 100/0 Copper-100 Copper

3.3.4 Long magnetic cooling device

The 8 m long MC device was prepared using a copper tube having an internal diameter of
8.1 mm (Figure 3.5(a)). The device dimensions are provided in Table 3.8. The device was
designed in the shape of a racetrack, as shown in Figure 3.5. The heat load was prepared
using resistive nichrome wire possessing a resistivity value of 8.8 Q/m. The waste heat was
simulated by applying a DC voltage across the resistive wire using a DC power supply
having a current and voltage rating of 3 A and 30 V, respectively. The device dimensions
are as shown in the schematic of Figure 3.5(b). The experimental magnetic field of the

magnet was determined using a Gaussmeter (LAKESHORE, model 410).
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Figure 3.5. Racetrack shaped 8 m long magnetic cooling device, (a) experimental setup, and (b)
schematic, XY-plane. The heat load is provided by resistive heating, simulating a source of waste
heat. The magnetic field is applied by a Nd-Fe-B magnet, near the heat load region. T-type
thermocouples were positioned along the heat load section, yellow dots in Figure 3.5(b). The origin
(0,0,0) is taken at the centre of the heat load. The probe positions are denoted by Ti, where i denotes
the y-dimension in cm. White arrows represent the ferrofluid flow direction due to thermomagnetic

convection.

Table 3.8. Device dimensions of the long racetrack shaped magnetic cooling heat transfer device.

Device Component Notation Dimension
Inner diameter of the copper tube di 8.1 mm
Outer diameter of the copper tube do 9.52 mm
Heat load arc length L 18 cm
Distance between the parallel flow branch D 0.74m
Distance between the heat load and the heat sink L 3.58m
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Total length of the device Lo 8m

3.4 Modelling Methodology

The principle for the operation of magnetic cooling device is the non-uniform Kelvin body
force experienced by the differentially heated FF near the heat load region in presence of
an applied magnetic field. This force leads to force imbalance, attracting the colder FF with
a stronger force and the warmer FF with a substantially weaker force towards the higher
magnetic field gradient region; the phenomenon is called TMC [1]. To investigate this
effect, two-dimensional models were developed using COMSOL Multiphysics simulation

software based on the finite element method [2].

Various thermal and fluidic properties of the FF were provided as input to the model. Three
physics modules viz., heat transfer, magnetic field, and single-phase laminar flow, were
used in the multi-physics model. The magnetic volume force, due to the TM effect, was
added as an additional volume force term in the Navier-Stokes equation. The magnetic
field distribution due to the Nd-Fe-B magnet was modelled and compared to experimental
values of the magnetic field strength. The boundary conditions were specified, consistent

with the experimental design.
3.4.1 Governing equations

The governing equations for simulating the TMC effect of the FF in the magnetic cooling
device is described in the following sections

3.4.1.1 Equations of magnetic field

Due to the static magnetic field, the Maxell-Ampere’s law was used to define the magnetic
field distribution [3];

VxH=0 (3.1)
The displacement current density vector (J) was taken to be zero in the above equation by
assuming the FF to be electrically non-conductive. Hence, the magnetic field can be
derived using the relation,

H= -V, (3.2)

Gauss’s law of magnetism for the continuity of magnetic flux density takes the form [3]
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V.B=0 (3.3)
The macroscopic magnetic property of the FF medium was described by the constitutive

relation between magnetic field (H) and magnetic flux density (B)

B = py(H+M) = po(1+ xn)H 34
Where, Vn is the magnetic scalar potential, po and pir are the magnetic permeability of free

space and FF respectively, and ym is the magnetic susceptibility of the FF.
The non-uniform ferrofluid magnetic susceptibility resulting from the spatial variation of
temperature and the magnetic field is given by the Langevin equation [4]:

CoMBuk (3.5)

Xm(H,T) = ——— X L(yH)

where C, is the magnetic nanoparticle volume fraction in the ferrofluid, M2*¥ is the bulk

saturation magnetization of FezOg, its value is 446 KA/m [5].

L is the Langevin function:

L(yH) = coth(yH) — (1/yH) (3.6)
The Langevin parameter v is defined as:
3xi(T) 3.7
y(T) = M}l3ulk &7
S

where y; is the initial susceptibility of the FesO4 nanoparticles at various temperature values.
3.4.1.2 Equations of mass, momentum, and energy conservation

Mass and energy transport in the TMC based magnetic cooling devices is governed by the
conservation of mass, momentum, and energy. The governing equations take the form as

follows.
Continuity equation:

pV.v =0 (3.8)

Momentum equation:

p (Z—: + (v \7)17) = -Vp+V. (M(Vv + (Tv)T )) +F, (3.9)

Energy equation:
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aT .
pCyp (% +v. |7T> =V.(kVT) (310)

where v, p, and T denote ferrofluid velocity, flow pressure, and temperature, respectively.
Fm represents the net volume magnetic force on the ferrofluid. The ferrofluid properties are

the density (p), thermal conductivity («), dynamic viscosity (p), and specific heat (Cp).

The significance of the individual terms in Navier-Stokes equation [6] (equation (3.9)) are
provided in Table 3.9.

Table 3.9. Various volume force terms in the Navier-Stokes equation [6].

Sr. Volume Force Term Significance
1 p(w.V)v Convective inertial volume force
2 p ?3_: Unsteady inertial volume force
3 Vp Pressure volume force
4 V.(u(Vv + (Vv)T) Viscous volume force
5 F., Magnetic volume force

3.4.1.3 Volume force calculation
The magnetic volume force (Fm) experienced by the ferrofluid in the presence of an applied

magnetic field is given by [7]:

CoXmnp (3.11)

F,, = (B.V)B

Ho
where, Co and xmnp, represent the percentage volume concentration and volume magnetic

susceptibility of the magnetite nanoparticles, respectively.
3.4.2 Non-dimensional parameters and scaling

To evaluate the TM cooling performance for various device and ferrofluid parameters, we
analyzed several non-dimensional parameters. The results of these non-dimensional

parameters v/s different parameters can be used to enhance TM cooling.
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3.4.2.1 Nusselt number

The heat transfer was investigated using the Nusselt number. Nusselt number (Nu) gives
the ratio of the convection to conduction heat transfer in a coolant fluid medium. The value
of local convective heat transfer coefficient along the flow direction (hi) was obtained using

the following formula [8],

_ Qnt (3.12)
(T (D) — Tr (D),

where Quu is the applied heat flux at the heat load. Tw and T are the inner wall temperature

hy

of the tube and the bulk FF temperature for a specific position along the flow channel,
respectively. The heat flux can be calculated from the applied power (PnL), which is the

product of the current (1) and voltage (V), divided by the area of the heat load region,

Py, Vi (3.13)
Qu = =

Here, InL and d; are the heat load arc length and the internal diameter of the flow channel.

The local bulk FF temperature in terms of thermal diffusivity (o) and the thermal
conductivity (k) can be written as,(6.3)

a d
Tf(z)z—Q’;Lq L+ T, (14

The local (Nu;) and average value (Nuayg) of Nusselt number was calculated using

equation (3.15) and equation (3.16), respectively.

h,d 315
h,d
Nu, (1) 14t (3.16)

where, n represents the number of points across the heat load region at which the local

Nusselt number was calculated.
3.4.2.2 Peclet number

Convection refers to both advection and diffusion term. Advection is the transport of heat
due to bulk fluid motion and diffusion is the heat transfer due to random motion of the
molecules [9]. Peclet number (Pe) quantifies the ratio of advection to diffusion during

liquid based heat transfer processes and is given as,
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pe = 1 (3.17)
nd;a

where, q is the volume flow rate of the FF.

3.4.2.3 Stanton number

Stanton number, which is also known as the modified Nusselt number, provides a measure

of the amount of heat transferred to the fluid from the heat load to the thermal capacity of

the fluid. Stanton number can be represented as [9],

Aha  Nu (3.18)

St = =
kG  Rex*Pr

Here, Re and Pr represent the Reynolds number and the Prandtl number for the ferrofluid,

respectively.

3.4.3

Assumptions and boundary conditions

Two dimensional models were developed using COMSOL Multiphysics simulation

software.

Assumptions:

The FF was treated as a single-phase continuum owing to the continuum model
developed by Rosensweig [5] to describe the behavior of a FF in the
ferrohydrodynamic regime, in which the FF behaves as a liquid magnet.

The FF was assumed to be incompressible (constant density), Newtonian (constant
viscosity), and electrically non-conductive (zero displacement and surface current
density i.e. J = Js = 0) fluid.

The surface, on which the flow loop was kept, was perpendicular to the direction
of gravity, hence the effect of gravity on the net volume force was neglected.

The cross-sectional area of the flow loop was assumed to be constant throughout
the prototype.

Changes in the density of the FF with respect to temperature were not considered
for modelling the thermomagnetic effect, which is known as the Boussinesq

approximation.
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344

Axial conduction due to diffusion process was neglected in comparison to the

advection heat transfer process (Peclet number).

Boundary conditions

The following boundary conditions were considered for simulating the TMC effect of the

FF in the magnetic cooling devices.

No-slip boundary condition was applied at the duct walls.

The initial FF pressure and temperature were set to atmospheric pressure (1 atm.)
and room temperature (20°C), respectively.

For the magnetic field boundary condition, a zero magnetic scalar potential was
defined at a distant point from the permanent magnet, where the magnetic field
vanishes.

A pressure point constraint was considered inside the ferrofluid region to obtain a
finite number of solutions.

For thermal boundary condition, a constant surface temperature of 20°C was
defined at the heat sink region.

For the multi-torus magnetic cooling device, the temperature profile at the heat load
boundary (ThL, model) was taken to be the same as the experimentally obtained
temperature profile at the heat load without applied magnetic field (T, exp(B=0
T)).

For the rest of the magnetic cooling device models, the heat load was simulated by

specifying the heat flux value.
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Chapter 4

A Multi-torus Magneto-fluidic Device for Kilowatt Level Cooling*

Efficiently removing waste heat by novel cooling devices can improve efficiency, reduce
material failure, and enhance service life. Magneto-fluidic cooling, which is based on the
thermomagnetic convection of a ferrofluid, offers a passive, self-regulating approach for
the removal of waste heat. The performance of a novel multi-torus magnetic cooling device
for kilowatt level cooling was investigated. Heat load cooling improved from 148°C to
214°C when heat load power was increased from 0.5 kW to 1 kW, respectively,
demonstrating the self-regulating nature of the device. The heat load cooling performance
was assessed for various magnet positions. The temperature profile of the ferrofluid along
the axial and radial directions of the flow channel revealed an asymmetric temperature
distribution. The transient effect of periodic magnetic field switching on the heat load
temperature was simulated using COMSOL Multiphysics and found to be in good
agreement with the experimental findings. Simulated surface velocity vector plots revealed
ferrofluid vortices near the heat load, these vortices resulted in enhanced mixing of hot and
cold ferrofluid, leading to increased cooling. The thermal resistance of our multi-torus
magnetic cooling device was determined analytically. The present device offers lower
thermal resistance per unit length and lower ferrofluid thermal resistance per unit volume
of ferrofluid compared to conventional heat pipes. A self pumping, self regulating passive
heat pump, capable of kilowatt level cooling, has been fabricated and its cooling

performance assessed.

“The results presented in this chapter is substantially published as “Pattanaik, M. S., Varma, V. B., Cheekati,
S. K., Prasanna, G., Sudharsan, N. M., & Ramanujan, R. V. (2019). A self-regulating multi-torus magneto-
fluidic device for kilowatt level cooling. Energy Conversion and Management, 198, 111819.” (No written

permission from Elsevier is required for including self-journal contents in the thesis.)
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4.1 Introduction

The Lawrence Livermore National Laboratory energy chart shows that a significant
amount of total energy is wasted due to rapid industrial development [1]. In accordance
with the second law of thermodynamics, a substantial fraction of the energy input to heat
engines is “lost” as waste heat [2]. This waste heat is generated in a wide and diverse range
of domains, e.g., power generation and conversion units, industrial devices, data servers,
electronic components, and biological processes. Efficient removal of waste heat during

device operation increases reliability, service life and can improve device efficiency.

Specifically, there is a need for a better passive heat transfer technique suitable for cooling
of heat loads with power output in the kW range. Thermomagnetic convection (TMC)
based cooling is a promising technique for this purpose, it utilizes both magnetic and
thermal effects [3]. The temperature dependent response of a ferrofluid (FF) in the presence
of a magnetic field results in fluid flow, transferring heat from the heat load (HL) to the
heat sink (HS). Such magnetic cooling systems are noise-free, exhibit wireless magnetic

field control, with no mechanical moving parts. Hence they are free from vibration [4].

A FF is a stable colloidal suspension of magnetic nanoparticles (MNP) dispersed in a
suitable carrier medium. The MNPs are coated by a surfactant to prevent particle
agglomeration due to dipole-dipole and van der Waals interactions [5]. FF motion can be
controlled by an external magnetic field since the ferrofluid possess both fluidic and
magnetic characteristics. Magnetic cooling (MC) systems are governed by FF motion due
to the combined effect of a thermal gradient and the magnetization gradient of the FF. This

motion depends on the heat load temperature and applied magnetic field strength.

Khairul et al. [6] investigated the effect of magnetic field on the TM behavior of a FezOs:
water FF by analyzing pumping power, friction factor, and exergy loss in both laminar and
turbulent flow regimes. Yamaguchi et al. [7] reported a maximum thermal energy transfer
of 107 W over a distance of 5 m. They found that the average Nusselt number increases
with increasing magnetic field strength. Wang et al. [8] investigated the TMC of Fe3Os:
water FF using multiple magnets and their relative positioning at a heat load power of 65
W. Lian et al. [9] performed particle image velocimetry (P1V) measurements to determine
the flow velocity of the FF. When two heat loads are used, the flow velocity was higher for
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a circular loop compared to both the single heat load case and a square loop. Xuan et al.
[10] developed a MC device for electronic chip cooling. They found that placing the
magnet near the heat load gave rise to enhanced cooling performance. Li et al. [11]
fabricated a rectangular cross section device to investigate the effect of external magnetic
field strength and heat load power values on the flow behavior. They observed a linear
increase in FF velocity with increasing heat load power. Chaudhary et al [12] studied a
Mn-Zn ferrite : water FF based device and investigated its performance by experiments
and simulations. The Mn to Zn ratio of the MNP was chosen to achieve the desired Curie
temperature and the relevant saturation magnetization. The effect of heat load temperatures
on the cooling performance was studied. Cooling was found to increase for larger magnetic

field strength and higher MNP volume fraction.

Nomenclature Thermal parameters

Abbreviations T Temperature
K Thermal conductivity
FF Ferrofluid C Specific heat
HL Heat load Rp Device thermal resistance
HS Heat sink Re Fluid thermal resistance
™C Thermomagnetic convection RoL Device thermal resistance per unit device length
MC Magnetic cooling Rrv Fluid thermal resistance per unit fluid volume
MNP Magnetic nanoparticle Fluidic parameters
PM Permanent magnet
FC Flow channel Y Velocity
PIV Particle image velocimetry p Pressure
Symbols p Density
wn Dynamic/static viscosity
Magnetic parameters K Thermal conductivity
Co Magnetic nanoparticle volume fraction

Magnetic field

Device parameters

B Magnetic flux density
Vi Magnetic scalar potential An Flow channel area
= Magnetic volume force Pra Max. heat load power
M; Saturation magnetization Pt Heat load power
Ho Permeability of free space T max Max. heat load temperature
W Permeability of ferrofluid AT Heat load cooling
Am Magnetic susceptibility of ferrofluid
Komnp Magnetic  susceptibility of magnetic
nanoparticle
Yom Y-position of the magnet
Zom Z-position of the magnet
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Szabo et al. [13] used infrared thermography to determine the combined effects of
buoyancy and magnetic force on the FF. Heat transfer was characterized by determining
the Nusselt number and modified Rayleigh number. Zonouzi et al. [14] experimentally
studied the role of a magnetic quadrupole field on the device performance. The local heat
transfer coefficient and FF pressure drop, for various Reynolds numbers, was studied for
different axial positions of the quadrupole magnets. Hekmat et al. [15] numerically
investigated the thermomagnetic convection of magnetite : water FF within a 3D annular
space for varying MNP volume fraction and magnetic field gradient. Zanella et al. [16]
simulated the effect of FF TMC on the cooling of a transformer with and without the
ferromagnetic core. The presence of a highly permeable core enhanced the effect of
magnetic field near that region, giving rise to stronger TMC. Mousavi et al. [17]
numerically investigated the effect of magnetic field on FF flow behavior inside a helical
tube. They obtained about 40% increase in Nusselt number with increasing magnetic field

strength.

Thus, MC systems provide excellent passive cooling. However, MC systems, which can
handle heat load power in the kilowatt range, have not been reported so far. In most cases,
the characteristic channel length was limited to less than a few cm, which limits the
applications of the device. We simulated the FF velocity for a range of values of device
parameters, FF properties, and applied magnetic field. The magnetic field strength and its
distribution was found to be the parameter that significantly influences the cooling
performance of the MC device. The magnetic field can be altered by either placing several
magnets near the heat load, or by suitably altering the position of a single magnet with
respect to the heat load. Previous reports on MC devices focused more on heat load cooling
using multiple magnets [18, 19]. However, use of multiple magnets results in much larger
device footprint and can lead to damage of the HL equipment [20, 21]. The presence of a
strong magnetic field near the system to be cooled may affect some electronic systems
adversely. Further, if the equipment contains Fe, Co, Ni or their alloys, the magnetic field
can attract the components, adversely affecting their motion and stability. In addition,
location of the permanent magnet near the heat load may be restricted by the geometry and

form factor constraints. The length scale of the heat load region of our device is 250 mm,
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which is much larger than previously reported MC devices. Hence, the effect of variation

in the position of a permanent magnet on the cooling performance could be explored.

We developed a novel multi-torus magnetic cooling device for the cooling of kilowatt level
heat load, with heat load power and temperature up to 1 kW and 580°C, respectively.
Cooling was achieved by a three concentric torus configuration device and larger flow
channel diameter of 25 mm. This multi-torus device provided larger surface area for waste
heat transfer from the heat load to the cooling device. A single NdFeB permanent magnet
was used to drive a large volume of FF through all the flow channels. The device
performance was studied for a range of magnet positions and heat load power. The
temperature profile of the FF at the heat load region was determined. The device
performance was studied experimentally and modelled by numerical simulations using
COMSOL Multiphysics. The velocity vector plot obtained from the simulations shows FF
vortices due to the external magnet; such vortices can improve heat load cooling. The effect
of magnetic field switching on the temperature transients of the heat load was studied, the
cooling was found to be similar for each cycle. The thermal resistance of the device was

also determined for a range of heat load power values.
4.2 Experimental Methodology

The components and the materials used to develop the multi-torus magnetic cooling device
and its design are summarized earlier in section 3.2 and section 3.3.1, respectively. The
following subsections summarize the experimental FF temperature profile determination
setup and the experimental parameters considered to investigate the effects of these

parameters on the TM cooling.
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Figure 4.1. Schematic of the multi-torus magnetic cooling device, showing (a) XY, (b) XZ, and (c)
YZ-plane views. The ferrofluid exhibits temperature dependent susceptibility (ym), viz. ferrofluid
shown in blue (cold, higher ym), green (warm, lower ym), red (hot, lowest ym). The thermal gradient
is provided by the heat load (HL), applied along +ve Z direction by a hot plate, simulating a waste
heat load source. The magnetic field is applied by a permanent magnet (PM) along the —ve Z
direction. T-type thermocouples, indicated as red dots, were mounted at various positions, as shown
in Figure 4.1(b, c). (Xpm, Ypm, Zpm) denotes the position of the permanent magnet. All dimensions

and coordinate positions are in mm.
4.2.1 Experimental ferrofluid temperature profile determination setup

The temperature profile of the FF was measured to determine the temperature variation,
along the axial and radial directions, due to TMC of FF. Thermocouples were placed along
the axial and radial directions of flow channel 1 in the heat load region. Five thermocouples
placed along the axial direction of the flow channel (at Z= 0 mm, along = Y direction) are
termed as axial temperature probes (Figure 4.1(c)). Three thermocouples placed along the
radial direction (at Y= 0 mm, along = Z-direction), are termed as radial temperature probes
(Figure 4.1(b, c)). These axial and radial thermocouples were placed at equal distances
along the Y- and Z-direction, respectively. The distance between adjacent axial and radial
temperature probes are 62.5 mm and 10 mm, respectively.
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4.2.2 Experimental parameters

The effect of heat load power (PHL), Y-position of the permanent magnet (Y,m), Z-position
of the permanent magnet (Zpm) on the heat load and FF temperature profile was studied.
Various temperature profiles were measured, viz., heat load without the multi-torus device
(bare HL), heat load without magnet (without TMC), and heat load with magnet (with

TMC). These parameters and their range are summarized (Table 4.1).

Table 4.1. Parameters, their unit, notation, and their values or range.

Parameter Unit Notation Values/Range
Heat load power kW PHL 0.5,0.67,0.83, 1
Bare heat load temperature (no
) _ °C Bare HL 320 to 580
cooling device)
Heat load temperature without magnet °C Without TMC 211 to 454
Heat load temperature with magnet °C With TMC 172 to 366

0, 62.5, 125, along

Y-position of the permanent magnet Mm Ypm at Zpm=2 v

Z-position of the permanent magnet Mm Zomat Ypm=0 | 2,4, 6,8along +Z

4.3 Modelling Methodology

A 2D numerical model of the multi-torus magnetic cooling device was developed based on
the experimental geometry (Figure 4.1(a)) using COMSOL Multiphysics software to
investigate the thermomagnetic convection. The FF was taken as a single-phase continuum.
The properties of FF (Table 3.2, section 3.2.2) were given as input in the model as the
fluid phase parameters. The governing equations, basic assumptions and the boundary
conditions used for the simulation model were given earlier in section 3.4. The magnetic
volume force experienced by the FF is added as a source term in the Navier-Stokes equation.
The magnetic field distribution of the permanent magnet was simulated and compared with
the experimental magnetic field distribution. The boundary conditions were defined in
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accordance with the experimental conditions. The developed 2D numerical model was

validated to obtain simulation accuracy.
4.3.1 Numerical verification

To ensure the accuracy of the numerical model, a mesh independent test was performed
using triangular mesh elements. Prior to the final simulation, the non-dimensional average
flow velocity of the FF was plotted against the number of mesh elements (Figure 4.2). The
FF velocity reached saturation with an error of 6.3% for 415076 number of mesh elements.
For the final simulation, 424389 mesh elements were created with maximum element size
of 1.1 cm (Table 4.2).
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Figure 4.2. Simulated non-dimensional ferrofluid velocity in the multi-torus magnetic cooling
device as a function of the number of mesh elements. The black arrow represents the number of

mesh elements employed in the present work.

From the mesh independence test, the final meshing condition was determined, which
includes 424389 mesh elements having an average mesh quality of 0.8889. The permanent

magnet was meshed using quad elements. It is divided into 20000 elements of the same
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size. The remaining geometry was meshed using triangular elements. Table 4.2

summarizes the number of mesh elements and the average mesh quality.

Table 4.2. Mesh details of the modeled multi-torus magnetic cooling device.

_ Mesh element No. of mesh Average mesh
Object )
type elements quality
Magnet Quad 20000 1
Ferrofluid flow Triangular 219923 0.8739
region
Tube wall Triangular 73685 0.8319
Air domain Triangular 110781 0.8910
Entire device Triangular & 424389 0.8889
Quad

4.3.2 Numerical validation

The numerical model for the simulation of TMC of FF in the multi-torus magnetic cooling
device was validated by comparing the steady state magnetic field and temperature results
with the experimentally obtained values. The simulated magnetic field along the length and
width of the permanent magnet is in good agreement with the experimental values with a
maximum error of 6.25% (Figure 4.6). Similarly, the simulated temperature profile of the
heat load at various magnetic field conditions is consistent with the experimental findings

with a maximum error of 8% (section 4.4.3, section 4.4.4).
4.4 Results
4.4.1 Determination of Parameters Affecting the Cooling Performance

The cooling of the heat load is due to the TM convective flow of the FF, which results in
heat transfer from the heat load to the heat sink. The significant parameters, which can
influence FF velocity, were simulated. The heat load cooling is related to the average FF
velocity along the flow channel. Hence, we plotted the average non-dimensional FF

velocity (V/Vo) against a certain range of each parameter. Here, Vo denotes the simulated
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average FF velocity at a heat load power of 0.5 kW. All parameters were kept the same as
the experimental case, except the parameter whose effect is being studied. These

parameters are categorized into three different subsections, as stated below.
4.4.1.1 Ferrofluid average velocity as a function of the device parameters

The device parameters are device geometry and device diameter (ADgdev). The FF velocity
was simulated for different device geometries such as circular, elliptical, and rectangular,
keeping the device perimeter the same as the experimental case. When the device geometry
is changed from circular shape to elliptical and rectangular shape, the FF velocity decreased
significantly (Figure 4.3(a)). For elliptical and rectangular shapes, the velocity of the FF
is reduced by 34% and 74%, respectively, at a heat load power of 0.5 kW. The significant
reduction of FF velocity in rectangular geometry is due to the presence of sharp corners.
The elliptical geometry can reduce the form factor, however, at the expense of FF velocity.
Due to the greater FF velocity in circular geometry, we used circular multi-torus geometry

in the present study.

Figure 4.3(b) shows the effect of change in device diameter (ADgev), OVer a range of 0 mm
to 50 mm, on the FF velocity. The FF velocity reduces to 65% of Vo at a ADgev 0Ff 50 mm.
For a constant magnetic field, the FF velocity decreased with increasing device diameter.
For the present silicone tube internal diameter and wall thickness, the experimental device
diameter is the lowest feasible diameter since the silicone tube tends to kink if the device
diameter is lowered further than 38 cm (experimental case, Table 5, section 3.3.1).
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Figure 4.3. Simulated non-dimensional ferrofluid velocity (V/Vo) as a function of (a) device
geometry, and (b) change in device diameter (ADgev). Vo denotes the simulated average ferrofluid
velocity at a HL power of 0.5 kW, for the same parameter values as the experimental case.

4.4.1.2 Ferrofluid average velocity as a function of ferrofluid property variation

The FF properties that can affect the heat load cooling are thermal conductivity (M),
viscosity (i), and the MNP volume fraction (Co). Figure 4.4 shows the non-dimensional
FF velocity for a range of values of these FF properties. The dotted lines represent the
properties of APG S11N FF and the corresponding velocity. The effect of FF thermal
conductivity on its velocity is provided in Figure 4.4(a). The FF velocity increased with
an increase in FF thermal conductivity, but the increase is only 0.2% for a 100% change in
the FF thermal conductivity. More heat can be transferred to the FF due to its higher
thermal conductivity. However, the FF magnetization is lowered when the FF thermal
conductivity is increased, reducing the thermomagnetic force experienced by the FF. Hence,
the increment in FF velocity is not significant. Figure 4.4(b) shows a significant drop in
FF velocity with increasing viscosity of the carrier fluid. The fluid velocity can increase by
50% at a FF viscosity value of 60 mPa.s. The viscous drag is less for low viscosity fluids,
which increases the average FF velocity. Figure 4.4(c) shows the effect of magnetic
nanoparticle volume fraction in the FF on the average FF velocity. The velocity increases
for higher magnetic nanoparticle volume fraction. The FF velocity increases by ~30% and
~40% for a MNP volume fraction of 10 and 11, respectively. For the commercial FF used
in this work, these parameters are constant. Hence, we studied the HL cooling performance,
without altering the FF properties.
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Figure 4.4. Simulated non-dimensional ferrofluid velocity (V/V,) as a function of ferrofluid (a)
thermal conductivity (A), (b) viscosity (u), and (c) magnetic nanoparticle volume fraction (Co). Vo
denotes the simulated average ferrofluid velocity at a HL power of 0.5 kW, for the same parameter

values as that of the experimental case.
4.4.1.3 Ferrofluid average velocity as a function of the magnetic field

Figure 4.5 shows the effect of the magnetic field experienced by the ferrofluid on the
ferrofluid velocity. The velocity increases sharply with increasing magnetic field. The
ferrofluid velocity increases by nearly five times (5Vo) for a field increment from 330 mT
to 660 mT. The increase in ferrofluid velocity with respect to the magnetic field is very
significant compared to the parameters previously considered (section 4.4.1.1, and section
4.4.1.2). The magnetic field is varied by altering the position of the permanent magnet with

respect to the center of the HL.
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Figure 4.5. Simulated non-dimensional ferrofluid velocity (V/V,) as a function of the magnetic
field experienced by the ferrofluid. Vo denotes the simulated average ferrofluid velocity at a HL
power of 0.5 kW, for the same parameter values as that of the experimental case.

It was found that the increase in FF velocity with increasing magnetic field is very
significant. The magnetic field was varied by altering the position of the permanent magnet
with respect to the heat load. The device performance and the FF temperature profile were

studied as a function of various magnet positions and the heat load power.
4.4.2 Magnetic field distribution

Figure 4.6 shows the magnetic field distribution of the magnet along its length and width.
The dotted curves represent the simulated magnetic field distribution. The simulated and
experimental magnetic field distribution are in good agreement with a maximum error of
6.25%.
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Figure 4.6. Magnetic field distribution of the NdFeB permanent magnet along its (a) length (X-
direction), and (b) width (Y-direction). The dotted red curve shows the simulated magnetic field
distribution.

4.4.3 Device performance as a function of the Ypm of the magnet

The effect of the magnet distance from the center of the heat load on the cooling of the heat
load was studied. For a constant height of the magnet (Zym= 2mm), the magnet position
was varied from the center of the heat load (Y= 0 mm) along the negative Y-direction (Ypm)
(Figure 4.1(c)).

4.4.3.1 Cooling as a function of Ypm of the magnet

Figure 4.7(a-c) shows the cooling of the heat load as a function of Y-distance of the magnet
(Ypm) for a heat load power (PHL) of 0.5 kW. For any fixed heat load power, the temperature
of the bare heat load increases to a maximum value and saturates after some time. This
saturated bare heat load temperature is shown by the solid brown line. Heat load cooling
in the presence of the magnetic field is due to the TMC of FF, as shown by the solid blue
line (experiment) and the dotted red line (simulation). The heat load cooling (AT) improves
from 137°C for Ypm= 125 mm to 148°C for Ypm= 0 mm. The FF temperature was the highest
at the center of the heat load. A non-zero value of Ypm reduces the magnetic force
experienced by the FF in the middle of the heat load section, reducing AT. Thus, the
coexistence of both higher FF temperature region and stronger magnetic field strength
results in greater cooling. Although heat load cooling (AT) is reduced from 148°C to 137°C,
the cooling is still substantial even for Ypm= 125 mm. The simulated profiles are in good

agreement with the experimental findings.
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Figure 4.7. Heat load (HL) temperature profile (T) as a function of time (t) for magnet distance of
(@) 0 mm, (b) 62.5 mm and (c) 125 mm along the Y-direction (Ypm), at a constant magnet distance
of Zym=2 mm. The extent of heat load cooling (AT) as a function of heat load power (Pw.) at various
magnet Y-distance (Ypm) due to (d) both thermomagnetic convection (TMC) of the ferrofluid and
conduction heat transfer from the heat load to the multi-torus magnetic cooling device, (e) only
thermomagnetic convection of the ferrofluid.

4.4.3.2 Cooling as a function of heat load power (PnL) for varying Ypm

Cooling of the heat load was investigated for a range of heat load power (PnL). Figure
4.7(d) shows the overall heat load cooling, due to both conduction and TMC, as a function
of heat load power, for various Ypm values. Significant AT values were observed for all
heat load power values. Cooling was the highest when the magnet was placed at Ypm=0
mm. However, placing the magnet close to the heat load may affect the internal electronics.
It may also be challenging to keep the magnet near the center of the heat load due to

geometrical and form factor constraints.

Figure 4.7(e) shows the cooling of the heat load due to TMC of the FF, at various heat
load power values. For a constant Ypm, the extent of cooling increases as heat load power
increases, demonstrating the self-regulating nature of the device. The FF temperature at the
heat load region increases with increasing heat load power values, which lowers the

magnetic susceptibility of the FF in the heat load region. This results in a larger non-
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uniform magnetic force due to the temperature dependent magnetization of the FF. Hence,
the FF velocity increases, resulting in greater cooling of the heat load. The temperature

profile of the FF was measured and described in the following subsection.

The heat load cooling (AT) and percentage drop in AT were plotted for a range of heat load
power values at various Ypm (Figure 4.8). A maximum of 10.3% reduction in cooling was
observed for a PuL and Ypm value of 0.83 kW and 125 mm, respectively. For 1 kW heat
load power, AT value changed from 214°C to 196°C when Y,m was increased from 0 mm

to 125 mm. Again, AT is substantial even at Ypm= 125 mm.
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Figure 4.8. Heat load cooling magnitude and its percentage drop as a function of the (a) Y -variation
of magnet position (Ypm) at a constant Z,m of 2 mm, and (b) Z-variation of magnet position (Zpm)

at a constant Ypm of 0 mm.
4.4.3.3 Ferrofluid temperature profile for a range of Ypm

Figure 4.9(a) shows the FF temperature profile at the axial temperature probe positions,
for a heat load power value (PHL) of 0.5 kW and a range of Ypm. In the absence of the
magnet, the FF temperature at Y= 0 mm is higher than at other Y-positions. The
temperature distribution was found to be symmetrical with respect to the middle of the heat
load section (Y= 0 mm). This symmetry breaks down in the presence of the magnetic field
(Figure 4.9(a)). The temperature asymmetry was altered by changing the Y-position of the
permanent magnet (Ypm). The temperature at Y= -125 mm was lower than at Y= 125 mm,
indicating counterclockwise FF flow. For Ypm= 0 mm, the temperatures near the magnet,
i.e. Y=0 mm and -62.5 mm were lower than at the other three probe locations. For Ypm =

62.5 mm, the probe temperatures at Y= -62.5 mm and -125 mm were lower compared to
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other three probe temperatures since they were closer to the magnet. A similar trend was
observed for Ypm = 125 mm. Hence, the position of the magnet does affect the FF

temperature profile and the extent of cooling of the heat load.

The temperature at Y= 0 mm increased to a higher value, for magnet positions of Ypm=
62.5 and 125 mm, compared to the case of Ypm= 0 mm. The magnetic field strength at Y=
0 mm decreases with increasing Ypm, resulting in higher FF temperature. Therefore,
cooling performance decreases with increasing Ypm for a fixed heat load power (Figure
4.7(d,e)). Higher FF temperature at the heat load region leads to a higher difference in the
magnetic susceptibility value of the FF in the vicinity of the heat load region compared to
the value near the magnet. This results in a larger non-uniform TM force driving the FF.

Thus, TM cooling performance improved for higher heat load power for a constant Ypm
(Figure 4.7(e)).
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Figure 4.9. Ferrofluid temperature profile at a heat load power value (Pn.) of 0.5 kW along (a) the
axial temperature probes (Y-direction), and (b) the radial temperature probes (Z-direction). For a
constant Zpm= 2 mm, the magnet distance was varied along the Y-direction.

Figure 4.9(b) shows the FF temperature profile along the Z-direction for a heat load power
value of 0.5 kW and a range of Ypm. In the absence of the magnet, the temperature decreases
along the +Z direction from Z=-10 mm to Z= 10 mm. In the presence of the magnet, lower
temperatures were observed for all the probes compared to the no magnet case. At Ypm =
0 mm, the temperatures along the radial directions were similar. Also, at Ypm= 0 mm, the
position Z= 0 mm exhibited the lowest temperature due to the synergy between the

magnetic field and the thermal field, which gave rise to a strong thermomagnetic
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convection effect. For Ypm=62.5 mm and 125 mm, the radial temperature curves exhibited
a similar trend as that of the no magnet case (red curve in Figure 4.9(b)). The temperature
along the radial direction for Ypm= 62.5 mm and 125 mm was also higher compared to the
case of Ypm= 0 mm. This effect is due to the lower magnitude of the magnetic force with
increasing Ypm. For higher Y,m, the magnetic field strength experienced by the FF at Y= 0
mm was weaker compared to the case when the magnet was placed at Ypm= 0 mm.
Therefore, the cooling is less. The permanent magnet position at Ypm=0 mm, (green curve
in Figure 4.9(a)) is the position for maximum cooling. Hence, all subsequent experiments

were carried out at Ypm of 0 mm.
4.4.4 Device performance as a function of the Zpm of the magnet

The effect of magnet elevation from the top of the magnetic cooling device on the cooling
of the heat load was studied. At constant Y,m of 0 mm, the magnet elevation was varied
from the top surface of the device (Z= 15 mm, Figure 4.1(b, c)), along the positive Z-

direction.
4.4.4.1 Cooling as a function of Zpm of the magnet

Figure 4.10(a-d) shows the cooling of the heat load for a range of Z-distance of the magnet
(Zpm) at a constant heat load power (PxL) of 0.5 kW. The heat load cooling (AT) improved
from 137°C for Zpm= 8 mm to 148°C for Zpm = 2 mm. This observation can be attributed to
the stronger magnetic force experienced by the FF as the magnet was moved closer to the
device. As expected, the stronger the magnetic field experienced by the FF at the heat load
region, the greater the magnetic force on the FF, resulting in higher FF velocity and better

cooling.
4.4.4.2 Cooling as a function of heat load power (PxL) for varying Zym

The device performance was investigated for different heat load power values. Figure
4.10(e) depicts the overall heat load cooling, due to both conduction and TMC, as a
function of heat load power for various magnet position along the Z-direction. For all the
heat load power values, Zym= 2 mm gives the maximum cooling. However, the stronger
magnetic field may affect the electronics of the equipment. Also, due to the geometrical

constraints or form factor restrictions, the magnet may adversely affect ferromagnetic
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metals and alloys in the device. Therefore, it may be necessary to keep the magnetic field
strength low or the magnet physically away from the heat load. We plotted the AT value
and its percentage drop as a function of Zpm at various heat load power values (Figure
4.8(b)). A maximum of 16.1% AT drop was observed for a Py and Zpm value of 0.67 kW
and 8 mm, respectively. For 1 kW heat load power, AT value decreased from 214°C to
192°C when Zym increased from 2 mm to 8 mm. Hence, a permanent magnet can be placed
away from the heat load region and at a reasonable height from the top of the heat load
surface without much compromise on the heat load cooling. Figure 4.10(f) presents the
cooling due to TMC of the FF at various heat load power values. Cooling increases with

increasing PrL. The increase in the TMC effect of the FF results in higher AT at lower Zpm.
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Figure 4.10. Heat load (HL) temperature profile (T) as a function of time (t) for a magnet distance

of (a) 2 mm, (b) 4 mm, (c) 6 mm and (d) 8 mm along the Z-direction (Zym), at a constant Yym=0

mm. The extent of heat load cooling (AT) as a function of heat load power at various magnet Z-

distance (Zpm) due to (d) both thermomagnetic convection (TMC) of the ferrofluid and conduction

heat transfer from the heat load to the multi-torus magnetic cooling device, (e) only thermomagnetic
convection of the ferrofluid.
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4.4.4.3 Ferrofluid temperature profile for a range of P and Zpm

Figure 4.11(a) shows the FF temperature profile due to TMC, for various axial probe
positions, at a heat load power (PxL) of 0.5 kW and a range of Zpm. Under an external
magnetic field, the FF temperatures were lower compared to the no magnet case (red curve
in Figure 4.9(a)). The temperature drop was higher at positions closer to the magnet (Y=
0 mm, -62.5 mm) compared to positions further away (Figure 4.11(a)). This is due to the
stronger magnetic field experienced by the FF in those regions resulting in greater
thermomagnetic force in the FF. The flow of colder FF from the heat sink region leads to
lower temperatures in the negative Y-direction (Y=-62.5 mm, -125 mm) compared to their

equivalent probes in the positive Y-direction.
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Figure 4.11. Ferrofluid temperature profile at a heat load power value (Pw.) of 0.5 kW (a) along
the axial temperature probes (Y-direction), (b) along the radial temperature probes (Z-direction).

For a constant Y,m= 0 mm, the magnet distance was varied along the Z-direction.

Figure 4.11(b) illustrates the FF temperature profile along the Z-direction (radial probes),
for varying Zpmand a heat load power value of 0.5 kW. At a fixed power, the temperatures
were similar for a constant Zpm. The effect can be attributed to the strong TMC effect due
to the presence of the magnet near the higher thermal gradient region (Y= 0 mm). The
temperature at Z= -10 mm was slightly higher compared to Z= 0 mm and Z= 10 mm since
it was closer to the heat load. With decreasing value of Z,m, TMC of the FF and cooling

are greater due to the higher magnetic field strength experienced by the FF.
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The experimental results were in good agreement with the simulation. The small difference
in temperatures between experiment and simulation could be due to errors in the

positioning of the temperature probes.
445 Cooling for magnet position of Ypm=0 mm and Zpm=2 mm

From section 4.4.3 and 4.4.4, it can be inferred that maximum heat load cooling occurs for
Ypm= 0 mm, and small magnet elevation above the device (Zpm= 2 mm). For this position
of the magnet, the extent of cooling increases from 148°C to 214°C, with an increase in
heat load power from 0.5 kW to 1 kW, respectively (Figure 4.12). However, in the case of
magnetic field sensitive devices, the magnet can be placed at certain distance and height
from the middle of the heat load.
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Figure 4.12. HL temperature (T) as a function of time (t), both in the presence (with TMC) and
absence (bare heat load) of the multi-torus magnetic cooling device at varying heat load power
(PwL) of (a) 0.5 kW, (b) 0.67 kW, (c) 0.83 kW and (d) 1 kW, for an optimized magnet position of
Yem=0 mm and Z,»= 2 mm. Dotted red curves represent the simulated heat load temperature at all

powers.
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4.4.6 Multiphysics modelling results

Multiphysics modeling of the multi-torus magnetic cooling device was performed, using a

2-D planar model, as described in section 3.4 and section 4.3.
4.4.6.1 Simulated surface temperature

The combined effect of thermal gradient and magnetic field on FF flow can be inferred
from the surface temperature plot, with and without the magnetic field (Figure 4.13(a, b)).
Without the magnet, a uniform temperature distribution was obtained across the heat load
section, whereas in the presence of the magnetic field, the temperature distribution became
non-uniform. The uniform temperature distribution across the heat load section is due to
the absence of FF flow. The temperature distribution under the external magnetic field also
revealed the FF flow to be anticlockwise. It can also be observed that the thermal boundary
layer was distorted near the heat load region due to FF thermomagnetic convection (Figure
4.13(b)).

4.4.6.2 Simulated surface velocity vectors

To study the combined effect of the magnetic field gradient and the thermal gradient on
the FF flow direction and the nature of the flow, surface velocity vectors of the FF were
plotted (Figure 4.13(d, €)). Far away from the magnetic field, the FF flow was laminar
(Figure 4.13(e)). Interestingly, FF vortices were formed near the strong magnetic field
region (Figure 4.13(d)). Vortex formation can be attributed to the combined effect of the
magnetic field and thermal field on the FF flow. Near the heat load, the hotter FF, due to
its smaller magnetization, gets attracted towards the magnetic field region with a small
magnetic force. Simultaneously, the incoming colder FF, with higher magnetization
experiences higher magnetic force, pushing it forward, resulting in the formation of a

vortex.

Vortex formation helps in efficient mixing of the hotter and colder FF near the magnet.
Hence, the FF temperature in the radial direction was similar (Figure 4.11(b)). The drop
in FF temperatures near the magnet can also be attributed to these vortices (Figure 4.9(b),
Figure 4.11(b)). Therefore, cooling is due to both the flow of FF through the flow channels

across the heat load, and the vortices, which enhance thermal transport at the heat load
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region. The vortices also disrupt the thermal boundary layer near the magnet (Figure

4.13(b)), enhancing heat transfer. Similar effects were reported by Bahiraei et al.[22] for

the two-phase simulation of the FF flow in a square duct.

MTMC OFF
B=0mT

HEAT LOAD

(b)

MTMC ON
B= 400 mT

HEAT LOAD

tz)

s | Mag. Field
Al

7 2

Y

HEAT SINK

Figure 4.13. Simulation results showing the surface temperature profile of the multi-torus magnetic

cooling device, temperature plots (a) without, and (b) with the magnetic field, (c) temperature color

scale bar. Simulated velocity vector plots of the ferrofluid (d) near the magnet at the heat load

region, and (e) far away from the magnet at the heat sink region.
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4.4.6.3 Simulated velocity profile

The velocity profile was plotted for different heat load powers (Figure 4.14). The FF
velocity increases with increasing heat load power. The velocity profile at the heat load
region is not parabolic (Figure 4.14(a)). Rather, it is asymmetric with respect to the flow
axis, which is due to the non-uniform magnetic field distribution along the flow channel
axis and FF vortices (Figure 4.13(d)). At the heat sink region, the velocity profile is
parabolic (Figure 4.14(b)) as the flow was laminar (Figure 4.13(e)) and the magnetic field
effect is negligible.
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Figure 4.14. Simulated velocity profile of the ferrofluid as a function of the channel diameter (a)

near the magnet at the HL region, (b) away from the magnet at the HS region.
4.4.7 Temperature transient effect

The effect of magnetic field switching between 0 mT and 400 mT on the heat load
temperature transient effects was investigated for 0.5 kW heat load power (Figure 4.15).
Initially, the heat load was allowed to attain a steady state temperature without the
application of the magnetic field. Then, the magnet was brought near the device at the heat
load region. A sudden drop in temperature was observed. The magnetic field switching
cycle was repeated several times. The heat load temperature starts to increase and attains
its maximum value over a duration of time after removing the magnetic field. The transient
effect can be significant if the magnetic field is applied using an electromagnet. Some
amount of the external energy can be saved by switching off the electromagnet for a

particular time duration, when the heat load temperature rises. Once the heat load reaches
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its critical temperature, the electromagnet can be switched on to commence the heat load

cooling.
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Figure 4.15. Effect of magnetic field switching between 0 mT and 400 mT on the heat load

temperature profile and the ferrofluid temperature at the heat sink, at 0.5 kW heat load power.

The transient effect has been simulated by periodically removing and applying the
magnetic field using a permanent magnet. For the simulation of transient effect, the total
simulation time was 160 min, the same as that of the experiment. Each magnetic field
switching cycle was maintained for ~30 min. The simulation time step size was taken to
be 1 s. Smaller time steps are required for transient simulation [23]. For every cycle, the
temperature drop due to FF thermomagnetic convection (AT) was found to be almost
constant. At a heat load power of 0.5 kW, a drop in temperature of 35°C was obtained due
to FF thermomagnetic convection. The simulated transient effect with magnetic field
switching was in good agreement with the experiments with a maximum error of 4%. The
FF temperature at the heat sink region was also found to change due to cycling. For the

initial heating cycle, the temperature of the FF at the heat sink was constant. After
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application of the magnetic field at t= 31 min, the hotter FF from the heat load started to
flow and reached the HS region after 5 min, resulting in an increase in heat sink temperature.
After removing the magnet at t= 64 min, the heat sink temperature reduced. The inflow of
hotter FF to the heat sink region stopped and heat transfer to the ambient resulted in lower
FF temperature at the heat sink. A similar trend was observed for further heating and

cooling cycles.
4.4.8 Thermal resistance of the magnetic cooling device

Heat pipes are devices for thermal transport operating by the principle of an evaporation-
condensation cycle. One important parameter to evaluate their thermal performance is by
calculating the thermal resistance for a given input power [24, 25]. To compare the heat
transfer of our device with a heat pipe, we calculated the device thermal resistance (Rp)
and the FF thermal resistance (Re). Rp is defined as the ratio of the temperature difference
between the average heat load temperature (TwL) and the heat sink average wall
temperature (Ths) to the applied heat load power. Rr is defined as the ratio of the average

FF temperature difference at the heat load (T) and the HS (T#) to the applied heat load

power.
THL - THS
Rp = B €9
THL _ THS
Ry = ¥ 2)
HL

The device thermal resistance and the FF thermal resistance was plotted in Figure 4.16.
For 1 kW heat load power, Rp and Rr were 0.26°C/W and 0.0187°C/W, respectively. The
thermal resistances decrease with increasing heat load power. As heat load power increases,
efficient heat transfer was observed. These thermal resistance results are consistent with
the FF flow velocity behavior (Figure 4.14). For heat transport over a long distance, the
overall device thermal resistance per unit length (RoL) should be small. The fluid thermal
resistance per unit volume of the fluid (Rrv) should also be low for better cooling

performance. We compared Rp. and Ry for our device and conventional heat pipes.
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Figure 4.16. The thermal resistance of the device and the ferrofluid thermal resistance due to

thermomagnetic convection in the presence of a permanent magnet at Y,m=0 mm and Zym= 2 mm.

Table 4.3 shows that the thermal resistance of our device and that of the FF are of the same
order of magnitude as conventional heat pipes. Interestingly, the Rp. and Rrv values for
our device are better than conventional heat pipes (Table 4.3). The multi-torus magnetic
cooling device offers lower thermal resistance per unit length and lower fluid thermal
resistance per unit volume of the FF. Hence, for the same device length, higher heat load
cooling can be achieved using multi-torus magnetic cooling device than by conventional
heat pipes, if the distance between the heat load and heat sink of the cooling device is large.
Hence, the multi-torus magnetic cooling device can be more useful for cooling over large

distances.

Table 4.3. Comparison of the thermal resistance of our multi-torus magnetic cooling device with
conventional heat pipes. Notation: Rr = thermal resistance due to fluid flow at highest heat load
power, Rp= device thermal resistance at highest heat load power, Rev=Rsuig/fluid volume= volume
thermal resistance of the fluid, Ro.= Ro/device length =device thermal resistance per unit length,

NA= data not available.
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RoL (°C-Wim
Reference Re(°C W) Rp (°C W) Rev (°CC-W1LLY) )
This
0.0187 (Rer) 0.26 (Rmtp) 0.0085 0.18
work
1.2 (15% Water) 0.7384
1.2 (20% Ethanol) 0.7384
[26] NA NA
1.4 (50% R-123
_ _ 0.8615
special fluid)
0.09
32.14
(Evaporator) 0.3 (Sink temp:
[27] 0.267
0.23 25°C)
82.14
(Condenser)
0.008 (0° inclination
[24] NA NA 0.0266
angle)
[25] 0.01 0.182 0.0535 0.1892

45 Discussion

Our multi-torus magnetic cooling device can be used for cooling of the heat load with
power values and temperature upto 1 kW and 580°C, respectively. The extent of cooling
(AT) of the heat load was 214°C at 1 kW heat load power, which is by far the maximum
AT obtained using such device. The multi-torus device utilizes no external energy for
driving the FF along the flow channels. Previously developed magnetic cooling devices
mostly use small channel length of the flow channels and small volume of FF, which limits
the overall heat transfer capacity of the device. A planar heat load source (250 mm*250
mm) with large dimensions was considered for the first time and cooled using our magnetic
cooling device. A single permanent magnet was used to provide the thermomagnetic
driving force to a large volume of FF along multiple flow channels, enhancing the heat
transfer capacity. The lower value of thermal resistance per unit length of our magnetic

cooling device and the FF thermal resistance per unit volume of the fluid makes it suitable
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for heat transport over larger distance. The present multi-torus magnetic cooling device can
be used for kW level heat loads at high temperatures. Various examples include industrial

systems such as battery cabinets, compressors, data servers etc.
4.6 Conclusion

A multi-torus magnetic cooling device based on thermomagnetic convection of a FF was
designed, fabricated, and tested for waste heat removal from a heat load in the kilowatt
level power range. No external power was utilized for pumping the FF through the flow
channel. Cooling of 148°C was achieved at a heat load power of 0.5 kW, which increased
to 214°C at 1 kW. The temperature profile of the FF was recorded at the heat load section
along both axial and radial directions. A 10.3 % and 16.1 % drop in heat load cooling
magnitude from its maximum value was observed when the magnet was positioned at Y pm=

125 mm and Zym= 8 mm, respectively.

The simulated results from the multiphysics model were in good agreement with the
experimental findings. The surface velocity vector plot revealed the formation of FF
vortices, which disrupt the thermal boundary layer and enhance cooling. The effect of
magnetic field switching on the heat load temperature was studied and the effect was also
simulated. The cooling was similar during each cooling cycle. Our device can operate at
higher heat load power over greater lengths and higher fluid content because of the lower
thermal resistance per unit length of the device and thermal resistance per unit volume of
the fluid used. Hence, this self-pumping and self-regulating magnetic cooling device will

be useful for KW level cooling.
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Racetrack Magnetic Cooling Device Chapter 5

Chapter 5
High Conductivity, Low Footprint, High Cooling, Passive Magneto-

fluidic Devices

Waste heat management by a passive magnetic cooling device can improve the reliability,
efficiency, and life span of a plethora of systems. A magnetic cooling device is governed by
the thermomagnetic convection of a ferrofluid. We investigated the effect of device
characteristics and properties on the cooling performance. The effect of thermal
conductivity of the tube of the device and device geometry on the cooling profile was
determined. We developed for the first time several racetrack shaped magnetic cooling
devices with low device footprint and high thermal conductivity. Copper-silicone hybrid
magnetic cooling devices having a range of copper/silicone content were studied. The
effects of this variation on cooling were examined. The effect of magnet position along the
device periphery was evaluated. The all copper device cooled the heat load even when the
magnet was placed close to the heat sink region. A hybrid copper-silicone device exhibited
highest cooling of 123°C for a heat flux value and initial heat load temperature of 3.47
kW/m? and 197°C. Interestingly, the extent of cooling was higher for a hybrid device with
higher silicone content. The hybrid magnetic cooling device is more useful for cooling of
magnetic field insensitive devices, whereas an all copper device is useful for faster cooling

of magnetic field sensitive devices.
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5.1 Introduction

Efficient cooling solutions for the removal of waste heat are the need of the hour for modern
industrial, electronic, and household devices. A magnetic nanofluid, also known as a FF,
is a class of nanofluid consisting of coated superparamagnetic/soft ferromagnetic
nanoparticles in a carrier fluid. The suspended MNP are typically 5-15 nm in diameter [1].
A ferrofluid possesses both fluidic and magnetic behavior [2]. Hence, the flow behavior of
the ferrofluid can be controlled and manipulated by an external magnetic field. The thermal
gradient due to the difference in heat load and heat sink temperatures results in a
magnetization gradient in the FF. The FF at the heat load exhibit low magnetization. Near
the heat sink, FF possesses higher magnetization. Under the influence of an external
magnetic field, this differentially heated FF experiences a non-uniform magnetic volume
force, giving rise to FF flow. This phenomenon is called thermomagnetic convection of the
FF [2]. The FF continuously circulates in the flow channel under the combined effect of
the waste heat and the external magnetic field. Figure 5.1 shows the schematic of our

passive MC device.
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WASTE HEAT IN I Hot ® Paramagnetic WASTE HEAT OUT

(M=0)
M: Magnetization

Figure 5.1. Schematic of a magnetic cooling device governed by the principle of thermomagnetic
convection of a ferrofluid. A differentially heated ferrofluid flows around the closed loop under the
effect of thermal gradient from the waste heat and an applied magnetic field. The color of the fluid
inside the flow loop represents its thermal state, red being hot and blue being cold ferrofluid. The
direction of arrows indicated the ferrofluid flow direction, and the length of the arrow represents

the relative magnetization of the corresponding ferrofluid region.
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Abbreviations Notation: Thermal & fluidic parameters
MC Magnetic cooling T Temperature
MEMS Micro-electromechanical systems To Heat load temperature without magnet
LOC Lab-on-a-chip Tm Heat load temperature with magnet
MNP Magnetic nanoparticles T, Heat sink temperature without magnet
HL Heat load T Heat sink temperature with magnet
HS Heat sink Tw Inner tube wall temperature
PFA Perfluoroalkoxy alkane Tt Bulk ferrofluid temperature
PMMA Polymethyl methacrylate Ttin Ferrofluid inlet temperature
Notation: Magnetic parameters hy Local convective heat transfer coefficient
PuL Power applied to the heat load
H Magnetic field QnL Heat flux at the heat load
M Magnetization Nup Local value of Nusselt number
B Magnetic flux density NUavg Average value of Nusselt number
MEulk Bulk saturation magnetization of iron oxide K Thermal conductivity
M Saturation magnetization C, Specific heat
Vi Magnetic scalar potential v Velocity
Fm Magnetic volume force P Density
Ho Permeability of the free space p Pressure
Am Ferrofluid magnetic susceptibility M Dynamic viscosity
Xi Initial magnetic susceptibility of the iron oxide c, Magnetic nanaparticle volume fraction
nanoparticle

Other parameters

Lo Device length

L Distance between the heat load and the heat sink
di Inner diameter of the tube

do Outer diameter of the tube

L Heat load arc length

D Distance between the parallel flow branch

\% Voltage

| Current

Langevin parameter

Langevin function

zZ 5 1

Number of points across the heat load

The salient properties of magnetic cooling systems are given below [2].

e FF flow is due to the waste heat from the device which needs to be cooled and the
external magnetic field produced by either a permanent magnet or an electromagnet.

e Itis self-pumping and self-regulating.

e The MC device does not require a wicking structure or actuator system.

e The MC device is noise-free, vibration-free, and requires low/no maintenance. Hence,

it can be used in remote areas for cooling.
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Several MC devices were developed and investigated for their TM cooling performance.
They can be categorized as microscale, small-scale, and large-scale devices. Initial studies
focused mainly on the cooling of microscale devices, e.g., for micro electromechanical
system (MEMS) and lab-on-chip (LOC) applications [3-6]. Hatch et al. [6] developed a
micropump based on magnetic actuation of FF for both pumping and valving, intended for
LOC applications. Love et al. [3] designed and investigated a magnetocaloric pump for
LOC applications. They synthesized oil-based magnetite, and water and oil-based Mn-Zn
ferrite FF and compared their cooling in a magnetic cooling system. Ghasemian et al. [5]
numerically examined forced laminar convection based heat transfer of a magnetite FF in

a mini channel

Recent studies have focused more on large-scale cooling for long-distance and high-power
waste heat transfer. Pattanaik et al. [2] investigated the cooling performance of kW level
heat loads using a large-scale multi-torus MC device having an effective flow channel
length and diameter of 1.8 m and 25 mm, respectively. They achieved a heat load
temperature drop of 214°C at 1 kW heat load power using oil-based magnetite FF.
Yamaguchi et al. [7] experimentally studied the performance of a 5 m long MC system
using a temperature-sensitive binary magnetic fluid. For a horizontal orientation of the
device, they reported a heat transfer of 35.8 W employing liquid-gas boiling two-phase

flow.

All these reports investigated MC as a function of FF properties, heat load power/power
density and temperature, device orientation, magnetic field strength, position, and
orientation of the applied magnetic field. However, very few reports examined the effect
of MC device geometry on the TM cooling [8]. Previous reports investigated cooling of a
single tube material type e.g., glass [4], copper [7, 9], aluminum [10], stainless steel [11,
12], polymeric PFA [13], PMMA [14], or silicone [2]. HoweVer, there was no investigation
of the effect of thermal conductivity of the tube material on the cooling of the heat load.
The influence of FF parameters [3, 13, 15, 16] and magnetic field conditions [2, 7] on
cooling was studied . However, the effect of thermal gradient on the cooling has not been
studied. The effect of magnet position from the heat load all the way to the heat sink on the

cooling was not studied.
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Hence, the scope of the present study is to investigate the cooling with respect to device
parameters and characteristics. We studied the effect of flow tube thermal conductivity,
i.e., highly thermally conductive copper tube and less thermally conductive silicone tube
on the cooling. To investigate the effect of device form factor on cooling, we developed,
and investigated for the first time, racetrack geometry-based MC devices with a low device
footprint. We fabricated hybrid racetrack MC devices to enhance the thermal gradient, and
hence cooling by creating a junction of two materials with dissimilar thermal conductivity
along the flow channel. A thermally conductive copper tube was joined to a lower thermal
conductivity silicone tube to form a hybrid device. This results in a copper-silicone hybrid

hot-cold junction near the heat load region, increasing the thermal gradient region.

The heat load temperature profile, cooling magnitude, heat sink temperature, and the
simulated average FF velocity were investigated as a function of copper percentage in the
hybrid MC device. We report superior cooling performance using racetrack MC devices.
The cooling is maximized for lower copper content hybrid racetrack device. High cooling
by 111°C, and 123°C was observed using an all copper and a hybrid MC device with 25%
copper content, respectively, for a heat flux value and initial heat load temperature of 3.47
kW/m? and 197°C, respectively. The effect of magnet position on cooling for both copper
and hybrid devices were analyzed. The heat load was cooled down using an all-copper
racetrack device even when the magnet was placed at the heat sink region, which was the
farthest point from the heat load. The cooling performance was studied over a heat flux
and heat load temperature range of 0.49-3.47 kW/m? and 50-200°C, respectively. Based
on the cooling results as a function of magnet position, we present potential applications
of copper and hybrid MC devices to cool magnetic field sensitive and magnetic field

insensitive devices systems, respectively.

Our racetrack MC devices are versatile and offer an environmentally friendly passive
cooling solution without the need of external energy input. The heat load can be cooled to
a certain extent by placing a magnet away from the heat load using an all-copper MC device,
which can significantly cool magnetic field sensitive industrial, electronic, and household
devices and systems, e.g., gaming laptops, CPUs and data servers. On the other hand, for

systems that are not affected by magnetic fields, such as solar panels, compressors,
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automobiles, high power LEDs and battery cabinets, a hybrid MC device can be used the

waste heat removal.
5.2 Experimental Methods

All the technical details and the dimensions of the experimental setup of the developed
circular and racetrack devices are summarized in detail in section 3.3.2 and section 3.3.3,
respectively. The schematics of the circular and racetrack devices are shown in Figure 5.2
and Figure 5.3, respectively. The properties of the fluid material used for this study is also
provided in section 3.2.2. The following subsection covers the experimental parameters,

which are considered for the cooling performance investigation of racetrack devices.
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Figure 5.2. Schematics of the circular magnetic cooling devices with heat load arc length and
perimeter of 30 cm and 130 cm, respectively. The circular devices are made up of (a) copper, and
(b) silicone tubes. The heat load is obtained by radial resistive heating wire of nichrome. The
magnetic field is applied by a Nd-Fe-B magnet near the heat load region. T-type thermocouples
were positioned along the heat load section (blue dots). The origin (0,0,0) is taken at the center of
the heat load. White arrows represent the ferrofluid flow direction due to thermomagnetic

convection.
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Figure 5.3. Schematics of the racetrack magnetic cooling devices with heat load arc length and
perimeter of 30 cm and 130 cm, respectively. The racetrack devices are made up of (a) all silicone,
(b) 25% copper and 75% silicone, (c) 50% copper and 50% silicone, (d) 75% copper and 25%
silicone, and (e) all copper. The heat load is a radial resistive heating wire of nichrome, simulating
a source of waste heat. The magnetic field is applied by a Nd-Fe-B magnet near the heat load region.
T-type thermocouples were positioned along the heat load section (blue dots). The origin (0,0,0) is
taken at the center of the heat load. White arrows represent the ferrofluid flow direction due to

thermomagnetic convection.
5.2.1 Experimental parameters

The effect of device parameters, magnet position, and heat flux on the cooling was
examined both experimentally and numerically. The device parameters considered for this
study are tube material thermal conductivity, device geometry, and the copper to silicone
ratio in the hybrid MC device. The experimental parameters, notation, and the range of

these parameters studied are given in Table 5.1.

Table 5.1. Parameters, their notation, range, and the measurement sets.
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Parameters Unit Notation Performed Sets
Tube thermal conductivity W/m.K Ktube 0.2 & 400
. - Circular &
Device geometry -
Racetrack
Copper to silicone ratio in %/%
. . - 0, 25, 50, 75, 100
hybrid device
Magnet position Cm dm 0to 55
Heat load heat flux kW/m? Q 0.49-3.47
Heat load temperature without °C
To 50-200
magnet
Heat load temperature with °C
Tm 43-121
magnet

5.3 Modeling Methods

The details of the numerical model, governing equations, and the boundary conditions used
for the numerical simulation of the circular and racetrack MC devices are summarized in
section 3.4. The numerical verification and validation details are provided in the following

subsections.
5.3.1 Numerical verification

For numerical verification of the 2D model, a mesh independence test was performed over
a range of 2D triangular mesh elements. The final simulation of the racetrack MC device
consists of 173918 triangular mesh elements with an average mesh quality of 0.8895. The
mesh independence test was performed considering the non-dimensional FF velocity as a

function of the number of mesh elements (graph not provided) [2].
5.3.2 Numerical validation

The 2D model for the FF TMC based heat transfer in the MC device was numerically

validated by comparing the simulated magnetic field distribution (Figure 5.4) and heat
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load temperature profile (Figure 5.5) results with experimental findings. The simulated
value of the surface magnetic field of the NdFeB magnet along its length and width is in
good agreement with the experimental value, with a maximum absolute error of 6.2%. The
simulated heat load temperature profiles for a heat flux value and initial heat load
temperature of 3.47 kW/m? and 197°C, respectively, are also in accordance with the

experimental results.
5.4 Results and Discussions
5.4.1 Magnetic field distribution

Figure 5.4 shows the distribution of the magnetic field along the length and width of the
NdFeB permanent magnet. The pink curves represent the simulated value of the magnetic
field distribution. The experimental and simulated results are in good agreement, with a

maximum absolute error of 6.2%.
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L 3 . ’, S - ==Modelin ‘
~ Y ---Modeling - - g ,
Saa! | Soasfi !
E 0.45 i E
=040l 044
%0.35 - %0.40 |
Soml X |2 |
0.25 | /R < (g | 036
il " 1 . 1 . 1 . 1 EI L 1 L 1 L 1 . 1
-4 -2 0 2 4 -2 -1 0 1 2
Magnet Length (cm) Magnet Width (cm)

Figure 5.4. Surface magnetic field distribution of the NdFeB permanent magnet (a) along its length,
and (b) width. The pink dotted curve represents the simulated magnetic field distribution.

5.4.2 Effect of tube material thermal conductivity on cooling

Two circular MC devices with the same tube internal diameter and device perimeter but
different thermal conductivity values were developed using copper and silicone tubes
(Figure 5.2). The dimensions and the physical properties of both the devices are provided
in Error! Reference source not found. Initially, the heat load was allowed to reach a s

aturation temperature (To) without an external magnetic field. A magnetic field was applied
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near the heat load region after the heat load temperature reached a saturation value. Figure
5.5 depicts the effect of tube material thermal conductivity on magnetic cooling of the heat
load. The heat load was cooled from 197°C to 84°C (Figure 5.5(a)) and 114°C (Figure
5.5(b)) for copper and silicone-based circular MC devices, respectively. For the same initial
heat load temperature To, the amount of cooling obtained in the copper-based device was
36% higher than its silicone counterpart. After the application of the magnetic field, the
initial rate of change of heat load temperature (0T/dt) was 40°C/min for the copper-based

device, whereas it was only 18°C/min for the silicone-based device.

These observations signify the strong effect of tube material thermal conductivity on the
cooling. In addition to the ferrofluid thermomagnetic convection, the greater thermal
conductivity of copper enhanced the cooling due to the additional effect of conductive heat
transfer from the heat load to the heat sink. Effective heat transfer from the tube surface to
the bulk of the FF can also contribute to the enhanced cooling. In the case of the copper-
based device, heat transfer from the tube surface to the bulk of the FF results in a higher
thermal gradient and higher magnetization gradient near the heat load region. This results
in a larger magnetic force field across the heat load region, enhancing the cooling. On the
other hand, due to the lower thermal conductivity of silicone, the transfer of heat from the
surface to the FF bulk takes place slowly. Hence, we observed a gradual change in the heat
load temperature profile in the silicone-based device, whereas for the copper case, the

change is quite rapid (Figure 5.5).
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Figure 5.5. Heat load temperature profile as a function of time without and with the applied

magnetic field for (a) copper, and (b) silicone tube material based circular magnetic cooling devices.
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T, and T,,, denote the heat load temperature without and with the magnetic field, respectively.
Brown and blue dashed lines represent the heat load saturation temperature before and after the

application of the magnetic field, respectively.

Figure 5.6 shows the heat sink temperature profiles of both copper and silicone-based
circular MC devices. The heat sink temperature profile of a copper-based circular magnetic
cooling device can be subdivided into four different points (Figure 5.6(a)). A constant heat
sink temperature of 21°C was observed until point A. Subsequently, the heat sink
temperature slightly increased to 22.5°C and saturated thereafter. This increase in heat sink
temperature can be attributed to thermal conduction through the copper tube. At 40 min,
the heat sink temperature from point B increased at a rapid rate and reached a peak value
of 86°Cat point C. This steep rise in the heat sink temperature is due to the inflow of hot
FF from the heat load region immediately after placing the permanent magnet. From point
C, the heat sink temperature started to reduce again and saturated near point D at 58°C. A
sharp drop in the heat sink temperature after point C (t~50 min.) may be ascribed to the
completion of the initial half cycle of the FF flow (inflow of the FF from the heat load to
the heat sink) and equilibration thereafter. The simulated heat sink profile (orange dashed
line in Figure 5.6(a)) also exhibited a similar temperature trend. The sharp peaks in both
the heat load (Figure 5.6(a)) and heat sink (Figure 5.6(a)) temperature profiles of the
copper device are mainly due to effective conductive heat transfer and enhanced TMC
based heat transfer due to efficient transfer of heat from the copper surface to the bulk of
the FF.

Unlike the copper case, the heat sink temperature profile of a silicone-based circular MC
device can be subdivided into only three different points instead of four (Figure 5.6(b)).
Due to the lower thermal conductivity of silicone, the heat sink temperature was the same
as the ambient temperature of 21°C even after the application of the magnetic field at 40
minutes. The heat sink temperature started to rise at point A, 10 minutes after the
application of the magnetic field. The rise in heat sink temperature is also not as sharp as
the copper case. At point B, the heat sink temperature reached its maximum and then started
to drop. At point C, the heat sink temperature tended towards a saturation value of 51°C
unlike copper, where the temperature was already saturated. Efficient heat transfer through

the copper-based device gave rise to higher cooling compared to the silicone-based MC
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device. For both the heat sink simulated profiles, some differences were observed with

respect to the experimental profiles.
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Figure 5.6. Heat sink temperature profile as a function of time without and with the applied
magnetic field for (a) copper, and (b) silicone tube material based circular magnetic cooling devices.
Ty and T, denote the heat sink temperature without and with the magnetic field, respectively.
Brown and blue dashed lines represent the heat load saturation temperature before and after the

application of the magnetic field, respectively.
5.4.3 Effect of device geometry on cooling

To study the effect of device geometry on cooling, circular and racetrack devices were
developed, and their cooling performance was studied. A magnetic field was applied near
the heat load region after the heat load temperature saturated. Figure 5.7 shows the
temperature profile of the heat load before and after the application of the magnetic field
for both the geometries. Though the amount of cooling was significant for both the
geometries, slightly higher cooling was achieved for circular geometry than the racetrack
geometry. In the case of the racetrack geometry, the FF velocity is slightly lower than the
circular geometry due to higher curvature near the heat load and the heat sink. However,
the device footprint for the racetrack geometry (390 cm?) is considerably lower compared
to the circular geometry (1345 cm?). The device dimensions, device footprints, and the
cooling performance for both the copper-based circular and racetrack devices are provided
in Table 5.2. The rest of the work investigates the cooling performance of racetrack MC

devices.
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Table 5.2. Device dimensions, footprints, and the cooling performance of copper-based circular

and racetrack magnetic cooling devices.

Device Perimeter Device Footprint

Device type ) Cooling(°C)
(cm) (cm?)
Circular copper 130 1345 113
Racetrack copper 130 390 111
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T,=197°C = = +Simulation — 200 [ T;=197°C = = «Simulation
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Figure 5.7. Heat load temperature as a function of time without and with the applied magnetic field
for copper-based magnetic cooling devices of (a) circular and (b) racetrack design. To and Tr, denote
the heat load temperature without and with the magnetic field, respectively. Brown and blue line
represent the saturation temperature before and after the application of the magnetic field,

respectively.
5.4.4 Racetrack copper-silicone hybrid thermomagnetic cooling device

The combined effect of thermal gradient and magnetic field gradient gives rise to the TMC
of FF. The magnetic field gradient can be controlled by changing the position and
orientation of the permanent magnet with respect to the heat load. Similarly, the thermal
gradient can be enhanced by creating a junction of two materials having dissimilar thermal
conductivity along the flow channel. In the present study, a highly thermally conductive
copper tube was joined to a silicone tube having a relatively lower thermal conductivity,
thus creating a copper-silicone hybrid hot-cold junction near the heat load region. This

gives rise to a larger thermal gradient region. A magnetic field gradient near this large
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thermal gradient region in the hybrid copper-silicone device can improve cooling compared
to the all copper device counterpart. In addition, the use of silicone reduces both the cost

and weight of the device.
5.4.4.1 Effect of copper percentage variation in the racetrack magnetic cooling device
Effect on the heat load temperature profile

To study the effect of copper to silicone ratio in the hybrid MC device on the cooling, five
different race-track geometry devices were prepared to have the copper tube percentage of
0, 25, 50, 75, and 100 (Table 3.7) and their cooling performance was tested. The cooling
performance was investigated for all five racetrack devices at a constant heat flux value
(Figure 5.8). The heat load temperature profiles for all the cases were simulated and are in
good agreement with the experimental findings. The cooling was inferior for the silicone-
100 device due to the reasons stated in section 5.4.2. The highest cooling by 123°C was
achieved for the copper-25 hybrid racetrack device. For the copper-50 device, the cooling
magnitude was slightly lower than the copper-25 device. Interestingly, it was observed
from Figure 5.8 that the extent of cooling reduced with an increase in the percentage of
copper in the racetrack device. A cooling of 111°C was obtained using copper-100
racetrack device. This effect of the reduction in the heat load cooling performance with

increasing copper percentage can be described as follows.
The percentage increase of copper in the magnetic cooling device affects:

(A) Reduction in ferrofluid magnetization due to higher thermal conductivity of copper,
and (B) reduction in thermal gradient within the ferrofluid column in the vicinity of the

heat load due to more uniform temperature distribution across the device and the ferrofluid.

These two factors directly impact the thermomagnetic volume force. Lower magnetization
and lower temperature gradient results in lower volume force. Hence, the flow velocity of

the ferrofluid decreases resulting in lower heat load cooling for higher copper percentage.
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Figure 5.8. Heat load temperature profile as a function of time without and with applied magnetic
field for (a) silicone-100, (b) hybrid-25, (c) hybrid-50, (d) hybrid-75, and (e) copper-100 racetrack
magnetic cooling devices for a heat flux value of 3.49 kW/m?. T, and T;,, denote the heat load
temperature without and with the magnetic field, respectively. Brown and blue dashed lines
represent the heat load saturation temperature before and after the application of magnetic field,

respectively.
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Effect on cooling, and simulated ferrofluid velocity

Figure 5.9(a) shows the extent of cooling for all the racetrack devices with non-zero copper
percentage. As can be seen in Figure 5.9(a), when the copper percentage was below 50%,
the heat load exhibits highest cooling for both the magnet positions. This is due to the
enhanced TM force experienced by the FF column at the heat load section in the hybrid
MC device compared to the copper-100 device. The hybrid device has a hot-cold junction
due to the dissimilar thermal conductivities of copper and silicone, resulting in a higher
thermal gradient region in the ferrofluid. The temperature dependent magnetization of FF
results in a large magnetization gradient in the FF near to the heat load region. However,
due to the higher thermal conductivity of copper, no such larger thermal gradient region
exists for the copper-100 device, giving rise to a lower cooling. The cooling was lower for
all the cases when the magnet position was changed from 0 cm to 15 cm with respect to
the center of the heat load. This is due to a reduction in the magnetic volume force

experienced by the FF as the magnet is moved away from the heat load region.

Effect on rate of temperature change and time to achieve minimum heat load

temperature

The rate of change of temperature of the heat load (0T /dt) and the extent of time (At)
required to attain the minimum heat load temperature versus percentage copper,
immediately after the application of an external magnetic field was shown in Figure 5.9(b).
dT /0t showed an increasing trend with higher copper percentage. The higher initial
cooling rate of the heat load for copper rich racetrack cooling device may be attributed to
the higher thermal conductivity of copper. The faster cooling rate of the heat load was also
inferred from the curve of time duration required to attain the minimum temperature (blue

curve). The At value was the lowest for copper-100 device.

Hence, the cooling rate increases with thermal conductivity of the device, whereas the
extent of cooling is a strong function of the thermal gradient and reduces beyond 25 %
copper. Table 5.3 summarizes the cooling results for all the racetrack MC devices.
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Figure 5.9. Initial rate of change of temperature (red curve) and the time required to reach the
lowest heat load temperature (blue curve) as a function of percentage of copper tube in the racetrack

magnetic cooling device.

Table 5.3. Extent of cooling as a function of the variation in copper/silicone ratio in the racetrack
magnetic cooling devices for a heat flux value of 3.47 kW/m?. Symbols used: To- heat load
temperature without a magnetic field, Tm- heat load temperature with a magnetic field, AT-
cooling, dT /dt- rate of temperature change of the heat load immediately after the application of

the magnetic field.

Copper/Silicone Heat Load 0T/t

Sr.  Percentage  Abbreviation Temperature iTZ ng (°Cls)
(%%1%) Bee  Tace)

1 0/100 Silicone-100 197 116 81 0.29667
2 25/75 Hybrid-25 197 74 123 0.69833
3 50/50 Hybrid-50 200 79 121 0.72667
4 75/25 Hybrid-75 196 80 116 0.75667
5 100/0 Copper-100 197 86 111 1.27667

Effect on simulated ferrofluid temperature profile along the device perimeter

Figure 5.10 shows the simulated FF temperature as a function of the probe positions along

the device perimeter for all the racetrack MC devices. The FF temperatures were measured
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along the middle of the flow channel axis. Dashed line A represents the center of the heat
load, whereas dashed lines C and B represent the start and end of the heat load region,
respectively. The magnet was placed asymmetrically from the bottom side of the racetrack
device with respect to the center of the heat load (Figure 5.3), which corresponds to the
dashed line C in Figure 5.10. As is evident from Figure 5.10, the silicone-100 device
showed maximum FF temperatures. This is due to the lowest cooling and smallest average
FF velocity for the silicone-100 device case (Table 5.3). For all other racetrack devices
involving non-zero copper tubing, the FF temperature is lower than the silicone-100 case.

The FF temperature profile was in accordance with the extent of cooling as a function of
copper percentage (Figure 5.8, Figure 5.9(a)). In the C-A region of the heat load from 115
min to 130 min, the FF temperature first increased, then decreased and then increased again
due to the strong magnetic field gradient. This non-uniformity in the FF temperature profile
can be attributed to the formation of FF vortices near the strong magnetic field gradient
and thermal gradient region [2]. However, the FF temperature tends to increase from
dashed line A (0 cm, middle of the heat load region) to dashed line B (15 cm, end of the
heat load region). The continuous increase in FF temperature in the A-B region indicates a
weaker effect of FF vortices. Subsequently, the FF temperature reduced from the end of
the heat load region (15 cm) to the start of the heat load region (120 cm). These trends
signify the strong effect of copper tube percentage on the cooling performance. Hence, the
hybrid-25 device offered enhanced cooling performance.
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Figure 5.10. Simulated ferrofluid temperature curve at the end of the cooling cycle as a function
of probe position along the device perimeter for all the developed racetrack-magnetic cooling
devices. Dotted lines A at 0 cm and 130 cm mark the middle of the heat load region. Dotted lines
B and C are the end and the start of the heat load region with respect to the ferrofluid flow direction,

respectively. Magnet is applied at the C side of the heat load.
5.4.4.2 Effect of heat load tube material on cooling

To study the effect of heat load tube material in the hybrid racetrack device on the cooling,
hybrid-25 and hybrid-75 devices were considered with copper and silicone as the heat load
material, respectively. These two hybrid devices were chosen to maintain the percentage
of the heat load and non-heat load section at 25% and 75%, respectively (Table 3.7).
Figure 5.11 shows the heat load and heat sink temperature profile of hybrid-25 and hybrid-
75 devices with copper and silicone heat load tube material, respectively. Significant
cooling of 123°C was obtained for hybrid-25 device with copper heat load (Figure 5.11(a)).
For hybrid-75 device with silicone heat load, the heat load was cooled by 102°C (Figure
5.11(b)). The reason for such a notable difference in the cooling with different heat load
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tube material can be due to the significant difference in the copper and silicone tube thermal
conductivity. Also, for the copper-silicone hybrid junction, the thermal gradient can be
higher with copper as the heat load material compared to the case of silicone as the heat
load material. Hence, higher cooling was achieved for hybrid device with copper as the

heat load material.

In Figure 5.8(d), hybrid-75 device with copper as the heat load material exhibited a cooling
by 116°C, higher than the 102°C obtained for the same device with silicone heat load
(Figure 5.11(b)). This is due to the higher thermal conductivity of copper and the
development of greater thermal gradient region for the copper heat load case. The
saturation heat sink temperature was 42°C and 53°C for copper and silicone heat load,
respectively (Figure 5.11). The higher thermal gradient in the case of the copper heat load
resulted in more TM force to push the ferrofluid along the hybrid-25 device with a greater
velocity compared to the silicone heat load case with the hybrid-75 device. Hence, it can
be inferred that the hybrid device with less than 50% copper tubing gives superior cooling

performance with copper as the heat load material.
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Figure 5.11. Heat load and heat sink temperature profile as a function of time without and with the
applied magnetic field for (a) hybrid-25 device with copper heat load, and (b) hybrid-75 device
with silicone heat load, for a heat flux value of 3.49 kW/m2. T, and T,,, denote the heat load
temperature without and with the magnetic field, respectively. Brown and blue dashed lines
represent the heat load saturation temperature before and after the application of magnetic field,

respectively.
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5.4.4.3 Effect of variation in the magnet position on cooling

The effect of variation in the magnet position along the perimeter of the racetrack copper-
100 and hybrid-50 devices on the amount of cooling was examined (Figure 5.12). The
magnet position with respect to the heat load center along the perimeter of the racetrack
device was varied over a range of 0-55 cm from the heat load all the way to the heat sink.
Figure 5.12(a) and Figure 5.12(b) show the extent of cooling for copper-100 and hybrid-
50 racetrack devices, respectively. As expected, the extent of cooling reduced when the
magnet was moved away from the heat load region due to the reduction of magnetic volume

force experienced by the differentially heated FF at the heat load region.

The reduction in AT was gradual when the magnet was placed in the heat load region for
both copper-100 and hybrid-50 devices. However, the magnitude of AT was higher for
hybrid-50 case as compared to the copper-100 case for the reasons stated in section 5.4.4.
Interestingly, the AT value showed a gradual decrease as a function of magnet position (0-
55 cm) over all the regions for copper-100 device (Figure 5.12(a)). A lower non-zero value
of cooling (AT= 6°C) was obtained, even when the magnet was placed at the heat sink
region, at 55 cm away from the center of the heat load section. For the copper-100 device,
the superior thermal conductivity of copper resulted in efficient heat distribution from the
heat load to the heat sink. In the intermediate region, the copper-100 device exhibited a
linear reduction in AT with a slope of -2.73°C/cm. The change of slope from the heat load
to the intermediate region is due to the reduction of thermal gradient, which resulted in

lower magnetization gradient and magnetic volume force experienced by the FF.

However, unlike the copper-100 device, the hybrid-50 device revealed a sharp reduction
in the AT value when the magnet was moved away from the heat load region. Away from
the heat load region, the device and the FF does not possess higher thermal gradient due to
the absence of copper tubing. Hence, the magnetic volume force is not sufficient enough
to drive the FF. The AT diminishes and becomes zero when the magnet is moved further
away. Hence, hybrid devices are not suitable to cool systems when the magnet is placed
away from the hot spot. However, for the copper-100 device, the cooling can be controlled

by suitably placing the permanent magnet with respect to the heat load center.
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Figure 5.12. cooling magnitude as a function of magnet position along the perimeter of the
racetrack(a) copper-100, and (b) hybrid-50 magnetic cooling device for a heat flux value (Q) and
bare heat load temperature (To) of 3.47 kW/m? and 197°C, respectively.

5.4.5 Racetrack Copper Thermomagnetic Cooling Device

Racetrack copper based TM cooling devices have several advantages. Though the amount
of cooling provided by copper-100 device was not the best (Figure 5.8, Table 5.3), they
do offer a finite thermal gradient region throughout the magnetic cooling device (Figure
5.12(a)). Hence, cooling can be controlled by placing the magnet away from the heat load
region, providing safe operation of magnetic field sensitive devices and systems such as

CPUs and data servers.
5.4.6 Effect of heat flux value on cooling

The applied heat flux at the heat load of copper-100 MC device was varied over a range of
0.49-3.47 kW/m? to study the effect on cooling. Figure 5.13(a) shows the effect of heat
flux variation on the heat load temperature profile without (red shaded area) and with (non-
shaded area) the application of magnetic field. At higher heat flux values, the heat load
temperature profiles revealed a sharp minimum immediately after the application of
magnetic field. This decrease in temperature was rather gradual for low heat flux values.
These observations manifest the strong dependence of magnetic cooling on the magnitude
of thermal gradient. An improvement in thermal gradient with increasing heat flux value
resulted in improved cooling (Figure 5.13(b)). As can be seen in Figure 5.13(b), the
cooling increased almost linearly as a function of applied heat flux, demonstrating the self-
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regulating nature of MC device. For a heat flux value of 3.47 kW/m?, the estimated cooling

using linear fit was slightly higher than the experimental results.

Figure 5.13(c) delineates the rate of change of heat load temperature as a function of time
for various heat flux conditions. Initially, at t= 0 min, a sharp rise in the T /dt was
observed. This positive rise is due to the heat load ON condition without a magnetic field.
At t= 40 min, a sharp negative drop in dT /dt was observed (dotted rectangular region) due
to the application of the magnetic field. This point indicates the commencement of TMC.
This negative drop at t=40 min is not as broad as the heating case. The inset shows the rate
of change of heat load temperature and the time duration during which the heat load was
cooled, and the temperature was significantly reduced. This indicates a shift in the
minimum towards the left of the time axis (as indicated by the dotted curved arrow). The
magnitude of the minimum increased for higher heat flux values. Cooling performance
improved for higher heat load temperatures and heat flux values. The trough of 9T /dt also
narrowed as the heat flux value increased. However, for 3.47 kW/m? heat flux, the trough
broadened, and some kinks in the curve were observed. This may be due to the formation
of air columns at a high heat load temperature of ~200°C. Nevertheless, the amount of

cooling and the magnitude of aT /dt was the highest for 3.47 kW/m? heat flux value.

The extent of cooling and the rate of cooling decreases and increases, respectively as a
function of copper percentage in the hybrid magnetic cooling device. Cooling depends
strongly on both the thermal gradient and the magnetic field gradient, whereas the cooling
rate depends strongly on the thermal conductivity of the device. Hence, copper based
magnetic cooling devices can be used in industrial and electronic systems which need faster
cooling rate in the event of temperature spikes. In copper-based devices, the thermal
gradient is non-zero far away from the heat load. Thus, the heat load can be cooled to a
certain extent even by placing a magnet away from the heat load. This can be useful in
waste heat management of magnetic field sensitive industrial, electronic, and household.
systems such as gaming laptops, CPUs, and data servers. However, for other devices and
systems that are not affected by magnetic fields such as solar panels, compressors,
automobiles, high power LEDs and battery cabinets, hybrid MC device can be used.
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From the results, although silicone tubes offer design flexibility, they are not as effective
in cooling heat loads at a fast rate. On the other hand, copper tube-based devices are more
thermally stable and have better mechanical properties. Copper tube-based MC device
exhibited higher cooling than its silicone counterpart due to the superior thermal

conductivity of copper.
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Figure 5.13. Effect of applied heat flux on (a) heat load temperature profile, (b) cooling magnitude,
and (c) the rate of change of temperature of the heat load as a function of time for copper-100
magnetic cooling device. Inset in subfigure (c) shows the enlarged rate of change of temperature

profile immediately after the application of the magnetic field.
5.5 Conclusions

Several magnetic cooling devices of circular and racetrack shapes were developed using

copper, silicone, and copper-silicone hybrid tubing to examine the effect of device
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properties and parameters on the thermomagnetic cooling performance of the heat load.
The cooling performance was assessed using experiments and validated using 2D
numerical simulations. We developed and investigated the cooling performance of
racetrack shaped magnetic cooling device for the first time. The effect of copper tube
percentage, and the heat load tube material in the hybrid magnetic cooling device on the
cooling was investigated. The effect of varying magnet position and a range of heat flux
values on the thermomagnetic cooling was examined using developed racetrack devices.

The conclusions are:

e The study on the effect of device material revealed that the circular copper device
exhibited a cooling by 113°C, whereas the circular silicone device provided a cooling
by 83°C for a heat flux value of 3.47 kW/m? and a heat load temperature of 197°C.

e The hybrid-25 magnetic cooling device exhibited maximum temperarture drop of
123°C due to enhanced thermal gradient, resulting in higher ferrofluid velocity. The
cooling tends to reduce with increasing copper percentage from 25% to 100%.
However, the rate of cooling increased with increasing copper percentage. Hence, the
amount of cooling depends strongly on the thermal gradient and the magnetic field
gradient, whereas the cooling rate depends strongly on the thermal conductivity of the
device.

e The effect of magnet position on the thermomagnetic cooling for all copper and hybrid-
50 devices was evaluated. The all copper device exhibited cooling for all magnet
positions along the device perimeter. However, the hybrid-50 device provided superior
cooling when the magnet was placed near the heat load region and reduced to zero with
increasing magnet distance from the heat load region.

e The increasing heat flux value for all copper device resulted in higher cooling,
demonstrating self-regulation.

e The racetrack devices offer superior cooling with low footprint. Copper based racetrack
device could be used to cool magnetic field sensitive devices and systems. Hybrid
device, on the other hand, could be effective in cooling magnetic field insensitive

devices and systems.

145



Racetrack Magnetic Cooling Device Chapter 5

e The developed self-regulating, and passive racetrack shaped magnetic cooling device
can be a solution for industrial and household cooling needs without consuming

external energy, thereby increasing efficiency, service life and reliability.
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Chapter 6
Magnetic Cooling Device for Long Distance Heat Transfer by

Thermomagnetic Convection of Ferrofluid

Effective removal of waste heat is a major challenge in a plethora of industrial and
commercial systems and devices. Lower operating temperatures can reduce system failure
and enhance the performance, reliability, and service life of such systems. The use of
conventional heat pipes for waste heat removal is limited by the short distance of heat
transfer and complex geometrical requirements. On the other hand, simple form factor
magnetic cooling devices, based on ferrofluid thermomagnetic convection, can transfer
heat over long distances. An 8 m long racetrack-shaped magnetic cooling device was
developed for the first time, and its thermomagnetic cooling performance was studied. The
extent of heat load cooling was examined over a wide range of heat flux values. This device
transported heat from devices with heat flux values of up to 8.85 kW/m?. The drop in
temperature is up to 41°C for a heat load temperature of 197 °C. The local Nusselt number
exhibited a maximum near the magnet, enhancing heat load cooling. The simulated velocity
vectors and the temperature isotherms revealed vortex formation and disruption of the
thermal boundary layer, leading to enhanced cooling. Thus, our device is a promising

passive long-distance heat pipe.
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6.1 Introduction

Many modern technological applications e.g., industrial systems, data servers, battery
cabinets, and solar panels require long distance transport of waste heat. However, there are
very few reports of heat transfer over long distance using FF based MC devices. Pattanaik
et al. [1] developed a multi-torus MC device having an effective flow channel length and
diameter of 1.8 m and 25 mm, respectively. Using an oil based FesO4 ferrofluid, they found
a heat load temperature drop from initial temp 580°C to final temp.366°C at 1 kW heat
load power. Khairul et al. [2] studied the TMC of a FesOs/water ferrofluid under laminar
and turbulent flow conditions as a function of the external magnetic field. The channel
length of this system was more than 3 m. The thermal performance was investigated by
studying the effect of pumping power, friction factor, and exergy loss. Yamaguchi et al. [3]
experimentally studied the performance of a 5 m long magnetic heat transfer system using
a temperature-sensitive binary magnetic fluid. They reported heat transfer from a 35.8 W
heat load using liquid-gas boiling two-phase flow for a horizontal orientation of the device.
Recently they developed a 10 m long-distance thermal transport device based on liquid-
gas two-phase boiling of a temperature-sensitive magnetic fluid [4].

Nomenclature Magnetic parameters
Abbreviations H Magnetic field
M Magnetization
MC Magnetic cooling B Magnetic flux density
MEMS Micro-electromechanical systems MButk Bulk saturation magnetization of iron oxide
Loc Lab-on-a-chip M, Saturation magnetization
MNP Magnetic nanoparticles Vi, Magnetic scalar potential
Symbols Fm Magnetic volume force
Thermal & fluidic parameters to Permeability of the free space
K Ferrofluid magnetic susceptibility
T Temperature Yi Initial magnetic susceptibility of the iron oxide
To Heat load temperature without magnet nanoparticle
Tm Heat load temperature with magnet
Tw Inner tube wall temperature Other parameters
Ts Bulk ferrofluid temperature
Ttin Ferrofluid inlet temperature Lo Device length
hy Local convective heat transfer coefficient L Distance between the heat load and the heat sink
PrL Power applied to the heat load di Inner diameter of the tube
QnL Heat flux at the heat load do Outer diameter of the tube
NuL Local value of Nusselt number L Heat load arc length
NUayg Average value of Nusselt number D Distance between the parallel flow branch
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K Thermal conductivity V Voltage

Co Specific heat | Current

\% Velocity r Langevin parameter

p Density L Langevin function

P Pressure N Number of points across the heat load
M Dynamic viscosity

Co Magnetic nanoparticle volume fraction

The previous reports on long-distance heat transfer focused mainly on heat transfer below
100°C. Most of these studies focused only on experiments, with very few simulation and
modeling investigations. The experiments used either (a) two-phase boiling heat transfer
of a mixture of temperature-sensitive MF and a low boiling point organic liquid or (b) a
miniature pump to maintain flow inside the flow channel. Some previous work used flow
tubes with small cross-sectional area, limiting the heat transfer capability of the MC device.
Moreover, the effect of waste heat flux and heat load temperature values on cooling were

not investigated in detail.

Hence, the scope of this work is to study the cooling performance and thermal transport
characteristics of a 8 m long racetrack MC device (Figure 6.1). The cooling performance
was examined over a wide range of heat flux values. We used single-phase TM convective
flow of an iron oxide-based FF below its boiling point. The cooling performance was also
simulated using COMSOL Multiphysics. The local and average value of the Nusselt
number at the heat load section was determined for a range of heat flux values. The
simulated temperature contour plots of the FF at the heat load section were plotted at
various time durations before and after applying an external magnetic field to elucidate the
temperature distribution due to the TMC effect. We report for the first time an 8 m long
race track geometry MC device based on single-phase ferrofluid flow, capable of cooling
a heat load with heat flux values of up to 8.85 kW/m?, and with a temperature drop of up
to 41°C.

6.2 Experimental Methods

The experimental setup and the schematic of developed 8 m long racetrack MC device is
shown in Figure 6.1. The details of the experimental setup is provided in section 3.3.4.
The device dimensions are tabulated in Table 3.8. A commercial oil based FesO4 FF is
used as the coolant fluid (section 3.2.2). The properties of the FF are given in Table 3.2.
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HEAT SINK

TEMPERATURE
HEAT LOAD DATA LOGGER

Figure 6.1. Racetrack shaped 8 m long magnetic cooling device, (a) experimental setup, and
(b)schematic, XY-plane. The heat load is provided by resistive heating, simulating a source of
waste heat. The magnetic field is applied by a NdFeB magnet, near the heat load region. T-type
thermocouples were positioned along the heat load section, yellow dots in Figure 1(b). The origin
(0,0,0) is taken at the center of the heat load. The probe positions are denoted by Ti, where i denotes
the y-dimension in cm. White arrows represent the ferrofluid flow direction due to thermomagnetic

convection.
6.2.1 Experimental Nusselt number determination

The local and average Nusselt number were determined to elucidate the nature of the
convective heat transfer arising from FF TMC. The local and average Nusselt number was
obtained by seven T-type thermocouples connected along the wall of the heat load region
(Figure 6.1(b)). The thermocouples were denoted by Ti, where i denotes the y-position of
the temperature probe (in cm) with respect to the origin. Two T-type thermocouples were
connected just before (Tin) and after (Tout) the heat load region to monitor the inlet and

outlet temperatures of the ferrofluid.
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6.2.2 Experimental parameters

The effect of heat flux at the heat load, over a range of 1.87 kW/m?-8.85 kW/m?, on the
temperature profile of the heat load and the local and average Nusselt number was studied.
Table 6.1 summarizes the parameters, their units, notation, and experimental sets
considered in this work.

Table 6.1. Parameters, their notation, range, and the measurement sets.

Parameters Unit Notation Performed Sets
Heat flux at the heat load kW/m? QHL 1.87-8.85
Heat load temperature without magnet °C To 67 to 197
Heat load temperature with magnet °C Tm 64 to 156

6.3 Modelling Methods

The details of the developed 2D numerical model, governing equations, and the boundary
conditions to simulate the thermomagnetic convection effect are detailed in section 3.4.
The formulae to calculate the Nusselt number, numerical verification, and validation of the
long magnetic cooling device are discussed in the following subsections.

6.3.1 Nusselt number calculation

The value of local convective heat transfer coefficient along the flow direction (hy) was

obtained using the following formula [2],

QHL

h, = 6.1
7= Tl - 00, ©U
where Qu is the heat flux value applied at the heat load. Tw(y) and T(y) are the inner wall

temperature of the copper tube and the bulk ferrofluid temperature for a specific y position,
respectively. The heat flux can be calculated from the applied power (PHL), which is the
product of the current (1) and voltage (V), divided by the area of the heat load region,

Py, VI o
Qs = ld;w ~ ld;m (62)

| and di are the length of the heat load region and the flow tube inner diameter, respectively.

The local bulk FF temperature is in equation (6.3),
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Qyymd;
T:(y) = Ty ;
*(y) pAvC, y + Tt in (6.3)

In equation (6.3), p and Cp denote the density and specific heat of the FF, respectively. A

and v represent the flow tube cross-sectional area and the velocity of the FF, respectively.

Ttin denotes the bulk inlet temperature of the FF.

The local (Nu;) and average value (Nuayg) of Nusselt number was calculated using

equation (6.4) and equation (6.5), respectively.

h,d;
Nu, (y) = 4 (6.4)
n r
Nuy,(y)
Nuavg = Z ; (6.5)
i=1

Where, n represents the number of points across the heat load region at which the local

Nusselt number was calculated.
6.3.2 Numerical verification and mesh independency test

For numerical verification of the developed 2D model, mesh independence test was carried
out using 2D triangular mesh elements. The non-dimensional FF average velocity (V/Vmax)
for a heat flux value of 4.07 kW/m? at the heat load region was plotted as a function of the
number of mesh elements (Figure 6.2). The velocity converged with 7% absolute error for
579538 mesh elements (black arrow in Figure 6.2) with respect to the highest number of
mesh elements. A total of 579538 mesh elements were considered in the final model (Table
6.2). The entire geometry of the long magnetic cooling device was divided into small
discrete regions using triangular mesh elements. Table 6.2 gives the corresponding number

of mesh elements and their average quality.
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Figure 6.2. Simulated values of non-dimensional velocity of the ferrofluid as a function of the
number of mesh elements. The black arrow at the bottom shows the number of mesh elements
considered for the simulation.

Table 6.2. Mesh details for the simulation of 8 m long magnetic cooling device.

) Number of mesh Average quality of the
Object Mesh element
elements mesh
Magnet Triangular 1362 0.852
Fluid Triangular 190042 0.9006
domain
Tube wall Triangular 46997 0.7761
Air domain Triangular 341137 0.8554
Entire Triangular 579538 0.8636
device

6.3.3 Numerical validation

The developed 2D model for the FF TM heat transfer in the 8 m long MC device was
numerically validated by comparing the simulated magnetic field distribution (Figure 6.3)
and heat load temperature profile (Figure 6.5) results with experimental findings. The

simulated value of the surface magnetic field of the NdFeB magnet along its length and
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width is in agreement with the experimental value with a maximum absolute error of 6.2%.
The simulated heat load temperature profile for a heat flux value of 8.85 kW/m? is also

accordance with the experimental results.
6.4 Results and Discussion
6.4.1 Magnetic field distribution

Error! Reference source not found. shows the distribution of the magnetic field along the |
ength and width of the NdFeB permanent magnet. The pink curves represent the simulated
value of the magnetic field distribution. The experimental and simulated results are in good

agreement with a maximum absolute error percentage of 6.2%.
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Figure 6.3. Surface magnetic field distribution of the NdFeB permanent magnet (a) along its length,

and (b) width. The pink dotted curve represents the simulated magnetic field distribution.
6.4.2 Simulated heat load cooling as a function of device perimeter

Small passive magnetic cooling devices have been previously investigated [5, 6]. However,
there is an urgent need for magnetic cooling devices with heat transport capability over
longer distance. Hence, we investigated the effect of device perimeter over a wide range,
on the heat load cooling performance using our developed simulation model. In the
simulation model, other factors such as heat load arc length, heat load temperature, applied
magnetic field strength and its distribution, and other initial conditions were kept the same

as the developed 8 m long magnetic cooling device.
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The device perimeter was varied over a substantial range of 1 m to 20 m. Figure 6.4 shows
the variation of heat load cooling magnitude (AT) as a function of the device perimeter. As
expected, the heat load cooling decreased with increasing device perimeter. Interestingly,
AT tends to saturate at higher device perimeter. This result suggests that a local cooling
effect near the heat load persists. This observation can be attributed to the formation of
ferrofluid vortices (section 6.4.6). Hence, ferrofluid mixing also contributes to cooling,
apart from the bulk motion of the ferrofluid. At a device perimeter as large as 20 m, we
predict a heat load cooling by 17°C. The above result suggests that our device is capable
of transporting heat over longer distance without the aid of any external pumping power.
Hence, such longer passive magnetic cooling devices can be the potential solution to
transfer waste heat from air conditioner compressors, energy storage systems, heat
exchangers, and electric vehicle battery cooling etc.

For this work, we carried out all the experimental studies for an 8 m device perimeter. That
was the maximum available lab space for us to design this racetrack device. The dotted
lines parallel to the x- and the y-axis in Figure 6.6 represent the experimental case of 8 m

device perimeter.
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Figure 6.4. Simulated heat load cooling versus total perimeter of the magnetic cooling device for
a fixed heat load temperature, heat load arc length, and magnetic field strength of 197°C, 18 cm,
and 0.41 T, respectively.

6.4.3 Heat load temperature and the heat load cooling as a function of heat flux

The effect of the applied heat flux on the heat load cooling performance was studied. In
our previous work, we showed that placing the magnet close to the middle portion of the
heat load section results in maximum heat load cooling [1]. Hence, for all the experimental
sets, the magnet was placed asymmetrically from the middle of the heat load section and 2

mm away from the copper tube, as shown in Figure 6.1(b).

Figure 6.5 shows the heat load temperature profile versus time without and with an
external magnetic field at a heat flux value of 8.85 kW/m?2. Initially, without the magnetic
field, the heat load temperature reached a saturation value of 197°C (temperature To in the
red shaded area). At 30 min, a permanent magnet with a surface magnetic field strength of
0.41 T was placed near the heat load. An immediate drop in heat load temperature was
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observed. The heat load temperature reached a minimum steady state temperature of 156°C
in the presence of the magnet (temperature Tr, in the blue shaded area). Thus, at a heat flux
value of 8.85 kW/m?, the heat load was cooled by 41°C by TMC. This heat load cooling
was simulated using our 2D numerical model and plotted as the red dotted curve in Figure
6.5. The total simulation time was taken as 60 min, the same as that of the experiment. A
simulation time step of 1 s was taken. The simulated heat load temperature profile was in
agreement with the experimental results with a maximum error of 8.9%. The final heat load
cooling obtained from the simulated temperature profile was 42.3°C.
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e 200 Fe o ey mmmm e TR
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Figure 6.5. Heat load temperature versus time curve without and with the application of an external

magnetic field for a heat flux value of 8.85 kW/m?.

Figure 6.6 represents the heat load cooling (AT) as a function of the heat flux (QnL) and
the heat load temperature without the magnetic field, To. The heat load cooling increases
almost linearly as a function of heat flux. Even for low applied heat flux of 1.86 kW/m?, a
small value of AT was obtained. Therefore, this long MC device is capable of transferring
waste heat over a significant range of heat flux values. The present device is also self-
regulating and self-pumping. The increase in heat load cooling with increasing heat flux is

due to temperature-dependent FF magnetization. The magnetization of the FF column at
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the heat load section is low due to the higher heat load temperature. The FF adjacent to the
heat load region has higher magnetization due to its lower temperature. This difference in
the magnetization values of the FF is higher for larger heat flux values, since higher heat
flux results in larger initial heat load temperatures. The higher difference in magnetization
values creates a greater non-uniform magnetic volume force. This magnetic volume force

drives the FF along the flow tube with higher velocity, resulting in improved cooling.

05 |
| —@— Experiment

—@— Simulation

-

Figure 6.6. Experimental and simulated heat load cooling as a function of heat flux and the initial

heat load temperature.

The heat load cooling values obtained from the simulations (red curve) at various heat flux
values are in excellent agreement with the experimental findings (blue curve). The rate of
change of temperature of the heat load (0T /dt) immediately after application of the
magnetic field was due to the sudden inflow of colder FF due to TM effect (Figure 6.7).
This rate follows an exponential growth (fitting of Figure 6.7 as per the equation in Table
6.3) as a function of increasing applied heat flux value. This exponential rise in the value

of 0T /0t also manifests as a faster rate of heat transfer, hence, higher AT is observed with
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increasing value of heat flux. The value of constants and fitting parameters for the fitting

curve in Figure 6.7 is provided in Table 6.3.
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Figure 6.7. Initial rate of change of temperature immediately after the application of an external
magnetic field (t= 30 min., Error! Reference source not found.) as a function of the applied heat f

lux value. The solid curve represents the exponential growth fitting to the observed trend.

Table 6.3. Fitting parameters for the fit of the rate of change of temperature as a function of applied
heat flux (Figure 6.7).

Fitting details Particulars
Fitting type Exponential growth
Equation y =y, + ae®*/0
Yo 0.076 + 0.26
A 0.12+0.14
T 3.59+1.53
Reduced y-square 0.011
Adjacent R-square 0.95
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6.4.4 Local and average Nusselt number as a function of applied heat flux

The nature of heat transfer at the heat load region was investigated by calculating the
average value (Nuavg) and the local value (Nui) of the Nusselt number. The average value
of the Nusselt number at the heat load section was plotted as a function of applied heat flux
under the effect of an external magnetic field (Figure 6.8). The average Nusselt number
increases for larger heat flux values, implying better convective heat transfer from the heat
load region by TMC of the ferrofluid. This observation is also consistent with the increase
in the magnitude of cooling (AT) of the heat load for larger heat flux values. The average
Nusselt number is less than 10 for heat flux values below 7 kW/m?, suggesting the
ferrofluid flow is laminar. However, for heat flux values above 7 kW/m?, the FF flow can
be thought of as a transition flow between the laminar and turbulent flow regime. The red
curve in Figure 6.8 is a non-linear cubic polynomial fitting curve for the average value of

the Nusselt number.

11F o Experiment
[ —— Polynomial fit

5 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1
4 5 6 7
Heat Flux (kW/m?)

Figure 6.8. Average Nusselt number of the ferrofluid as a function of applied heat flux at the heat

load. Solid red curve is the non-linear polynomial fitting of the average Nusselt number.

Figure 6.9 is a plot of local Nusselt number of the FF along the axial flow direction (y-
direction) at the heat load section for a range of applied heat flux values, under an applied
magnetic field. Significant peaks, as shown by the black dotted ellipse, of the local Nusselt
number values were observed around the axial position of y= 3 cm (T3 sensor) for all heat

flux values. For a given heat flux value, Nuc increased by almost 20% in comparison to the
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value at y= 0 cm due to the presence of the permanent magnet at that position. This effect
can be attributed to the enhancement in convection due to the TM effect of the FF in the
presence of an external magnetic field. The peaks are sharper for higher heat flux values
compared to lower heat flux values, indicating a stronger TM effect in the larger thermal

gradient and stronger magnetic field gradient region [1].

The sudden increase in convective heat transfer near the stronger magnetic field region
may be attributed to chain formation due to agglomeration of magnetite nanoparticles in
the direction of the applied magnetic field [7]. These chains may offer lower thermal
resistance for heat transfer and enhance local convective heat transfer by its interaction
with the bulk motion of the FF. The interactions between the nanoparticle chains and the
fluid flow can be thought of as a local perturbation which increases heat transfer along the
flow tube from the heat load region to the heat sink region [8]. After y= 3 cm, the local
Nusselt number again reduced and reached saturation as it entered the fully developed flow
region. It can be inferred from Figure 6.8 and Figure 6.9 that the increase in both local
and average Nusselt number with increasing heat flux is responsible for the self-regulating
nature of the long MC device.

16 B —8—1.87 kW/m2 —@—2.85 kW/m?2
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i ——7.04 kW/m2, —@—8.85 kW/m?2
12 | Ty
10 |-
2 |
7z 8t
6
4 L
2 B T T T T T T 1
L T, T, T, T, T, T, T,
0 1 1 1 1 1 | 1

y(cm)

Figure 6.9. Local Nusselt number of the ferrofluid at various heat flux values as a function of axial

position of the heat load region along the flow direction of the ferrofluid. y= 0 cm is the center of
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the heat load region. The dashed ellipse represents the stronger magnetic field region. T; (9 cm >1i

> -9 cm) shows the position of the T-type thermocouples along the copper tube wall(Figure 6.1(b)).
6.4.5 Simulated isothermal temperature contour plots

Contours of temperature isotherms were plotted at various time durations after the
application of an external magnetic field at an applied heat flux value of 8.85 kW/m?
(Figure 6.10). At t= 0 s, the temperature distribution was symmetric with respect to the
heat load center. Therefore, the temperature isotherms are nearly parallel to each other on
either side of the middle of the heat load section. However, after applying the magnetic
field, the FF started to flow due to the TMC effect, hence the isothermal contours started
to develop along the flow direction (for t= 0 s). At t= 2 s, a blue isothermal contour loop
started to grow along with a small green contour just to its left, which further increased in
size for higher time of magnetic field application (zone 1). The blue contour represents the
lower FF temperature region (20-100°C), the green contour represents the intermediate
temperature region (110-130°C). The difference in the temperature distribution of these
two isothermal contours is due to the gradient in the magnetic field strength experienced
by the FF in those regions.

From t=2-10 s, the other end of the heat load exhibited similar temperature isotherm
profiles (zone 3). However, the flow started to develop gradually as the parallel isotherms
became more and more parabolic along the ferrofluid flow direction. After a duration of
magnetic field application of ~1800 s, the ferrofluid flow was fully developed at the end of
the heat load region (zone 3). Surprisingly, fewer isothermal contours were observed in
zone 2 which can be due to the combined effect of stronger thermal and magnetic field
regions (Figure 6.10), resulting in significant distortion of the thermal boundary layer.
After 1800 s of magnetic field application, the temperature at the heat load was reduced by

~ 40°C, which can be inferred by comparing the temperature color scale bar at t=0s.
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Figure 6.10. Simulation results showing the time dependence of (from 0 s to 1800 s) isothermal
temperature contours and surface temperature profiles at an applied magnetic field of 0.4 T and
heat flux value of 8.85 kW/m?. The colored scale bar shows the temperature with values in degrees
Celsius. Different zones represent different thermal energy, magnetic energy and ferrofluid

magnetization states.

The thermal boundary layer was distorted at some regions of the heat load section due to
the FF TM effect and the formation of FF vortices under the applied magnetic field, as can
be seen from Figure 6.10 and Figure 6.11(a). The temperature gradient along the tube
diameter at zone 1 and zone 2 increased with time duration of magnetic field application
(from t=2 to 1800 s), as can be inferred from the densely packed isothermal contours along
the tube wall (Figure 6.10). However, the temperature gradient increased at zone 3
compared to zone 1 and 2 due to differences in the strength of the magnetic field, the
thermal gradient and the gradient in the FF magnetization in a given zone (Table 6.4).

6.4.6 Simulated velocity vector and ferrofluid velocity profile

Simulated 2D FF velocity vectors were plotted at the heat load section (Figure 6.11(a)) to
investigate the effect of a magnetic field and thermal gradient on the FF flow. To
understand the TMC of the FF, the heat load section was subdivided into three zones along

the mean FF flow direction. Zone 1 refers to the inlet zone of the colder FF to the heat load.
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Two counter-orienting FF vortices were formed in this zone, as shown in the enlarged
section of zone 1. The orientation of the larger vortex in the blue temperature region was
clockwise. The orientation of the smaller vortex in the green temperature region just above
the blue region was counterclockwise. The size of the vortices strongly depends on the

strength of the magnetic field at these regions.

Zone 2 is the middle of the heat load region. The temperature is maximum in this zone.
The FF is in a minimum magnetization state. Due to the higher temperature at zone 2, the
velocity vectors are randomly oriented. The random orientation of the velocity vectors is a
result of strong domination of the thermal energy over magnetic energy. The vortices were

less distinct than zone 1 due to the lower magnetization of the FF compared to zone 1.

Zone 3 represents the final portion of the heat load section. As can be seen in the enlarged
image of zone 3, the temperature of the FF was higher due to the inflow of hot FF from the
middle portion (zone 2) of the heat load section, hence the FF was in a lower magnetization
state. Since it is further away from the magnetic field region compared to zones 1 and zone
2, small weak vortices were observed and later entered a fully developed flow region.
Table 6.4 summarizes the three zones with their temperature, magnetic field strength, and
magnetization states. The FF formed vortices throughout the heat load section because of
the external magnetic field. The formation of the FF vortices can be attributed to the
simultaneous effect of the magnetic field gradient and temperature gradient [1].
Importantly, vortex formation results in effective intermixing of the hotter and colder

ferrofluid.

The simulated velocity profile of the FF was plotted as a function of applied heat flux
values in the middle of the heat load region, as shown in Figure 6.11(b). The velocity
profile does not exhibit the characteristics of a fully developed flow. The velocity profile,
for any given heat flux value, has two distinct maxima near the edge of the flow tube.
Moreover, the velocity maximum at x= 1 mm is higher than the maximum value at x= 6.5
mm. This is due to the placement of the permanent magnet close to the inner tube surface

(x=0 mm) and the higher magnetization state of the FF close to the inner tube surface.

The velocity maxima can be attributed to the formation of the FF vortices at the heat load

region. Figure 6.12 represents the temporal variation of the temperature and the velocity
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vector field of the FF before and after application of an external magnetic field. At t=0 s,
due to the absence of a magnetic field, the FF velocity was zero. The mode of heat transfer
was conduction both across and along the flow tube through the copper tube and FF.
Vortices were developed immediately after application of the magnetic field. With time,
the vortices traversed along the heat load section, hence the FF and the heat load
temperature continued to decrease. After 30 minutes of magnetic field application, the heat
load was cooled by 41°C, which resulted in significantly lower temperature in the middle

of the heat load section (change in color from red to yellow).
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Figure 6.11. Simulated (a) velocity vectors with the background as the temperature distribution at
the heat load section, and (b) velocity profile of the ferrofluid as a function of the heat flux in the
middle of the heat load region across the tube diameter. The zones show different magnetization

states and velocity of the ferrofluid along the heat load section.

Table 6.4. Summary of the temperature, magnetic field, magnetization, and vortex state of the

ferrofluid at different zones of the heat load section.
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Figure 6.12. Simulation results showing both transient and steady state behavior (from 0 s to 1800
s) temperature surface profiles and velocity vector plots before and after applying an external
magnetic field of 0.4 T and heat flux value of 8.85 kW/m?2. The colored scale bar shows the

temperature scale with their values in degree Celsius.
6.5 Conclusions

A racetrack-shaped 8 m long magnetic cooling device, based on the principle of
thermomagnetic convection of a ferrofluid, was developed. Our device is the longest
magnetic cooling heat pipe developed and tested so far, which utilizes a single-phase flow
of ferrofluid to cool the heat load over a wide range of heat flux values. The device
performance was tested for its ability to remove waste heat from a heat load over a range

of heat flux values. The device was self-pumping, no pump was used to drive the ferrofluid
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along the tube. Heat load cooling by 41°C was obtained for heat flux and heat load
temperature value of 8.85 kW/m? and 197°C, respectively. The simulated multi-physics
results were in good agreement with the experimental values. The average Nusselt number
increases with an increase in heat flux value, consistent with the self-regulating nature of
the device. The local Nusselt number exhibited a maximum near the strong magnetic field
strength region, indicating better heat transfer. The surface temperature contours showed
the effect of thermal boundary layer disruption on enhanced cooling performance. The
surface velocity vector plots revealed the formation of ferrofluid vortices, which increase
mixing of hotter and colder ferrofluid, leading to thermal boundary disruption. Our
magnetic cooling device can operate over a wide range of heat load temperatures and heat
flux values and is a better candidate for passive long-range thermal transport compared to
conventional heat pipes used in industry.

169



Long Magnetic Cooling Device Chapter 6

References

[1]

[2]

[3]
[4]

[5]
[6]

[7]

[8]

M. S. Pattanaik, V. Varma, S. Cheekati, G. Prasanna, N. Sudharsan, and R. V. Ramanujan,
"A self-regulating multi-torus magneto-fluidic device for kilowatt level cooling," Energy
Conversion and Management, vol. 198, p. 111819, 2019.

M. A. Khairul, E. Doroodchi, R. Azizian, and B. Moghtaderi, "Thermal performance
analysis of tunable magnetite nanofluids for an energy system,"” Applied Thermal
Engineering, vol. 126, pp. 822-833, 2017.

H. Yamaguchi and Y. lwamoto, "Energy transport in cooling device by magnetic fluid,"
Journal of Magnetism and Magnetic Materials, vol. 431, pp. 229-236, 2017.

H. Yamaguchi and T. Bessho, "Long distance heat transport device using temperature
sensitive magnetic fluid," Journal of Magnetism and Magnetic Materials, vol. 499, p.
166248, 2020.

V. Chaudhary, Z. Wang, A. Ray, I. Sridhar, and R. V. Ramanujan, "Self pumping magnetic
cooling,”" Journal of Physics D: Applied Physics, vol. 50, no. 3, p. 03LT03, 2016.

V. Varma, M. Pattanaik, S. Cheekati, and R. Ramanujan, "Superior cooling performance
of a single channel hybrid magnetofluidic cooling device,” Energy Conversion and
Management, vol. 223, p. 113465, 2020.

A.Shahsavar, M.Saghafian, M.R.Salimpour, and M.B.Shafiic, "Experimental investigation
on laminar forced convective heat transfer of ferrofluid loaded with carbon nanotubes
under constant and alternating magnetic fields," Experimental Thermal and Fluid Science,
vol. 76, pp. 1-11, 2016.

M. Khairul, E. Doroodchi, R. Azizian, and B. Moghtaderi, “Thermal performance analysis
of tunable magnetite nanofluids for an energy system," Applied Thermal Engineering, vol.
126, pp. 822-833, 2017.

170



Performance Metrics and Ferrofluid Ranking Chapter 7

Chapter 7

Performance Metrics and Ranking of Ferrofluids for Magnetic Cooling

The performance metrics, non-dimensional parameters, and heat load cooling were
calculated to analyze the thermomagnetic cooling performance of various ferrite and
metallic based ferrofluids. The resultant magnetic pressure, friction factor, power
transferred, and the exergy loss were derived as a function of magnetic and thermophysical
parameters to predict the performance of ferrofluid based magnetic cooling devices.
Numerical simulations were performed to investigate the effect of magnetic properties of
the nanoparticles viz., bulk saturation magnetization, Curie temperature, pyro magnetic
coefficient, and initial magnetic susceptibility on the cooling performance. Ferrite
ferrofluids prepared from y-Fe>Os, Fe30y4 and CoFe;Oq4 exhibited superior cooling. For
metallic/alloy-based ferrofluids, FeCo ferrofluid exhibited the best cooling performance
followed by Fe and FeNi ferrofluids. Bulk saturation magnetization of the suspended
magnetic nanoparticles in the ferrofluid was found to be a significant parameter which
enhanced the passive convective heat transfer and the heat load cooling significantly.
These results can be used to select the optimum ferrofluid for enhanced thermomagnetic

cooling.
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7.1 Introduction

Magnetic cooling (MC), which is governed by the thermomagnetic convection (TMC) of a

ferrofluid (FF), is a promising passive cooling system [1]. The schematic of a passive MC device

is represented in Figure 7.1.
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Figure 7.1. Schematic of a copper-based racetrack magnetic cooling device governed by the
principle of thermomagnetic convection of a ferrofluid. A differentially heated ferrofluid flows
along the closed channel under the combined effect of thermal gradient and the magnetization
gradient, under an applied magnetic field. The direction of arrows indicated the flow direction, and

the length of the arrow represents the relative magnetization of the corresponding ferrofluid region.
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Nomenclature Thermal & fluidic parameters
Sym bols T Temperature
i Tamb Ambient temperature
Magnetlc paramEterS To Heat load temperature without magnet
H Magnetic field Tm Heat load temperature with magnet
M Magnetization Tus Heat sink temperature
B Magnetic flux density Tw Inner tube wall temperature
MButk Bulk saturation magnetization of MNP Tt Bulk ferrofluid temperature
M, Saturation magnetization Tin Ferrofluid inlet temperature
Vi Magnetic scalar potential Tout Ferrofluid outlet temperature
Fm Magnetic volume force hi Local convective heat transfer coefficient
Humin Minimum magnetic field strength s Avg. convective heat transfer coefficient at heat
Himax Maximum magnetic field strength sink
Ho Permeability of the free space PrL Power applied to the heat load
Fm Ferrofluid magnetic susceptibility Qe Heat flux at the heat load
Xi Initial magnetic susceptibility of the MNP Nug Local value of Nusselt number
Komnp Volume magnetic susceptibility of MNP A Thermal diffusivity
Apm Magnetic pressure NUayg Average value of Nusselt number
Co Magnetic nanoparticle volume fraction Nups Average value of Nusselt number at the heat sink
Other parameters Pe Peclet number
St Stanton number
Ip Device length
) Re Reynolds number
d; Inner diameter of the tube
Pr Prandtl number
L Flow channel length parameter .
] q Volume flow rate
r Length of the side channel wall
- ) P’ Total rate of heat transfer
Imax Position with respect to Hmax
- ] pP” Exergy loss
Imin Position with respect to Hmin L
K Thermal conductivity
A Flow channel cross sectional area .
Co Specific heat
[ Heat load arc length .
. v Velocity
lns Heat sink arc length .
p Density
\ Voltage
P Pressure
| Current o
) M Dynamic viscosity
Tr Langevin parameter L.
L Langevin function Abbreviations
N Number of points across the heat load MC Magnetic cooling
MNP Magnetic nanoparticles
PIV Particle image velocimetry
HL Heat load
HS Heat sink

Earlier reports on MC extensively investigated the TM heat transfer as a function of device
properties, heat load parameters, and the strength, position, and orientation of applied
magnetic field. Most of the literature utilized certain ferrite-based commercial FF for the
evaluation of cooling performance. For enhanced heat load cooling, Aursand et al. [2]

numerically investigated the cooling performance based on their optimization results for
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the solenoid geometry, power consumption in the solenoid, TM pumping, and MNP size.
However, there are no numerical studies or ranking to predict the TM cooling performance
of various ferrites- and metallic/alloy-MNP based FF as a function of their magnetic and
thermophysical parameters.

Hence, the scope of the present study is to investigate the cooling performance of the MC
device with respect to the magnetic and thermophysical properties of the FF. For the first
time, we evaluated numerically and analytically the performance metrics, the non-
dimensional parameters, and the heat load cooling to rank various ferrite and metallic based
FF. The resultant magnetic pressure term was derived and found to be a function of bulk
saturation magnetization, MNP volume fraction, temperature dependent initial magnetic
susceptibility curve, and the magnetic field strength. The friction factor, power transferred
from the heat load to the heat sink, and the exergy loss were derived as function of magnetic,
thermal, and thermophysical parameters to investigate the performance of various FF.
Numerical simulations were performed to examine the effect of magnetic parameters of
the nanoparticles viz., bulk saturation magnetization, Curie temperature, pyro magnetic
coefficient, and initial magnetic susceptibility on the cooling performance. Several ferrite
and metallic/alloy FF were simulated to evaluate the TM cooling performance. Ferrite
ferrofluids of y-Fe20s, FesO4, and CoFe204 exhibited superior cooling performance at
various range of heat flux values. For the case of metallic/alloy-based FF, FeCo FF
exhibited the best cooling performance, followed by Fe and FeNi FF. Bulk saturation
magnetization of the suspended MNP in the FF was found to be a parameter which

significantly enhanced heat transfer and cooling.

Maximum heat load cooling was predicted for Fe-Co nanoparticle-based FF. However, the
cooling was not significantly different for the best ferrite FFs at lower heat load
temperatures and heat load power density. Hence, for lower heat load temperatures, ferrite
materials can exhibit similar cooling as the metallic case. The effect of thermophysical
parameters of the FF on the heat load cooling revealed that a FF possessing higher thermal
conductivity and lower viscosity gives rise to higher cooling performance. We also
analyzed the non-dimensional quantities viz., Nusselt number, Peclet number, and Stanton
number as a function of bulk saturation magnetization of the soft MNP. The Nusselt

number and the Peclet number increased significantly for higher bulk saturation
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magnetization, implying better heat transfer. Our simulation results for the ranking of

various FFs can be used to select the optimum FF for enhanced TMC.
7.2 Analytical and Modelling Methods
7.2.1 Numerical model

2D numerical simulations were developed using COMSOL Multiphysics software to
investigate the TM cooling performance of various ferrite- and metallic-based FF using a
racetrack MC device. The ferrofluids were treated as single-phase continuum owing to
Rosensweig’s continuum hypothesis [3]. Thermal, fluidic, and magnetic properties of the
FF were used as inputs to the numerical model. Three physics modules viz., magnetic field,
heat transfer, and single-phase flow in the laminar regime, were used in this model. The
magnetic volume force resulting from the TMC effect was added as an additional volume
force term in the momentum conservation equation. The magnetic field distribution due to
the NdFeB magnet was simulated and compared to the experimentally obtained values of
the magnetic field strength. The boundary conditions were specified, which are consistent
with the experimental design. The 2D numerical model was validated to obtain better

simulation accuracy.
7.2.2 Derivation of the performance metrics

The volume flow rate (q) of a FF within a closed circulation flow loop can be written as;

g = A9 (7.1)
where A is the cross-section area of the flow loop. Using equation (7.1), the conservation

equations in terms of flow loop length 1 can be rewritten as,

%9 _ . (7.2)
al
p 0g° dp  uo?q 7.3)
Aol = At
T 9°T (7.4)
qﬁ— aAW

Here, [ represents the flow direction and a is the thermal diffusivity of the FF. The energy
conservation equations for the heat load section, heat sink section, and the inflow and

outflow channels can be written as,
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Ta =%,
4T husA(T; ~T,) (7.6)
Tl Ls
dT (7.7)
Qg7 = 0

Here, Pye is the applied heat load power, and hus is the heat transfer coefficient at the heat
sink. The length of the heat load and the heat sink is denoted as InL and lxs, respectively.
Tr and Tw denote the temperature of the bulk FF and the flow channel wall, respectively.
The right-hand side of equation (7.7) is zero because of negligible temperature difference

between the FF and the flow channel wall.

Pyy, (7.8)
T = L+ T,
lupCpq i
! !
T(l)=Tin,(ﬂslsﬂ+z') (7.9)
2 2
mNuysa 710
L l
T() = Ty, (-2 = 1 < 1.5 = 2) (7.11)

The above temperature expressions analytically give the FF temperature at any point along
the flow channel. Tin, Tout, and Trs are the FF inlet temperature, the outlet temperature, and
the heat sink temperature, respectively. I’ represents the length of the inflow (bottom
straight channel from the heat sink to the heat load) and outflow channels (top straight
channel from the heat load to the heat sink) in the racetrack MC device (Figure 7.1).

The 1D momentum equation (equation (7.3)) can be integrated around the racetrack flow
channel to obtain the friction factor as a function of the resultant magnetic pressure due to

the TMC effect. Integration of the steady-state momentum equation takes the form,

%(ﬂ@_ﬁ) il (7.12)

+3€ 1o*y dl+f( M(TH)aH>dl
4002 HoMAL, 20757
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The integration of convective acceleration term (1% term in equation (7.12)) is zero owing
to the continuity equation (equation (7.2)), under the assumption of constant density of the
ferrofluid and constant cross-section of the flow channel. The pressure gradient term
around the flow channel vanishes as the pressure difference along a closed loop is zero.

Integration of viscous drag term (3" term in equation (7.12)) leads to equation (7.13) [4].

fgﬁ: flapg® (7.13)
A 0l? d, 2A?

where, f is the friction loss associated with the MC device. lqand d: are the total perimeter
and the internal diameter of the flow channel. Integrating the added magnetic volume force
term in the Navier-Stokes equation gives rise to the resultant magnetic pressure (Apm) due

to the TMC effect.

App = ngmdl = jﬁ (qu(T,H) 56_1;') al (7.14)

Using equation (3.5) and (3.6) in equation (7.14), we obtain Apm as a function of T, H, bulk
Ms, and C,.

. 1
|Slnh(yHmax) |> 14

A — Mbulk l
Pm UoCo Mg n VHmax

. 1y
(Ismh(VHmin) I> 14
—<In

VHmin
T(lmin)

Hmax and Hmin corresponds to the maximum and the minimum field experienced by the FF
in the vicinity of the heat load region. Imax and Imin are the corresponding positions along
the flow channel with respect to the maximum and minimum applied magnetic field. In the

limit of zero magnetic field,

lsink (PN Y (7.16)
limin (—) =1

H-0 }/H

Hence, the magnetic pressure term is negligible at very low applied magnetic field and

vanishes at zero magnetic field. The magnetic pressure term is directly proportional to the
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bulk saturation magnetization and the MNP volume fraction in the ferrofluid. However,

the temperature dependence comes from the Langevin parameter (y).

After substitution of equation (7.14) and equation (7.16) to equation (7.13), we obtain the
friction factor (f) [5],

_ Appr?d? (7.17)
8lHqu2

Total rate of heat transfer (P”) between the heat load and the heat sink can be given as,

P = qcp(Tout —Tin) (7.18)
p

Exergy refers to the maximum possible work during a thermodynamic process under the

equilibrium condition with the heat load. Exergy is the available energy under entropy
maximum condition. Exergy loss is one of the major parameter that defines efficient heat
transfer between the system and the surrounding [5]. For a TMC based MC device, exergy
loss can be given as,
’ qCo , (Tout (7.19)
P" = Tom [7 In (T—)]
7.2.3 Numerical verification and mesh independency test

The developed 2D simulation model was numerically verified by performing mesh
independency test to ensure better simulation accuracy using 2D triangular mesh elements.
The non-dimensional heat load cooling (AT/ATmax) for a heat flux value of 1.6 kW/m? was
plotted as a function of the number of mesh elements (Figure 7.2(a)). A total of 249554
triangular mesh elements were considered in the final model. The entire racetrack geometry
of the MC device was divided into discrete regions using triangular mesh elements. The

overall average mesh quality was 89.67%.
7.2.4 Numerical validation

The developed 2D simulation model was numerically validated by comparing the
simulated magnetic field distribution along the length and the width of the magnet with the

experimentally measured values (Figure 7.2(b, ¢)). Hence, the developed numerical model
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was used to predict the performance for various ferrites-, and metallic/alloy-based FF for

different magnetic and thermophysical properties of the FF.
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Figure 7.2. (a) Simulated non-dimensional heat load cooling as a function of the number of mesh
elements. Experimental and simulated magnetic field distribution along the (b) length, and the (c)
width of the NdFeB magnet.

7.2.5 Parameters considered

The effect of magnetic parameters of the ferrofluid, viz., bulk saturation magnetization,
initial magnetic susceptibility, pyro magnetic coefficient, and Curie temperature on the
heat load cooling was evaluated. The heat flux was also varied over a certain range to study
its effect on heat load cooling. The bulk saturation magnetization and initial magnetic
susceptibility curves for various ferrite and metallic/alloy-based FF were considered to
rank the FF. Various performance metrics and non-dimensional numbers were studied as a
function of bulk saturation magnetization of the MNP. Table 7.1 summarizes the

parameters, their units, notation, and experimental sets considered in this work.
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Table 7.1. Summary of Parameters, their notation, range, and the measurement sets.

Parameters Unit Notation Performed Sets
Bulk saturation magnetization KA/m MPulk 50-2002
Initial magnetic susceptibility Unitless xi(T=0°C) 1.75-14
Ratio of pyro magnetic coefficient . Unitless  (dy”/dT)/(dy’/dT) 64 to 156
Curie temperature °C Tc 75-200
Heat flux kKW/m? Q 0.6-4.3
Initial heat load temperature °C To 60-200

7.3 Results and Discussions

7.3.1 Experimental and simulated heat load cooling for magnetite ferrofluid

Before performing numerical investigation for various FF, the numerical simulation was

validated against the experimental heat load cooling result using a copper racetrack shaped

MC device (Figure 7.1) having a device perimeter and internal tube diameter of 130 cm,

and 0.81 cm, respectively. The experimentally obtained heat load temperature profile was

compared with the simulated profile for an initial heat load temperature of 197°C using

commercial Fe3Os FF in a copper-based racetrack MC device. The experimental and

simulated temperature profiles are in good agreement (Figure 7.3). The developed 2D

numerical simulation was then used to simulate the effect of ferrofluidic thermophysical

and magnetic properties for enhanced cooling performance.
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Figure 7.3. Heat load temperature versus time curve without and with the application of an external

magnetic field for an initial heat load temperature of 197°C.
7.3.2 Effect of ferrofluid magnetic parameters on heat load cooling

The effect of various magnetic parameters of the ferrofluid viz., initial magnetic
susceptibility (yj), pyro magnetic coefficient (dy/dT), bulk saturation magnetization
(MP¥) "and the Curie temperature (T¢) on cooling was numerically investigated. For these
investigations, virtual susceptibility vs temperature profiles were taken to understand the
effects of various magnetic parameters on cooling. The initial susceptibility versus
temperature behavior of magnetite nanoparticles was taken as the reference susceptibility
curve (y’(T)) with a modified Curie temperature of 200°C (Figure 7.4(a)). The results are

described below.
7.3.2.1 Effect of change in bulk saturation magnetization on heat load cooling

For the reference susceptibility curve, and an initial heat load temperature of 100°C, the
effect of the bulk saturation magnetization of MNP in the FF on heat load cooling
performance and FF average velocity was investigated (Figure 7.4(b, c)). As can be seen,
AT increased significantly from 2°C to 52°C with an increase in Ms from 50 kA/m to 500
kA/m. It followed a polynomial behavior. The average FF velocity also increased
significantly in a linear manner as a function of Ms. Higher value of bulk saturation
magnetization results in higher magnetic pressure (equation (7.15)), which gives rise to

higher FF velocity, and hence better cooling.
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Figure 7.4. (a) Virtual initial magnetic susceptibility curve (reference i curve); (b) the heat load

cooling magnitude, and (c) the average ferrofluid velocity as a function of the bulk saturation
magnetization of the magnetic nanoparticles in the ferrofluid.

7.3.2.2 Effect of change in initial susceptibility on heat load cooling

To investigate the effect of magnitude of initial magnetic susceptibility (y;) on the heat load

cooling, two different y; profiles were considered with the same pyro magnetic coefficient

and same Curie temperature of 200°C (Figure 7.5). These susceptibility profiles were
provided as input to the numerical model. Subsequently, the effects of heat flux and the

bulk saturation magnetization on cooling were investigated for a heat load temperature of

200°C.
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Figure 7.5. (a) Virtual initial magnetic susceptibility curves with different magnitudes, and (b) the

corresponding pyro magnetic coefficient curves having a Curie temperature of 200°C.

Figure 7.6(a, b) show the effect of heat flux on the heat load cooling and the average FF
velocity for two different initial susceptibility profiles considering a bulk saturation
magnetization value of 446 kA/m. The heat load temperature was 200°C. Both the cooling
and FF average velocity profiles tend to increase for higher heat flux value slightly beyond
the Tc point of the FF. However, the cooling and the velocity started to reduce significantly
beyond Tc. This reduction in the cooling performance is due to the overall reduction in the
TM force as the FF reached the paramagnetic regime. The increasing value of heat load
cooling for higher heat flux values demonstrates the self-regulating nature of the MC
device. Moreover, MC devices are self-pumping as the pumping force arises from the
combined effect of the temperature gradient and applied magnetic field on the magnetic
susceptibility of the FF. The effect of bulk saturation magnetization of the MNP showed
negligible difference in the cooling for both the susceptibility profiles (Figure 7.6(c, d)).
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Figure 7.6. (a) The extent of cooling, and (b) the average ferrofluid velocity as a function of applied

heat flux for the virtual magnetic susceptibilities as shown in Figure 7.5, for a bulk saturation

magnetization value of 446 kA/m. (c) The non-dimensional heat load cooling, and (d) the non-

dimensional average ferrofluid velocity as a function of the bulk saturation magnetization, for the

same magnetic susceptibilities.

We also investigated the effect of the ratio of initial magnetic susceptibilities to the

reference susceptibility profile on the cooling (Figure 7.7(b, c¢)). The y; profiles considered

for this investigation are shown in Figure 7.7(a).

Both the heat load cooling and the FF

velocity exhibited a small increase of 10.6% and 29%, respectively, with 700% increase in

v’/ ¥’ (x’ being the reference y curve). Hence, the initial magnetic susceptibility is not a

significant parameter.
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Figure 7.7. (2) Initial magnetic susceptibility profiles with varying magnitudes with respect to the
reference susceptibility curve (pink curve); (b) the non-dimensional heat load cooling, and (d) the
non-dimensional average ferrofluid velocity as a function of the ratio of the magnitude of

susceptibility to the reference susceptibility curve.
7.3.2.3 Effect of change in pyro magnetic coefficient on heat load cooling

To study the effect of pyro magnetic coefficient on the cooling performance, several virtual
susceptibility curves were considered with increasing pyro magnetic coefficient ratio, as
shown in Figure 7.8(a). The corresponding pyro magnetic coefficient curves are shown in
Figure 7.8(b).

The effect of pyro magnetic coefficient ratio on the heat load cooling magnitude and the
average FF velocity were plotted in Figure 7.8(c, d). Both the curves exhibited an
increasing trend and showed similar behavior as a function of ratio of the pyro magnetic
coefficient. However, the cooling performance tends to saturate for higher ratio of the pyro
magnetic coefficient. The heat load cooling magnitude increased by only 4°C with respect
to a 200% increase in the pyro magnetic coefficient. Hence, pyro magnetic coefficient is

also not a significant parameter.
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Figure 7.8. (a) Virtual initial magnetic susceptibility curves with different pyro magnetic
coefficient ratio, and (b) the corresponding pyro magnetic coefficient curves having a Curie
temperature of 200°C. (c) The heat load cooling magnitude, and (d) the average ferrofluid velocity
as a function of ratio of pyro magnetic coefficients with respect to the reference susceptibility curve,
for the virtual magnetic susceptibility curves in Figure 7.8(a, b), for a bulk saturation magnetization
value of 446 kA/m.

7.3.2.4 Effect of Curie temperature on heat load cooling

To study the effect of Curie temperature (Tc) of the susceptibility curve on MC of the heat
load, we considered several virtual i curves with the same Ms value and same initial y;
(Figure 7.9(a)). The effect of Tc on the heat load cooling and the FF velocity profile was
studied for a heat load temperature of 60°C for a range of bulk saturation magnetization
values (Figure 7.9(b, c)). Both the parameters exhibited an increase in the cooling
performance for the values of Tc closer to the heat load temperature curves. In the present
case, a Tc value of 75°C is the closest to the heat load temperature, hence it exhibited

maximum cooling performance. These results for the effect of Tc can be attributed to the
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enhancement of pyro magnetic coefficient (dy/dt|t=60°c) When the Tc is close to the heat
load temperature. This result is consistent with the obtained results for the effect of pyro

magnetic coefficient (Figure 7.8).

From these results, it was clear that the bulk saturation magnetization is the significant
parameter that affects the cooling performance. For constant bulk saturation magnetization,
pyro magnetic coefficient and Curie temperature affect the TM cooling. Initial magnetic
susceptibility has the least impact. The effects of these parameters can also be understood
from the derived expression of magnetic pressure (equation (7.15)).
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Figure 7.9. (a) Virtual initial magnetic susceptibility curves with varying Curie temperature but
same initial susceptibility; (b) the heat load cooling magnitude, and (c) the average ferrofluid
velocity as a function of Curie temperature for a heat load temperature of 60°C and a bulk saturation
magnetization value of 446 kA/m.
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7.3.3 Heat load cooling for ferrite and metallic nanoparticle based ferrofluids

To rank ferrite and metallic nanoparticle-based FF in accordance with their TM cooling
performance, several numerical simulations were performed for several initial
susceptibility versus temperature curves, and the bulk saturation magnetization of the
nanoparticles as input to the model. Figure 7.10(a, b) show the heat load cooling and the
average FF velocity of various ferrite-based FF as a function of the bulk saturation

magnetization of the corresponding MNP.

Figure 7.10(c, d) is the heat load cooling and the average FF velocity curves for the MNP
based FF. The general trend shows an increase in cooling and FF velocity with increasing
bulk saturation magnetization for both the cases. For low heat flux and heat load
temperature values, the magnitude of AT increase is not so significant. However, for higher
heat flux and heat load temperature values, the cooling as well as the FF velocity enhanced

significantly for FF having higher bulk Ms.

However, certain anomalies were observed for the AT and the velocity curves (yellow
shaded area) in the case of ferrite-based FF. Nonetheless, the increase in bulk saturation
magnetization of the suspended MNP in the FF results in an increase in both heat load
cooling and the average FF velocity. Hence, the anomalies are not related to the increase
in bulk Ms. They can be attributed both to the pyro magnetic coefficient and the Curie
temperature of the materials whose Ms values are falling in the shaded region. For lower
heat flux values, the anomalies are not so sharp. However, the effect intensifies for higher
heat flux values. In general, at lower temperatures which corresponds to lower heat flux
value, the magnetic susceptibility curve has a lower pyro magnetic coefficient. However,
for higher temperature regions, the pyro magnetic coefficient tends to be higher. Hence,
the anomalies are significant at higher heat load temperatures at higher heat flux values. A
decrease (1%t and 3™ yellow shaded regions) or increase (2" and 3" yellow shaded regions)
in cooling and the velocity corresponds to a decrease or increase in the dy/dT value for
higher magnetization, respectively. A slight anomaly is observed in the lower bulk Ms
region for the metallic FF case. However, due to much higher bulk saturation magnetization

of metallic FF, the obtained value of AT and average velocity is significantly larger than
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ferrite FF. Table 7.2 and Table 7.3 summarizes the cooling performance for various
ferrite-based and metallic/alloy-based FF, respectively.

In practical applications, it is challenging to synthesize stable metallic MNP based FF due
to oxidation issues and the higher density of the nanoparticles. These problems lead to
particle agglomeration and settling. It can be inferred from the above discussion that, for
lower heat load temperatures, ferrite FF having moderate volume magnetization can exhibit
similar cooling performance as the metallic case. However, for higher heat load

temperatures, utilizing stable metallic FF can be advantageous.
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Figure 7.10. (a/c) The heat load cooling magnitude, and (b/d) the average ferrofluid velocity as a

function of bulk saturation magnetization values of various ferrite/metallic nanoparticle-based
ferrofluids.

Table 7.2. Magnitude of heat load cooling and average ferrofluid velocity for various ferrite
nanoparticle based ferrofluids. Notation: HL= heat load, To= bare heat load temperature, Q=

applied heat flux, AT= heat load cooling, v= average ferrofluid velocity.
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HL
Bulk To=60°C, Q= To=100°C, Q= To=150°C, Q= To=200°C, Q=
Temp(To)/He
Ms 0.6 KW/m? 1.2 KW/m? 1.9 KW/m? 2.6 KW/m?
at flux(Q)
Bulk
AT \Y} AT V AT \Y} AT \Y;
Materials Ms
(°C) (mm/s) (°C) (mm/s) (°C) (mm/s) (°C) (mm/s)
(KA/m)
Mno.3Zno.7Fe
94.0 6.0 0.7 14.0 0.8 27.0 1.2 41.0 15
204
ZnFex0q 111.7 7.2 0.8 18.6 0.9 34.6 1.1 54.0 1.2
MgFe204 120.2 8.5 0.9 20.0 1.2 36.3 1.7 55.2 2.5
Mno.4Zno sFe;
o 1457 115 1.2 24.0 15 46.4 2.2 71.0 2.8
4
MnosZnosFez
o 164.5 14.3 1.6 294 19 454 2.5 825 47
4
NiFe204 175.0 157 1.7 33.9 2.1 58.3 2.8 84.6 3.6
CuFe20q4 256.3 186 2.1 36.6 2.4 60.8 2.9 93.6 3.8
CuNiFe;04 258.2 201 2.9 38.4 35 69.5 4.0 95.2 3.9
Coo.6Zno.aFe
o 3100 195 2.4 33.7 2.6 67.7 43 103.7 5.8
4
v-Fe203 3975 228 3.9 42.0 3.9 78.8 5.8 117.1 6.8
MnFe>Oq4 406.7 22.1 3.1 325 34 725 4.1 110.0 4.9
Coo.8Zno.oFes
o 4250 231 3.2 46.6 35 745 3.9 104.0 4.4
4
Fes0s 446.0 24.0 3.8 47.0 4.0 77.0 45 111.0 54
CoFex04 455.0 24.0 4.1 47.0 4.3 74.5 4.8 118.6 6.4
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Table 7.3. Extent of heat load cooling and the average ferrofluid velocity for various metallic/alloy
magnetic nanoparticle based ferrofluids. Notation: To= bare heat load temperature, Q= applied heat
flux, AT= heat load cooling, v=average ferrofluid velocity.

HL Temp(To)/Heat Bulk saturation To=200°C, Q=2.6
flux(Q) magnetization To=60°C, Q= 0.6 kw/m’ kW/m?
) Bulk . .

Materials Ms(KA/M) AT(°C) v(mm/s) AT(°C) v(mml/s)
HEA-AICoFeNiCr 320.0 22.2 2.8 108.5 5.0
FeNio.7Cro3 349.0 23.5 2.9 119.5 11.7
FeosCuos 361.2 24.1 2.8 117.6 9.3
FeNio.oCro.1 385.0 23.1 3.7 116.7 8.8
HEA-AICoFeNi 882.5 28.6 10.3 137.0 14.8
Feo.sNio.7 1274.0 29.4 125 140.0 17.2
Fe 1738.0 30.5 21.0 152.4 32.5
FeosC0os 2002.0 31.9 28.0 155.0 355

7.3.4 Effect of thermophysical properties of ferrofluid on average flow velocity

Figure 7.11 shows the effect of thermophysical properties of the FF on the normalized
average FF flow velocity for a range of parameters. FF velocity tends to increase for higher
thermally conductive FF (Figure 7.11(a)). A reason for the enhancement of average FF
velocity and cooling (not shown) with increasing thermal conductivity can be due to
enhanced heat transfer by the MNP. This process distorts the thermal boundary layer,
giving rise to better flow mixing due to the random motion of MNP. For a 50% increase in

the value of FF thermal conductivity, the flow velocity increased by a mere 5.2%.

Figure 7.11(b) shows the effect of viscosity of FF on the average FF velocity. The average
velocity decreased exponentially as a function of viscosity. The TM cooling performance
is higher for lower viscosity due to low viscous drag between the ferrofluid layers. The FF

velocity tends to decrease exponentially for an increase in the specific heat of the FF
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(Figure 7.11(c)). However, the reduction in the flow velocity is not so significant with
respect to the specific heat capacity as the viscosity case. From all the three curves, it can
be inferred that viscosity has a significant effect on the TM cooling performance. For a
116% increase in the value of FF viscosity, the flow velocity reduced by 42%. Hence,
amongst all the thermophysical properties of the ferrofluid, viscosity is the significant
parameter which affects the cooling performance. An ideal FF should have higher thermal
conductivity, lower viscosity, and lower specific heat capacity for enhanced heat load

cooling performance.
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Figure 7.11. Normalized average flow velocity of the ferrofluid as a function of its (a) thermal

conductivity, (b) viscosity, and (c) specific heat capacity.
7.3.5 Non-dimensional parameters and figure of merit of ferrofluids
7.3.5.1 Transferred power and exergy loss versus bulk saturation magnetization

The amount of heat transported from the heat load to the heat sink by the TMC of FF using
a MC device was plotted as a function of bulk saturation magnetization of the MNP (Figure
7.12(a)). It is evident from the figure that more heat can be removed using highly magnetic
FF. This is due to the higher volume flow rate of FF possessing larger magnetization for a

given magnetic field strength.

Figure 7.12(b) shows the exergy loss curve versus the bulk saturation magnetization. It
exhibits similar exponentially decaying trend as the power curve. The exergy loss also
tends to increase with bulk Ms. Exergy loss represents higher randomness. Hence, the
entropy is more at higher exergy loss. Both the power and the exergy loss are directly
proportional to the volume flow rate of the FF, which is larger for higher bulk Ms due to
the greater TM volume force experienced by the FF. The FF forms vortices near the heat

load region due to the combined effect of thermal gradient and the magnetization gradient
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[6]. The increase in entropy can also be attributed to the formation of these strong vortices

when the FF possess higher magnetization.
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Figure 7.12. (a) The amount of power transferred from the heat load to the heat sink, and (b) the
exergy loss, as a function of bulk saturation magnetization of various ferrite and metallic

nanoparticle based ferrofluids, for a heat flux value of 1.6 kW/m2.
7.3.5.2 Non-dimensional parameters versus bulk saturation magnetization

To better understand the TMC heat transfer in FF-based MC devices, we examined the
behavior of several non-dimensional parameters as a function of the bulk saturation

magnetization of MNP.

The nature of heat transfer at the heat load region was investigated by calculating the
average (Nuavg). Figure 7.13(a) shows the variation in the average Nusselt number versus
bulk Ms. The average Nusselt number increases for larger bulk Ms, implying better TMC
heat transfer from the heat load region. This observation is also consistent with the increase
in the magnitude of cooling (AT) of the heat load for larger bulk Ms (Figure 7.10). The
average Nusselt number is below 10 for Ms values below 250 kA/m, suggesting the FF
flow is laminar. However, for Ms values above 250 kA/m, the FF flow can be thought of
as a transition between the laminar and turbulent flow regime. The red curve in Figure
7.13 suggests a linear increase in the average value of the Nusselt number with Ms. Hence,
the passive TMC heat transfer increases for F having higher saturation magnetization.

Figure 7.13 (b) shows the Peclet number as a function of bulk Ms. The linear increase in

Pe with increasing bulk Ms suggests greater advection heat transfer than the diffusion-
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based heat transfer. Thus, convective motion of the bulk fluid carries significant amount of
heat away from the heat load region compared to conductive heat transfer through the

nanoparticle chains.

Figure 7.13 (c) shows the effect of Stanton number as a function of bulk Ms. The non-
linear reduction in St with an increase in bulk Ms signifies a reduction in the thermal
capacity of the FF. The thermal capacity tends to increase for higher volume flow rate of
the FF.
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Figure 7.13. (a) The average Nusselt number (Nuavg), (b) the Peclet number (Pe), and (c) the
Stanton number (St) as a function of bulk saturation magnetization of various ferrite and metallic

nanoparticle based ferrofluids.
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7.4 Conclusions

The cooling performance of the thermomagnetic convection based magnetic cooling device
was numerically assessed with respect to the magnetic properties of various ferrite- and
metallic/alloy-nanoparticle based ferrofluids. For the first time, we ranked the ferrofluids
based on their thermomagnetic cooling performance. The effect of bulk saturation
magnetization, initial magnetic susceptibility, pyro magnetic coefficient, and the Curie
temperature on the heat load cooling was evaluated. Several ferrites- and metallic/alloy-
based ferrofluids were simulated to investigate their thermomagnetic cooling performance.
Various performance metrics and the non-dimensional parameters were used to evaluate
the heat transfer as function of magnetic properties of the ferrofluid. The conclusions are

as follows.

e The bulk saturation magnetization significantly enhances the heat load cooling. Heat
load cooling increases to a lesser extent with increasing magnitude of initial magnetic
susceptibility and higher pyro magnetic coefficient material.

e Maximum cooling performance is obtained when the Curie temperature is near the heat
load temperature.

e For the case of thermophysical properties, viscosity significantly affected the heat load
cooling. Cooling increases significantly for low viscous ferrofluid.

o v-FeoO3, FesOs and CoFexOs ferrite based ferrofluids displayed higher heat load
cooling performance.

e For the case of metallic/alloy-based ferrofluids, FeCo ferrofluid exhibited the best
cooling performance followed by Fe and FeNi ferrofluids.

e Power transport capability and the exergy loss increased for higher bulk saturation
magnetization of magnetic nanoparticles.

e The non-dimensional average Nusselt number and Peclet number also revealed the

enhancement in heat transfer for strongly magnetic ferrofluids.
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Chapter 8

Conclusions and Recommendations

This chapter is the summary of the present work stating the significant results of the thesis.
We developed several magnetic cooling devices based on the principle of thermomagnetic
convection of a ferrofluid and investigated their cooling performance, both experimentally
and numerically. The cooling performance was investigated for a range of heat load
temperatures, heat load power/heat flux values, magnet positions, and device parameters
viz., thermal conductivity of the tube material, geometrical shape, form factor, and hybrid
tube assembly. We also ranked various ferrites-, and metallic/alloy-based ferrofluids using
numerical simulations as a function of their magnetic and thermophysical parameters. For
the first time, we developed a multi-torus magnetic cooling device, which is capable of
cooling kW level heat loads. We also developed and tested the performance of a 8 m
magnetic cooling device based on single-phase thermomagnetic heat transfer for long
distance thermal transport. The notable conclusions and major findings of this work are
given in this chapter. Based on the obtained experimental and simulation results, the future

perspective of this research work is discussed.
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8.1 Summary

This section points out the major findings of this research work. The cooling performance
of passive MC device governed by the principle of TMC of a ferrofluid was investigated
for several MC devices. All the developed MC devices can cool the heat load significantly
over a range of heat load power/power density and initial heat load temperatures. The main
objective of the present work was to develop high performance MC devices, capable of
large-scale cooling high power heat loads, and transfer the waste heat over longer distance.
The work also experimentally and numerically optimized various device designs and

position of the magnetic field application for enhanced cooling.

The first results focused on the development of a multi-torus magneto-fluidic cooling
device to cool kW level heat loads. The permanent magnet position was optimized with
respect to the thermal gradient to obtain maximum cooling performance. A 1 kW heat load
with an initial heat load temperature of 580°C, was cooled down to 366°C. The
performance of MC device was optimized with respect to the device parameters in the next
chapter. The effect of various device parameters such as thermal conductivity of the tube,
shape, form factor, and footprint of the MC device on the cooling performance was
investigated. Further enhancement in cooling was achieved using hybrid MC device having
greater thermal gradient interface points. The following chapter focused on the
development and investigation of cooling performance of an 8 m long MC device for long
range heat transfer. The effect of heat flux variation over a wide range on the heat load
cooling was examined. The final chapter gave an insight into the effect of FF parameters
on the heat lad cooling. Various ferrites- and metallic/alloy-based FF were ranked in

accordance with their cooling performance.

Hence, the present research work provides a detailed cooling performance analysis of
passive magnetic cooling devices for large-scale thermal transport to cool high-power heat
loads and transfer the waste heat over a longer distance. The thesis also provides a
comprehensive experimental and numerical analysis of the effect of device, and ferrofluid

parameters on the enhanced cooling performance of a passive magnetic cooling device.

The important findings of the thesis are summarized below.
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1. A multi-torus MC device based on TMC of a FF was designed, fabricated, and
tested for waste heat removal from a heat load in the kilowatt level power range.

2. Cooling of 148°C was achieved at a heat load power of 0.5 kW, which increased to
214°C at 1 kW. Our device can operate at higher heat load power over greater
lengths and higher fluid content because of the lower thermal resistance per unit
length of the device and thermal resistance per unit volume of the fluid used.

3. Several MC devices of circular and racetrack shapes were developed using copper,
silicone, and copper-silicone hybrid tubing to examine the effect of device
properties and parameters on the TM cooling performance of the heat load. We
developed and investigated the cooling performance of racetrack shaped MC device
for the first time. The effect of copper tube percentage, and the heat load tube
material in the hybrid MC device on the cooling was investigated.

4. The hybrid-25 MC device exhibited maximum cooling performance of 123°C due
to enhanced thermal gradient, resulting in higher FF velocity. The cooling reduced
with increasing copper percentage from 25% to 100%. However, the rate of cooling
increased with increasing copper percentage. The all copper device exhibited
cooling for all magnet positions along the device perimeter. However, the hybrid-
50 device provided superior cooling when the magnet was placed near the heat load
region and reduced to zero with increasing magnet distance from the heat load
region.

5. A racetrack-shaped 8 m long MC device was developed. Our device is the longest
MC heat pipe developed and tested so far, which utilizes a single-phase flow of FF
to cool the heat load over a wide range of heat flux values. Heat load cooling of
41°C was obtained for heat flux and heat load temperature value of 8.85 kW/m?
and 197°C, respectively. The surface temperature contours showed the effect of
thermal boundary layer disruption on enhanced cooling performance.

6. The cooling performance of the TMC based MC device was numerically assessed
with respect to the magnetic properties of various ferrite- and metallic/alloy-
nanoparticle based FF. For the first time, we ranked the FF based on their TM
cooling performance. The effect of bulk saturation magnetization, initial magnetic

susceptibility, pyro magnetic coefficient, and the Curie temperature on the heat load
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cooling was evaluated. Several ferrites- and metallic/alloy-based FF were simulated
to investigate their TM cooling performance.

7. The bulk saturation magnetization significantly enhances the heat load cooling.
Maximum cooling performance was obtained when the Curie temperature is near
the heat load temperature.

8. For the case of thermophysical properties, viscosity significantly affected the heat
load cooling. Cooling increases significantly for low viscous ferrofluid.

9. y-Fe203, Fe304 and CoFe Oy ferrite-based FF displayed higher heat load cooling
performance. For the case of metallic/alloy-based ferrofluids, FeCo FF exhibited

the best cooling performance followed by Fe and FeNi ferrofluids.

8.2 Future Work

The future perspectives of the present work are categorized according to the developed MC
devices and the ranking of FF to further enhance the cooling performance of such devices.

8.2.1 Multi-torus magnetic cooling device

Multi-torus MC devices are capable of transferring waste heat from kW level heat loads
due to their higher surface area of heat transfer and higher volume of FF. To further
improve the performance, a detailed investigation of the flow behavior of FF is required at
various regions of the flow channel with varying magnetic field position and strength. As
the flow channels with lower inner diameter give rise to higher flow velocity, the
performance of these multi-torus devices can be improved further by using flow tubes with
lower internal diameter. To cool vertically oriented high-power heat loads, the individual
flow loops can be stacked on top of each other, instead of joining them in concentric tori
fashion, as in the present study. To further improve the capability of the device for even
more high-power heat load cooling, multi-torus devices can be cascaded to one another.
The performance of the multi-torus device can be enhanced by incorporating hybrid aspect,
where high thermal conductivity tube materials can be used in the heat load and heat sink
region to improve the conduction and convection heat transfer, respectively. Figure 8.1
shows one possible potential application of the multi-torus MC device to cool large battery

cabinets dissipating at higher power.
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Figure 8.1. Potential application of the multi-torus magnetic cooling device for cooling a battery
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heat load, which is a three step process, (a) the waste heat transfer from the battery to the magnetic
cooling device, (b) in presence of an external magnetic field, the thermomagnetic convection cycle
starts and the ferrofluid carries the heat from the battery and rejects it at the heat sink region, (c)
depending on the battery temperature, ferrofluid flow self-regulates, cooling the battery down to a

safer working limit, enhancing its service life [1].
8.2.2 Racetrack magnetic cooling device

Racetrack MC device offers significantly lower device footprint with comparable
performance in comparison to the circular MC device. The all copper racetrack MC device
offers thermal gradient throughout the perimeter of the device. Hence, copper-based
racetrack device could be used to cool magnetic field sensitive devices and systems. Hybrid
device, on the other hand, could be effective in cooling magnetic field insensitive devices
and systems. One of the potential applications of an all copper racetrack device is shown
in Figure 8.2. The all copper racetrack device can also be incorporated inside an external
cooling box, which can be attached to high speed gaming laptops for the waste heat removal.
Racetrack shaped long MC device are capable of transferring the waste heat over longer
distances. However, the cooling magnitude can be improved further by artificially
generating local turbulence effect at the heat load region for higher amount of waste heat
transfer. The all copper long racetrack device can be useful in cooling data servers owing
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to the rapid increase in the market size with an estimated compound growth rate of 13.5%
between the year 2019-2025 [2, 3]. The performance of long device in such applications

can be further enhanced using multi-phase flow of FF, which involves latent heat.

Input waste heat Rejected waste heat
to the heat load . to the ambient

Temperature Magnetic

scale i
cooling cycle

i i Hot CPU CPU cooled

Figure 8.2. Potential application of an all copper magnetic cooling device for cooling of high-

power CPUs. The magnet is kept at a farther distance from the magnetic field sensitive CPU
because of the presence of thermal gradient region at any point along the device perimeter.

8.2.3 Ferrofluid performance

As evident from the results of Chapter 7 , FF with improved magnetic and thermophysical

properties can improve the cooling performance of MC devices significantly.
8.2.3.1 Synthesis of ferrofluid with optimal magnetic properties

It can be inferred from the results of Chapter 7 that the saturation magnetization of the FF
is the most significant magnetic parameter that improves the cooling. Metallic/alloy FF
with higher saturation magnetization can improve the cooling. Moreover, these FF can
enhance the cooling capacity of the MC device due to rapid heat transfer through the highly
thermally conductive chains. It is difficult to prepare a stable FF from metallic/alloy
nanoparticles due to their higher particle density as compared to ferrite nanoparticles.
These nanoparticles tend to settle down under gravity. Hence, it is difficult to obtain a
stable colloidal dispersion for practical application.
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Earlier studies mostly used commercial ferrite FF for the MC systems. Very few reports
investigated the effect of alloy based FF on TM cooling performance [4, 5]. However,
synthesis of stable metallic/alloy-based FF with higher Ms and « is still a challenge. Still
there is scope to make stable metallic/alloy FFs for TM cooling. Bonnemann et al. [6]
synthesized air stable iron and iron-cobalt FFs using thermolysis of carbonyl compounds
of these metal ions under argon atmosphere. Controlled chemical synthesis can be
performed under inert atmosphere followed by necessary heat treatments and surface
capping to synthesize highly magnetic alloy-based FF.

8.2.3.2 Synthesis of ferrofluid with optimal thermophysical properties

Flow behavior and the cooling performance of a FF greatly depends on its thermophysical
properties, such as viscosity and thermal conductivity. Low thermal conductivity is a major
constraint for the development of reliable heat transfer fluids for industrial applications [7].
Several attempts have been made to prepare hybrid FF by increasing the thermal
conductivity of the FF through the addition of highly conductive nanoparticles [7-11].
However, the extensive TM cooling performance analysis of hybrid FF based MC devices
is still lacking. Highly thermal conductive materials such as graphene, reduced graphene
oxide, carbon nanotubes, Al naopowder, and Cu nanopowder can be added to the FF to
increase its thermal conductivity. However, the addition of these particles results in
increasing the viscosity of the FF, which results in slight reduction in the cooling
performance. Therefore, the volume fraction of highly thermal conductive materials need
to be optimized for enhanced cooling performance. Similarly, a low viscous FF can
improve the cooling by manifold. However, not much attempts have been made to play
with the viscosity of FF. A stable low viscous FF even with lower saturation magnetization
can provide higher heat load cooling than a high viscous FF with very high saturation

magnetization.
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