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A thermal diode based on phase change materials: from 2D simulations to 3D
prototyping

by Luis AFONSECA

In several technological and industrial areas that employ thermal management sys-
tems, the demand for efficient temperature control has never been more critical. To ad-
dress this need, the emergence of Phase Change Materials (PCMs) as the basis for ther-
mal diodes (TDs) has garnered significant attention. These devices utilize the ability of
PCMs to absorb or release latent heat during phase transitions, to create a dynamic and
responsive solution for thermal regulation. This way, thermal diodes based on PCMs
offer a promising avenue for monitoring operating temperatures and enhancing energy
efficiency.

Thus, our work focuses on designing, simulating, and building a PCM-based struc-
ture that showcases the characteristic rectifying behavior of a TD. Our concept consists in
a squared sink, made of a thermal conductive material, with equally spread PCM reser-
voirs that are surrounded by a thermal insulating material. This arrangement of materials
provides a spacial asymmetry in thermal conductivity, which is a condition for thermal
rectification. As part of this research, we used the heatrapy Python framework to com-
pute the heat transfer phenomena of a simple two-dimensional structure composed of
aluminum, vacuum and water, as thermal conductor, thermal insulator and PCM, re-
spectively. The initial design, tested for single value of temperature bias (AT = 10 K),
showed a considerable difference in thermal energy density between the forward and re-
verse modes. Moreover, representing the thermal rectification ratio as a function of the
triggering temperature, it was found that higher temperature variations lead to a decrease

in performance, with 60% being the maximum value. We computed the transfer function
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of the device and it demonstrated the TD characteristic nonlinear profile of the heat flow
rate. Furthermore, we studied the impact of a handful of geometrical parameters and
properties in the device’s performance. Here, we tested alternative materials for the ther-
mal insulation role, which showed not to have any influence in the performance. As to the
fraction of PCM, it led to an increase of both the rectification ratio (12-170%) and the time
needed for phase transition to occur (0-8 h). The same result was obtained for the fraction
of insulating material, however its impact on the rectification ratio was not so severe (40-
42.5 %). Reaching a final optimized design and verifying its nonlinear transfer function,
a series of COMSOL simulations were done to determine the minimum thickness that a
three-dimensional version of the device needed to have. Making some adjustments to
the design to account for technical issues, the device was built and the assembled data
acquisition setup allowed to measure the temperature variations and compute thermal
and power densities for the two directions of heat flow. It was found that the ice-water
phase transition paired with the asymmetric design of the thermal insulator shells, led to
notable differences in thermal power and thermal energy densities between the two con-
figurations (200 kW /m), demonstrating the intended nonlinear thermal properties of the
device.

This way, our work was able to demonstrate a viable geometry that could be imple-
mented in a TD-based thermal management system. Additionally, we showed that the
particular set of materials that were used and the way they were assembled fulfills the

criteria for thermal rectification and leads to a good performance.
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Um diodo térmico baseado em materiais de transicido de fase: de simulagées 2D a

prototipagem 3D

por Luis AFONSECA

Em vdrias 4reas tecnoldgicas e industriais que utilizam sistemas de gestdo térmica,
a procura por um controlo eficiente da temperatura nunca foi tdo critica. Para abordar
esta necessidade, o surgimento de Materiais de Transi¢do de Fase (MTFs) como base para
diodos térmicos (DTs) tem recebido uma atencao significativa. Estes dispositivos utilizam
a capacidade dos MTFs para absorver ou libertar calor latente durante transi¢des de fase,
criando assim uma solugdo dindmica e responsiva para a regulacdo térmica. Desta forma,
os diodos térmicos baseados em MTFs oferecem uma via promissora para monitorizar
temperaturas de funcionamento e melhorar a eficiéncia energética.

Assim, o nosso trabalho concentra-se no design, simulagdo e construgdo de uma es-
trutura baseada em MTFs que demonstre o comportamento retificador caracteristico de
um DT. O nosso conceito consiste numa calha quadrada, feita de um material condu-
tor térmico, com reservatérios de MTFs igualmente distribuidos, rodeados por um ma-
terial isolante térmico. Esta disposi¢do de materiais proporciona uma assimetria espacial
na condutividade térmica, que é uma condigdo para a retificagdo térmica. Como parte
desta pesquisa, utilizamos o framework Python Heatrapy para calcular os fenémenos de
transferéncia de calor de uma estrutura bidimensional simples composta por aluminio,
vacuo e dgua como condutor térmico, isolador térmico e MTF, respetivamente. O de-
sign inicial, testado para um tnico valor de desvio de temperatura (AT = 10 K), mos-
trou uma diferenca consideravel na densidade de energia térmica entre os modos direto
e inverso. Além disso, ao representar a razdo de retificacdo térmica como uma fungdo
da temperatura de acionamento, constatou-se que maiores variacdes de temperatura le-

vam a uma diminui¢do de desempenho, com 60% sendo o valor méximo. Calculamos a


mailto:up201805340@edu.fc.up.pt

fungdo de transferéncia do dispositivo e esta demonstrou o perfil ndo linear caracteristico
de um DT na taxa de fluxo de calor. Além disso, estudamos o impacto de um punhado
de pardmetros geométricos e propriedades no desempenho do dispositivo. Aqui, testa-
mos materiais alternativos para o papel de isolamento térmico, que ndo demonstraram ter
qualquer influéncia no desempenho. Quanto a fragdo de MMFs, esta levou a um aumento
tanto da razdo de retificagdo (12-170%) como do tempo necessério para ocorrer a transigdo
de fase (0-8 horas). O mesmo resultado foi obtido para a fragdo de material isolante, no
entanto, o seu impacto na razdo de retificagdo nao foi tdo severo (40-42,5%). Alcangando
um design final otimizado e verificando a sua fungdo de transferéncia ndo linear, foram
realizadas uma série de simulagdes COMSOL para determinar a espessura minima que
uma versdo tridimensional do dispositivo precisava ter. Fazendo alguns ajustes ao de-
sign para resolver problemas técnicos, o dispositivo foi construido e o setup de aquisigdo
de dados montado permitiu medir as variagdes de temperatura e calcular as densidades
térmicas e de poténcia para as duas dire¢des do fluxo de calor. Verificou-se que a transig¢do
de fase gelo-dgua emparelhada com o design assimétrico das carapagas isolantes térmicas
levou a diferengas notdveis na densidade de energia térmica entre as duas configuracdes,
demonstrando as propriedades térmicas ndo lineares pretendidas do dispositivo.

Desta forma, o nosso trabalho conseguiu demonstrar uma geometria vidvel que po-
deria ser implementada num sistema de gestdo térmica baseado em DTs. Além disso,
mostrdmos que o conjunto particular de materiais que foi utilizado e a forma como foram

montados cumpre os critérios para a retificagdo térmica e conduz a um bom desempenho.
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Chapter 1

Introduction

1.1 Motivation

One of the foremost obstacles in contemporary technology has been enhancing the perfor-
mance of thermal management systems. From energy generation and storage systems to
manufacturing machinery and data storage devices, many are the domains where perfor-
mance and efficiency are extremely dependent on well-optimized heat dissipation mecha-
nisms [1-3]. However, engineers seeking better solutions to direct heat flow are limited by
the traditional toolkit of thermal appliances that rely on heat sinks and fluids for that pur-
pose, e.g., water or fan coolers, which belong to the group of linear, stationary, and passive
thermal components[4, 5]. These devices present many drawbacks, namely the hydraulic
components, mechanical moving parts, and structural limitations of the used materials,
which end up compromising the efficiency of thermal energy management [6, 7].

The vast array of highly nonlinear, switchable, and active thermal components that are
accessible in the electrical domain encouraged researchers to start thinking about other
possibilities on which to base thermal management systems. For example, integrated
circuits rely on transistors, switches, and diodes for information processing and power
transmission. However, thermal components of the same kind are not nearly as evolved
as their electrical counterparts.

Over the past two decades, there has been a considerable increase in research with
the aim of integrating switchable and nonlinear components in the thermal management
domain. In this category, the thermal diode has drawn massive interest over the years
(Fig. 1.1). Analogous to the electrical diode, this device exhibits thermal rectification,

which can be defined as heat transport characterized by a preferential direction for heat
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flow [8, 9]. This way, it is not only able to dissipate the excess heat from the system
but also to block heat from flowing to the system. To achieve thermal rectification, one
must fulfill two main criteria: spatial asymmetry and nonlinear thermal conductivity [10].
Considering these factors, phase-change materials (PCMs), which can exist in two states
with different thermal conductivities, are pointed out as a unique opportunity to realize
nonlinear thermal transport. It was already shown by Dames [11] that the performance of
a thermal diode made of two different materials is influenced by three main factors: the
difference between the temperature-dependent thermal conductivities, the difference in
thermal resistance, and the temperature gradient. As a result, the combination of a PCM

and a non-PCM or two PCMs can result in thermal rectification [8].

60

—8— Thermal diode
—— Thermal rectification

)]
o

N
o

N
o

Number of Publications
w
o

N
o

o

1985 1990 1995 2000 2005 2010 2015 2020
Year

FIGURE 1.1: Number of publications on thermal diodes and thermal rectification per year
since 1975. Data available in Scopus.

1.2 Objective

With the promising qualities that PCM-based thermal diodes have shown [12-14], we
will be pursuing a deep computational and experimental study of system that consists
in an aluminum (thermal conductor) heat sink that includes water (PCM) reservoirs sur-
rounded by acrylic (thermal insulator) shells. The arrangement of this materials is de-
signed to achieve a nonlinear spacial thermal conductivity, which is a condition for ther-
mal rectification. The study of its performance will be done trough the evaluation of

several parameters, such as the device’s geometry, the insulating materials, PCM amount,
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ambient temperature, and bias temperature. With the aim of demonstrating that this com-
bination of materials is a viable choice for a thermal diode setup several simulation scripts

were developed, a device was engineered, and a measuring setup was constructed.

1.3 Document overview

The first and introductory chapter includes a brief explanation of the motivation behind
all the work presented in the dissertation and its main goals. Following this, the liter-
ature review chapter gives an overview of the published material related to the subject
in study, mainly associated with the so-called nonlinear and switchable thermal compo-
nents, and discusses the thermal diode in more detail. This chapter also presents the main
advantages of phase-change materials in thermal management applications.

The third and fourth chapters are related to the computational part of this work. The
third chapter presents and explains the main idea of this dissertation, and the concept
validation results are discussed. The fourth chapter has to do with all the parameters that
were varied in the numerical simulations, from materials to geometrical aspects of the
device, and includes the results and analysis of those simulations.

The fifth chapter relates to the experimental part of the work, dealing with the expla-
nation of the building process of the prototype, the executed measurements, the measur-
ing setup that was used, and the data analysis pipeline. The main results obtained from
the experimental work are also discussed in this chapter.

Lastly, the chapter on conclusions and future work is intended to give an outline of
the main conclusions drawn from the results of both computational and experimental
work. It also mentions the future work necessary not only to fill the gaps in knowledge

that came up in this experiment but also to enrich the quality and novelty of this work.






Chapter 2

Recent Trends in Heat Control

2.1 Nonlinear and switchable thermal components

As briefly mentioned in the previous chapter, both switchable and nonlinear thermal com-
ponents are responsible for great research enthusiasm in the field of thermal management
systems due to their unique properties. Figure 2.1 displays the commonly used sym-
bols, transfer functions, and illustrations of heat conduction mechanisms for the thermal
diode, regulator, and switch. In the following sections, it is given a brief description of
the working principles of each of these devices, as well as the respective figures of merit,
commonly used materials, and applications. The thermal diode, being the focus of this

thesis, will be discussed in greater detail.

a4  Diode b Regulator C  switch
0 T

T,
o T, T, o w; —’.—Q/_.l

Control (E, B, F, ...)

Transfer Function: Transfer Function: Transfer Function:
Asymmetric Nonlinear Control-Dependent
Gy, Closed
S f
B wa‘
E? l Guff
B
T O
Thermal Bias AT =T7,-T, Thermal Bias AT = T,-T, Thermal Bias AT = T-T,
(T, fixed) (T fixed) (T, fixed)

FIGURE 2.1: Nonlinear and switchable thermal components: (a) thermal diode, (b) ther-
mal regulator and (c) thermal switch. Adapted from [15].
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211 Thermal Regulator

As illustrated Fig. 2.1(b), a thermal regulator is essentially a two-terminal device that is
capable of maintaining an intended critical temperature Tc by switching between high
and low conductance states. These devices have a highly nonlinear transfer function * at a
fixed average temperature T;,g = (T, + Tc) /2, where T, is the temperature of the hot side
and T, is the temperature of the cold side. A typical figure of merit for a TR is the on/off

switching ratio:
Gon
Gotf

where G = dQ/d(AT) represents the differential thermal conductance (G), which is de-

r= (2.1)

fined as the local slope of the transfer function (Fig. 2.1(b)). In terms of thermal conduc-
tance, this figure of merit represents the ratio of the on state to the off state [15], and can
also be defined as the ratio of the differential thermal resistance between the off and on
states, respectively [16]. Phase change materials (PCMs) with sharp changes in thermal
conductivity (k), at a critical temperature T, (Fig. 2.2(a)) are often excellent candidates for
thermal regulation. In these cases, the application aspect of the TR implies a minimization
of the phase transition hysteresis, in a way that the temperature is regulated at the same

Te.

a Phase change material .
(W doped VO, ) A NOISy Tamb
T, T, T
k —
T S
¢ Clean T,
-]
il Tq >
T. T t

FIGURE 2.2: (a) schematic representation of a W-doped VO, thermal regulator and the

sharp k change of the used PCM. (b) Scanning electron microscope (SEM) image of the

of the doped TR [17]. (c) Thermal circuit where a TR is used to maintain a regulated
temperature Ty in the presence of a noisy ambient temperature T,mb [18].

Electric regulators are often employed to provide stable voltage sources, much as it
is for the electrical components. Similar to this, TRs can be used to reduce temperature
variations in situations like manufacturing applications, climate control, and precision

tests where a constant temperature is required [15]. An example of a thermal circuit where

“Relates the heat flow (Q) and the triggering temperature difference (AT) across the device



2. RECENT TRENDS IN HEAT CONTROL 7

a TR is used to damp out unwanted ambient temperature fluctuations is illustrated in Fig.

2.2(c).

2.1.2 Thermal Switch

A thermal switch (Fig. 2.1(c)) can be briefly described as a component that can switch
between low and high thermal conductivity, corresponding to off and on states, respec-
tively. These devices depend on a non-thermal external trigger, such as a magnetic field,
electric field, applied pressure or light [19]. By adjusting the control parameter, one can
change the thermal conductance of the device and either reduce (low k) or facilitate (high
k) the heat flow. In Fig. 2.3 one can identify the drastic change in k that two different TSs
showcase when triggered by light and magnetic field. The materials available to build
these devices are selective to the control parameter, which go from ferroelectric and ferro-

magnetic materials to PCMs and polymers [19].
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FIGURE 2.3: Examples of TSs with different triggering parameters. Top: Cross section

and k variation of a giant magnetoresistance (GMR) device where the magnetic field di-

rection controls the thermal transport [20]. Bottom: TS through light sensitive polymer
structures, which affect k according to the color of the light [21].

Switching between two states of different thermal conductivities is a feature useful in
a variety of scenarios ranging from spacecraft applications [22] to heat engines [15] and
cryogenics [23]. Among the many advantages of these devices, it is worth mentioning

the versatility of switching trigger parameters and the absence of moving parts. As to
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the disadvantages, the switching ratio, which is the same figure of merit introduced in
the previous section of the TR, is still quite low at room temperature, which limits their

application range [19].

2.1.3 Thermal Diode

As it was briefly mentioned in chapter 1, a thermal diode/rectifier (Fig. 2.1(a)) can be
shortly described as a device able to rectify heat flux, i.e., a device that exhibits the phe-
nomenon of thermal rectification. Thermal rectification refers to nonlinear heat transfer
along an axial direction of the device, meaning that heat flows more easily in one direc-
tion than the other. The thermal transport along this specific axis depends on the sign of
the temperature gradient or heat current, i.e., forward (Q fwd 2 T1 > T,) versus reverse
(Qreo : T > Th) direction [8, 15, 19]. The thermal rectification ratio is the commonly used
figure of merit that quantifies the performance of TDs, here defined as:

_ ‘wad| - |Qrev|
’Qrev‘ ’

where Qg is greater than Q. for the same thermal bias |AT|, which is the temperature

2.2)

difference across the device [15].

Due to the asymmetric heat flux already mentioned, TDs are able to function as a
thermal insulator, preventing heat from entering the system, while also facilitating the
dissipation of excess heat. As a result, these devices can maintain the temperature of the
system at the desired level. The operation of TDs is illustrated Fig. 2.4, along with a
comparison to the equivalent device of the electronic domain. The following sections will
go into greater details on the requirements for developing a thermal diode, as well as the

working principles of the different types of TDs and their applications.

2.1.3.1 Designing a thermal rectifier

As mentioned, a thermal diode or thermal rectifier is a device that allows heat to flow in
one direction more easily than in the other. Ata glance, the idea that it is possible to build a
solid-state device with such capabilities may sound counter-intuitive. Peyrard, however,
not only demonstrated that the construction of a thermal rectifier can be theoretically
understood through fundamental laws of heat conduction, but also outlined a number of

requirements that must be used to design a TD [10].



2. RECENT TRENDS IN HEAT CONTROL 9

Electrical circuit Thermal circuit
Driving Potential Voltage difference, AV Temperature difference, AT
Flux Current density j Heat flux g
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FIGURE 2.4: Comparison between electrical and thermal diodes. Adapted from [8].

Essentially, there are two main requirements that must be met for thermal rectification
to occur. Firstly, the device needs to have an asymmetric structure along the heat flow
direction. A common example is the so-called two-segment TD, which consists in a joint
of two dissimilar materials (Fig. 2.5(b)). Secondly, the heat transfer performance of the
device must be spacial- and temperature-dependent. An intuitive way of fulfilling this
last criterion is to use materials with a temperature-dependent thermal conductivity,
such as composite materials or solids in the vicinity of a phase transition. Apart from
using different materials in the same device to achieve spatial asymmetry, exploring the
geometry of the device can also have practical advantages. For instance, it is possible to
build a TD made of a conducting material with different layer widths and shapes, which
introduce an additional spacial dependency in k (Fig. 2.5(a)).

These criteria suggest that a functional thermal diode can be built through the selec-
tion of the best materials and device shapes. However, it should be noted that there is no
assurance of thermal rectification even if the device complies with the requirements listed

in the previous paragraph.

2.1.3.2 Types of thermal diodes

Thermal diodes can be divided, according to the predominant heat transfer mechanism,

into three main groups: conduction, convection, and radiation. In this section each of
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a Material A 1, Material B I
< > <

Phase change ~ Junction
interfaces interface

FIGURE 2.5: (a) Heatmaps for forward (left) and reverse (rigth) modes of an asymmetrically
shaped TD [24]. (b) Schematic representation of a two-sided TD [25].

these types of TDs is covered, as well as the respective working principles, used mate-
rials and structures (Fig. 2.6). In each case, the literature and performance measuring

parameters are presented.

v

Convection Conduction

Fluid :
|:| Graphene Superconductors PCMs with nanoscale Superconductors

heterostructure separation

Functionally Non-PCMs with

graded materials Phage EMETEE nanoscale separation
(FGMs) materials (PCMs)

FIGURE 2.6: Schematic diagram of the types of thermal diodes and some materials that
are used for each category.

Firstly, conduction TDs are thermal diodes that have thermal conduction as the main
heat transfer mechanism, where thermal conduction is the heat transport process that
happens through molecular vibration and movement of free electrons in a metal [26]. The
main characteristics of these diodes that contribute to thermal rectification are, as it was
previously mentioned, the asymmetric thermal conductivity and phonon propagation,
which are severely dependent on the properties of the used materials and the structure of

the device. As indicated in Fig. 2.6, conductive TDs can be built using different structures
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and materials which lead to different rectification behaviors and performances (Table 2.1).
Graphene is a very popular material in the field of thermal management systems due to its
extremely high thermal conductivity (3000-5000 W/m-k), an order of magnitude higher
than that of copper, making it a good candidate for TD devices [27]. A graphene het-
erostructure TD was fabricated focusing on the asymmetric interfacial heat transfer char-
acteristics between two similar/dissimilar materials, where thermal rectification arises
trough asymmetric phonon propagation in different direction across the interface (Fig.
2.7(a)). Rows 1 to 3 in table 2.1 indicate the figure of merit for studies done with these

structures, where the responsible mechanism and the used materials are also indicated.

a b c
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FIGURE 2.7: (a) Transfer functions of heterostructures made of carbon nanotubes [28]. (b)
Illustration of an FGM-based TD in forward and reverse directions [29].(c) Forward and
reverse directions of a metal-superconductor nanojunction [30].

Type of TD Used materials 7’ References
Graphene heterostructure 0.3 [31]
Conduction FGMs 0.65 [32]
Superconductors 1.23 [30]
38 [33]
Convection Fluid 1.42 [34]
250 [35]
PCMs 1 [36]
Radiation Non-PCMs 1.5 [37]
Superconductors 4 [38]

ACalculated according to eq. 2.2.

TABLE 2.1: Summary of a few examples of thermal rectification ratios of TDs, of different
types and made of various materials.

Still in the conductive TDs category, one shall briefly discuss the interest in using func-
tionally graded materials (FGMs) as well as superconductors. FGMs are materials with
a composition gradient (porosity, doping, geometry, etc) along a certain axis and have,
among other properties, spatially-dependent thermal conductivity, fulfilling the criteria

for thermal rectification (Fig. 2.7(b)). As to superconductors, their novel properties and
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the fact that their thermal and optical responses change after phase transitions, make them
suitable materials for TDs where they can be paired with other materials (Fig. 2.7(c)). In
table 2.1 we have also included relevant literature studies on TDs using these materials.
Since PCM-based TDs are the main focus of this thesis, their properties and mechanisms
will be later introduced in section 2.2.

Now, we introduce convective TDs. These diodes are devices that have thermal con-
vection as the main heat transfer process [39], where thermal convection can be defined
as a mechanism of heat transfer through a fluid in the presence of bulk fluid motion. The
presence and behavior of a fluid contributes to an asymmetrical heat transport mecha-
nism, meaning that thermal rectification can be observed (Fig. 2.8). A simple example
of a fluid-based convective thermal diode is a chamber filled with some kind of thermal
fluid, such as water, oil or nanofluids [8]. These devices, as it is discussed in the next sec-
tion, are often employed in solar heating systems due to their heat transfer performances,
particularly in the forward direction. Table 2.1 includes a few examples of fluid-based
convection TDs that can be found in literature, and one can verify by the rectification ra-
tios that, depending on the fluid, device structure and the materials used, the performance

varies dramatically.
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FIGURE 2.8: Heat transfer mechanisms in a Planar Liquid-Vapour Thermal Diode.
Adapted from [33].

Finally, we have radiation TDs. Typically, such devices are made of two blocks of
different materials separated by a nano-scale vacuum gap (Fig. 2.9(a)), and they are the
main stream thermal rectification devices for nanoscale applications. Thermal radiation
is the dominant heat transport mechanism in these components, and can be described as
random thermal currents in an object that generate electromagnetic waves with a charac-

teristic wavelength, i.e., it consists in the emission of internal energy of that object [39, 40].
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This way, in this type of thermal diodes, one defines the forward direction as the case
where heat is transferring, through thermal radiation, from the emitter to the receiver,

where the first emits radiation and the second absorbs it.
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FIGURE 2.9: (a) Schematic representation of a radiative TD. (b) Transfer function obtained
for a PCM-based radiative TD. Adapted from [36].

As indicated in Fig. 2.6, PCMs, non-PCMs, and superconductors are three of the main
material groups used in radiative TDs. The emissivity of Phase change materials changes
after the occurrence of a phase transition [8]. Thus, an accurate choice of PCMs to incor-
porate in a radiative TD allows the manipulation of the desired emissivity difference be-
tween the forward and reverse direction, so that thermal rectification between the emitter
and receiver is possible. Among the suitable PCMs for this type of applications, vanadium
dioxide (VOy) is a very popular material due to its metallic-to-insulating state transition
[41], and several computational and experimental studies have been performed with this
material [42—45]. Fig. 2.9(a) shows the transfer function of a study done with a VO, based
radiative TD, where the plotted transfer function clearly shows a rectification behavior. A
few examples of diodes that used this type of materials are indicated in table 2.1.

Even with the advantages of PCM materials that were mentioned, it is possible to use
non-PCM materials for thermal rectification in radiative diodes. A common approach
is to modify the optical properties of materials trough doping techniques. Various stud-
ies have used emitter and receiver layers made of silicon with different levels of doping
and either in the form of bulk, thin film, or both, where the thickness of the vacuum gap
and the asymmetric dielectric function of silicon are variables that massively affect the
heat transfer [46—48]. As to the case of superconductors, the change in their therm-optical
properties, including a massive increase in reflectance, after surpassing phase transition
temperatures makes them interesting materials for radiative TDs [38, 49]. Since supercon-

ductors have really low critical temperatures, these TDs can be implemented in extremely
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cold environments. Table 2.1 includes the thermal rectification ratios obtained in a few

studies of this type of devices.

2.1.3.3 Applications

In the previous section, several thermal rectification mechanisms of different types of TDs
were discussed, so now we shall introduce a couple of applications of these devices and
the advantages they bring to a thermal management system.

On of the most notable use-cases of TDs is related to thermoelectric power generation
systems. When using solar energy to generate electricity, there are two main methods that
are used for the energy conversion [50]. One method is to use photovoltaics (PVs) that
transform radiation directly into electricity, and the other is to utilize solar thermal en-
ergy. However, solar energy systems present some flaws, one of them being the inability
to generate electricity during nigh-time. So far, this drawback has been addressed through
storage of the excess electricity that is harvested during the day and further release dur-
ing nigh-time [51]. This solution still has some limitations, including the extra space for
the storage system and energy dissipation that occurs during the storing and releasing
processes, which end up compromising the efficiency. To tackle these problems, a few au-
thors have already proposed systems where TDs and thermal storage units are combined
in order to achieve 24-hour solar electricity generation [52, 53]. In figures 2.10(a) and
2.10(b) we have illustrated a comparison between a conventional and a 24-hour electricity

generation system that uses a TD bridge, respectively.
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FIGURE 2.10: (a) Thermal power generation during daytime only. (b) Basic structure of a
TD bridge for continuous solar energy harvesting. (c) Conversion of oscillating tempera-
tures into almost-constant temperatures. Adapted from [52-54].

A TD bridge circuit is a kind of thermal circuit that is able to convert daily temperature

oscillations into a single polarity temperature gradient [8]. Since a TD can manipulate
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heat flux, the AT across the output device is maintained in a single direction. Therefore,
a TD bridge circuit can be helpful for power generation systems under an alternating
energy condition, which in the case of solar energy systems corresponds to the alternation
between hot temperatures during the day and cold temperatures during the night (Fig.
2.10(c)).

Pivoting towards the application of TDs in caloric refrigeration systems, one should
start by mentioning that indoor cooling corresponds, at global level, to almost 20% of en-
ergy consumption in buildings [55]. Among the many existing types of cooling systems,
vapor compression refrigeration (VPR) has become standard in the industry due to its
maturity and low cost. Nevertheless, these systems have considerable effects on ozone
depletion and, consequently, global warming [8]. As a result, a lot of effort has been put
into the development of alternative cooling solutions. From the systems that were al-
ready tested, magnetocaloric (MC) refrigeration is on the verge of competing with VPR,
due to the latest development breakthroughs on magnetocaloric materials (MCMs) and
design concepts of these systems [56]. MC refrigeration belongs to the group of caloric
refrigeration systemes, i.e., refrigeration systems that implement caloric materials for heat
absorption or dissipation. In turn, caloric materials are materials that thermally respond
to an external trigger: their temperature can be changed through the presence/absence
of a magnetic field, in the case of MC refrigeration, electric field, pressure, etc [57]. Fig.

2.11(a) provides a schematic diagram of the thermodynamic cycle in a refrigeration sys-

tem.
b Heating mode c cooling mode
Decrease of Heat transfer
field intensity
v dopotmaion, T; T,
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Heat Heat Heat Heat
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FIGURE 2.11: (a) Illustration of the operation processes of caloric refrigeration systems.
Schematic diagram of a caloric refrigeration system with thermal diodes when the caloric
material is under (b) the hot state and (c) the cold state. Adapted from [58].

The typical way of establishing a caloric refrigeration system is to circulate a working

fluid between the heat source, heat sink, and caloric materials for heat transfer to occur.
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The main issue of this strategy has to do with the oscillation of the fluid, i.e., the fluid
is not in direct contact with all the components, which affects the heat exchange and ef-
ficiency of the system [59]. Using a TD is one of the possible solutions for this problem
(Figs. 2.11(b) and (c)). Placing the thermal diodes on the top and bottom of the caloric ma-
terial, and given the orientation of its forward direction, makes the fluid flow in only one
direction, facilitating the heat exchange process [60]. This way, the implementation of this
components in caloric refrigeration systems can improve both the operating frequency

and the coefficient of performance (COP).

2.2 Phase change materials for thermal management

As mentioned in the previous chapter, society is currently in an urge to develop inno-
vative materials and devices that provide a sustainable contribution to an efficient use
of waste heat and improvement of thermal energy systems [61]. In this area, a class of
materials that has gained a significant attraction are the so-called phase change materials
(PCMs). These are materials that have a high enthalpy, which means they are able to, in
small volumes, absorb and release large amounts of energy in the form of latent heat at
solidification and melting stages, respectively. Using PCMs for thermal energy storage
(TES), not only opens an elegant and realistic path towards a more efficient storage, but
also allows previously wasted energy to be used in domestic and industrial sectors [62].
The following sections present some theoretical background of PCMs in the context of
thermal management, the main types of PCMs that have been developed so far and their

respective applications. The final section is dedicated to PCM-based thermal diodes.

2.2.1 Methods of TES with PCMs

Storing thermal energy can be done by cooling, heating or, in the specific case of PCMS,
by melting, solidifying, or vaporizing a material, where energy becomes available as heat
when the process is reversed. There are two methods through which TES can occur: sensi-
ble heat thermal energy storage (SHTES) and latent heat thermal energy storage (LHTES).

In the case of sensible heat storage, thermal energy can be stored by raising the tem-
perature of a solid or liquid, and its efficiency depends on how the material’s specific heat

(Cp) changes during the process. The amount of stored heat, Q (J), is then given by

Ty
Q= / mCpdT, (2.3)
T;
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where m is the mass of the heat storage medium (kg), T; and Ty are the initial and final
temperatures (° C) [63]. The materials can store heat trough the previously discussed heat
transfer mechanisms: conduction, convection and radiation. A typically used material for
SHTES is water (in the liquid state), due to its low cost and high C, [64].

However, latent heat storage (LHS) is considered to be a more efficient method for
TES. In this mechanism, the storage material absorbs or releases heat as it undergoes a
phase transition: solid to solid, solid to liquid and liquid to gas, or the other way around.

A PCM-based LHS system has a storage capacity given by
T Ty
0= / mCydT + mayAHy, + / mC,dT, (2.4)
T; Tin

where a,, is the melted fraction and AH,, (J/kg) is the heat of melting per unit of mass
[63].

Thermal energy systems based on latent heat management have a far superior stor-
age density and are gifted with a narrower range of temperature between storing and
releasing heat, when compared to sensible heat systems [65]. Taking this into account,
researchers have come up with a number of criteria that an ideal PCM should meet in
order to be implemented in thermal management systems. These criteria, listed in table

2.2, make reference to thermal, physical, chemical and kinetic properties [66-68].

Properties  Criteria
melting temperature in the desired operating range
Thermal high phase transition latent heat per unit volume
high specific heat, to provide significant additional SHS
high thermal conductivity of both phases
small volume change on phase transformation
low vapor pressure at the operating temperature

Physical favorable phase equilibrium
congruent melting of the PCM
high density
no supercooling

Kinetic high nucleation rate

adequate rate of crystallization
long-term chemical stability
completely reversible freeze/melt cycle
Chemical compatibility with the construction materials
no corrosion influence on the construction materials
non-toxic, non-flammable and non-explosive

TABLE 2.2: Set of criteria that a PCM for TES must fulfill.
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Alongside these properties, a PCM ideal for thermal applications must be available
in large amounts and have a low cost [66—68]. Unfortunately, in reality those conditions
do not hold for the majority of PCMs. On the other hand, in recent years the design and
characterization of new materials for energy storage has taken a major step forward not

only in terms of performance but also durability [66].

2.2.2 C(Classification of PCMs

In a recent past, there were several classes of materials that were pointed out as potential
PCMs such as hydrated salts, paraffin, fatty acids, polymers and eutectics of both organic
and non-organic compounds. PCMs can be split into three main categories, according to
the temperature range over which the phase transition being used for TES occurs (T})

[69]:
1. Low temperature PCMs — T); < 15 °C - air conditioning and food industry;

2. Mid temperature PCMs — 15 < Tj; <90 °C - solar, medical and electronic applica-

tions (most popular);

3. High temperature PCMs — T); >90 °C - industrial and aerospace applications.

Moreover, PCMs can also be classified by the type of their phase transition, where we
can have: gas-liquid, solid-gas, solid-liquid and solid-solid systems. Fig. 2.12 indicates
the commonly used types of PCM materials for the various phase transition modes, as
well as typical and conventional materials for SHS systems.

Solid-gas and liquid-gas PCMs have very limited applications in thermal management
systems due to the large volume expansions that occur in the transition phase, which is the
opposite case of solid-solid and solid-liquid transformations. Hence, from an economical
and practical standpoint, solid-solid and solid-liquid PCMs are more attractive for TES
systems. It is worth noticing that, despite solid-solid PCMs having a generally lower
latent heat than solid-liquid PCMs, using the former group tackles the issue of material

leakage at temperatures above T); that happens in solid-liquid PCMs [71].

2.2.3 Applications of PCMs

After making reference to the novel thermal properties of phase change materials and pre-

senting their main categories, it is now convenient to mention a few applications. PCMs
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FIGURE 2.12: Diagram of the different groups of commonly used materials for thermal
storage methods. Adapted from [70].

are implemented in a wide range of scenarios: from the building industry and textiles
to solar energy systems and automobiles. More recently, the number of applications has
dramatically increased, especially in the areas of electronics and medicine [61]. In the next
paragraph a couple of examples of these applications are presented

Due to the price increase and environmental concerns around fossil fuels, the devel-
opment of innovative energy storage systems for heating and cooling in buildings has
become a hot research topic. In extremely cold or hot environments, the consumption
of electricity during day and night is very different, and this happens because the need
for domestic heating or cooling also varies in the same 24-hour period [72]. Studies of
PCM-based passive and active storage systems have shown to be a promising solution to
reduce these consumption variations. For example, Shilei et al. studied impregnation of
wallboard with a PCM material (eutectic mixtures of CA and LA) as a possible strategy
to increase the efficiency of indoor temperature moderation [73](Fig. 2.13).

In the field of electronics, the fast-paced evolution of devices with reduced form fac-
tors has resulted in a tremendous need for thermal management systems efficient enough
not to compromise the performance of devices such as cellphones, laptops and digital
cameras [61]. Since these devices are typically operated for long periods of time, PCM
based cooling systems come to the scene as viable alternative to other passive cooling
techniques, such as copper or aluminum heat sinks. On this note, it was realized that a

heat sink based on PCMs could be capable of maintaining the temperature of electronic



A THERMAL DIODE BASED ON PHASE CHANGE MATERIALS: FROM 2D SIMULATIONS TO
20 3D PROTOTYPING

a b

ordinary wall room

----- phase change wall room

Brick

Qutdoor Indoor

Temperature (°C)

Phase change wallboard

\

FIGURE 2.13: (a) Structure of phase change wall. (b) Indoor temperature variation curves
for a 3-day period. Adapted from [73].
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devices below the critical level. In fact, it was already demonstrated that filling the cavi-
ties of heat sinks with a PCM, as illustrated in fig. 2.14, enhances the cooling performance

of the system when compared to a conventional heat sink [74].

A Heat sink filled with PCM

Heat spreader

12.5(HS1) Epoxy Molding Compound

Silicon die
Die paddle
Copper lead

1-6§ Printed Circuit Board (PCB) — 76.2mm x 76.2mm
All dimensions are in mm, QFP package size:14x14

FIGURE 2.14: Schematic representation of the cross-section of a PCM filled heat sink
placed on a quad flat package. Adapted from [74].

2.2.4 PCMs for thermal rectification

In section 2.1.3.1 it was mentioned that one of the criteria for thermal rectification is the
use of materials with strongly temperature-dependent thermal conductivities, which, un-
fortunately, is extremely rare in nature. This is where phase change materials, which can
exist in two states with distinct thermal conductivities, provide a unique opportunity to
build systems able to realize nonlinear thermal transport.

It was found and verified by Dames an analytical expression that estimates thermal
rectification ratios for TDs made of two materials with properties that have a different de-
pendence on thermal conductivity [11]. It was claimed that the difference in temperature-

dependent thermal conductivities, the thermal resistance between the two materials and
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the temperature gradients were all factor that conditioned the occurrence of thermal recti-
fication. In conclusion, this study proved that it is possible to observe thermal rectification
by combining either a PCM and a non-PCM, or two PCMs with different T-dependent
thermal conductivities. This way, a whole world of possibilities for PCM-based TDs is
open.

Giving an example of a possible TD structure that includes PCM materials, figure
2.14(a) includes an illustration of the measuring setup that Chen et al. [14] used to inves-
tigate (numerically and experimentally) a thermal rectifier made of two PCMs: eicosane
and Polyethylene glycol, which have different solid-liquid phase transition temperatures.
The results of this study also indicated that both the amount of PCM used in the sample
(fig. 2.15(b)) and the temperature of the heater influences the thermal rectification ratio,
where one can see that an increase in PCM content leads to a more detectable rectification

effect.
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FIGURE 2.15: (a) Schematic of the experimental setup to measure the thermal rectification
of the PCM-based thermal diode. (b) Effect of the amount of PCM content on the thermal
rectification ratio of the TD. Adapted from [14].






Chapter 3

Designing and simulating a 2D

PCM-based Thermal Diode

As mentioned before (section 1), the main goal of this dissertation was to design and
numerically simulate a two-dimensional device that showcased thermal rectification.
For this purpose, our choice was to, after conceiving a structure that met the criteria men-
tioned in the previous chapter and selecting adequate materials, compute the heat transfer
phenomena in a Python framework called heatrapy and then compare the results for the
forward and reverse modes and infer whether thermal rectification was present or not.
The following sections cover not only the thought process of designing the TD (geometry
and materials) and methods used for the simulations, but also some initial results and

respective discussion.

3.1 Designing a two-dimensional TD using PCMs

The primary guidelines that a thermal diode must follow in order to showcase thermal
rectification are already delineated in section 2.1.3.1. To meet these requirements, one has
to not only carefully select the set of materials to use in the device but also come up with
a well-thought-out geometric design.

Before specifying the materials that were selected and cover the technical details of the
numeric simulations, a more comprehensive overview of the device’s mechanisms must
be given. As covered in the preceding chapter, a TD is a device that has a preferential
heat conduction direction, corresponding to the forward configuration. In light of this,

we propose a structure (Fig. 3.1) that takes advantage of the thermal properties of PCMs

23
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paired with other materials, which, theoretically, may result in asymmetric heat flow and

lead to the occurrence of thermal rectification [11].

Forward mode Reverse mode

T < Ty,

@ Thermal conductor

() Thermal insulator
) Phase change material

=== |nsulated boundaries [ ] Boundaries at fixed
v+ Heat flow @ temperature

FIGURE 3.1: Schematic representation of forward and reverse modes for the conceptual-
ized 2D PCM-based thermal diode to be simulated.

Figure 3.1 includes the structure and boundary conditions of the thermal diode, and
illustrates the working principle for both forward and reverse, which intends to highlight
the expected difference in heat flow between the two cases. To achieve this, and recall-
ing the criteria for asymmetric heat flow, we decided to include three different types of

materials confined to different shapes, each with a different role:

e Thermal conductor - having a high thermal conductivity, results in high heat flow
rates across the device (aluminum (Al), Copper (Cu) and Silver (Ag) are examples of
good thermal conductors, often employed in heat sinks for thermal dissipation). In
this case, we opted for a square-shaped block with three thermally insulated sides

and a fourth side (left) that is subject to a fixed temperature.

e Phase change material - when heated above a critical temperature, its physical state
changes and the thermal conductivity changes with it, contributing to a nonlinear
heat flow (examples in section 2.2.2). Our device includes three square-shaped spots
of PCM vertically spread out across the medium axis. This way, there is still heat
flow through the thermal conductor spaces in between and, until the phase transi-

tions occurs, thermal energy is stored in the PCM;
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e Thermal insulator - having a really low thermal conductivity (vacuum being the
ideal), three “C-shaped” thermal insulating components surrounding the PCM have
the role of preventing direct heat flow between the PCM and the thermal conductor.
As illustrated in Fig. 3.1, the thermal insulator only allows heat exchange between
the PCM and the thermal conductor on one side of the PCM spots. Additionally,
due to the geometric orientation of this component, the heat flow on this “open
side” starts faster in the case of the forward mode. Without this component, the
device would be totally symmetrical, and its performance would be invariant to the

direction of heat flow.

Regarding the mentioned boundary conditions of the system, firstly, one opted for
thermally insulating three sides of the device to provide a more unidirectional heat flow
and potentially highlight the heat flow differences between the two possible configura-
tions. Secondly, the remaining side of the device is at a fixed temperature, which dictates
the direction of heat flow: in the case of the forward mode, that temperature is higher than
the phase transition temperature (T};) of the PCM and lower for the reverse mode. Such
conditions are imposed due to the fact that the whole system is initially at a temperature
(Tgi0p.) that is slightly lower than T, meaning that the device only goes through the phase

transition in the forward configuration.

3.2 Validation of the rectification behavior

Now that we covered the generalized version of the TD structured that is intended to
be simulated, one must discuss the materials that were selected and numerical models
that were implemented. For a preliminary scenario, one decided to use Aluminum, vac-
uum and water for the thermal conductor, thermal insulator, and PCM, respectively. The

reasons for this selection are the following:

e Aluminum - Has a high thermal conductivity (237 W/m:-K) and is a commonly used

material in thermal management systems that involve thermal dissipation;

e Vacuum - Is the ideal thermal insulator (null thermal conductivity), despite not be-

ing the most practical solution for real-life applications.

e Water - It is a simple and well-known PCM that has its solid-liquid phase transition

at 0 °C, making it suitable for both cooling and heating applications. Moreover, it has
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a relatively high heat of fusion®, meaning it is able to store a considerable amount of

thermal energy during phase transition.

Now that one has gone through the materials, geometry, and working principles of
the idealized TD, the details of the numerical simulations must be addressed. The goal, as
explained earlier, is to compute the heat flow for both forward and reverse configurations,
which correspond to different temperature biases at the left boundary of the system. For
these simulations, the Python framework heatrapy, developed by Silva et al. was used
[75]. For a given 2D structure, denoted as a thermal object, with specified materials,
spacial and time steps, and temperature boundary conditions, this framework is able to
compute heat transfer phenomena for the desired period of time by computing the 2D
heat equation, as it is fully described in appendix A.

Figure 3.2 includes a scheme of the heatrapy thermal objects after providing the pre-
viously mentioned materials, discretization parameters, and boundary conditions as an
input. We opted for a 12x12 cm? system divided into a mesh of 61x61 points with a side of
0.2 cm (dx, dy). The ambient temperature of the system was set at 272.9 K (0.1 K below the
solid-liquid T} of water). After this, the compute function was used to calculate the heat
transfer phenomena across the whole for a period of 30000 s (~ 8 hours), which returns
the temperature every second for each point. An example of the Python code written for

the simulations is provided in appendix B.

a) forward configuration b) reverse configuration
0.12 (@) 4 0.121 (b) 4 Al
Ly Ly Ly Ly
0.10 0.10
e X
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g |S S B
£0.06 (F P1 e b2 e £ 0.061 (ﬁ' P1 e P2 @ water
~ | ~ 1
0.04 0.04
0.027 . 0027 .
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0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
x axis (m) x axis (m)

FIGURE 3.2: Schematic representation of the heatrapy thermal objects used for simulating
the (a) forward and (b) reverse modes. P;, P>, L1 and L; indicate regions of interest to
evaluate temperature and heat flow. In the materials legend, "Al” stands for Aluminum.

“energy required to go from solid to liquid state



3. DESIGNING AND SIMULATING A 2D PCM-BASED THERMAL DIODE 27

In the following sections, we present a comprehensive analysis of the conducted simu-
lations. Furthermore, we outline a few modifications that were made in order to compute

the device’s thermal rectification ratio and transfer function.

3.2.1 Results

Before computing heat transfer rates and rectification ratios, one must verify if there are
any differences in the temperature curves of the forward and reverse modes, measured at
critical points of the device. This way, as indicated in Fig. 3.2, one shall investigate the
temporal evolution of temperature at Pj, in the middle of the central PCM spot, and P,, a

point in the aluminum block located to the right of the insulated PCM spots.
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FIGURE 3.3: Top - Temperature variation curves over time measured at the critical points
P; and P, for both configurations. Bottom - Temperature heat maps at relevant times-
tamps for the reverse mode.

The curves in the plots at the top of Fig. 3.3 represent the temperature variations
(in absolute value) at the critical points mentioned. From the left, one can see that in
the forward configuration, the water temperature (P;) is held constant for almost half the
duration of the simulation, meaning the phase transition is yet to occur, which finally

occurs after approximately 4 hours. In turn, for the reverse mode, the temperature starts



A THERMAL DIODE BASED ON PHASE CHANGE MATERIALS: FROM 2D SIMULATIONS TO
28 3D PROTOTYPING

decreasing right away” (due to the -10 K temperature difference fixed at the left boundary
that imposes a heat flow from the right to the left) and reaches a constant value around
the three-hour mark time. The plot on the right side shows the temperature variation
measured at a point on the aluminum, and, as expected, one can see that the curves for
the forward and reverse modes are almost identical due to the aluminum’s high thermal
conductivity. From these results, we can already infer that the heat flow rates will have a
different spatial dependency for the two configurations.

Having access to the temperature of each point over time T (t), it is possible to com-
pute the thermal power density, P (W/m). This quantity measures the device’s ability
to conduct heat by quantifying the rate at which heat flows through a material per unit
length. In Dig. 3.2 we have identified two vertical cross sections (perpendicular to the
heat flow direction) where one intends to measure the thermal power. Since the heatrapy
thermal object consists of a 61x61 two-dimensional array, one can compute the thermal

power density over a certain line L; as follows:
o TE, (0 - T, (1)

X
PLl(t) = _kzl =ik dx s
i=

(3.1)

where k is the thermal conductivity of the material that covers the region we want to
study (aluminum in this case). The fraction numerator is the temperature difference be-
tween two consecutive points in the horizontal direction, which becomes the temperature
gradient when divided by the spatial step dx. Then, the sum of the gradients in the verti-

cal direction is computed. The results obtained are represented in Fig. 3.4.
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FIGURE 3.4: Thermal power and total energy density time curves measured across the
regions L and L.

“the graph shows an increase in temperature variation because we are taking its absolute value for com-
parison purposes between the two modes.
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From the plots, one can see that in the first minutes of the simulations, the heat flow
rate measured at L; is drastically higher than in L,, and a maximum thermal power den-
sity value (>10 MW /m) is reached, which can be explained by its proximity to the left
boundary of the system where the fixed triggering temperature is imposed. As the sys-
tem enters thermal equilibrium (the whole system is at the same temperature), the thermal
power across both regions goes to zero. However, despite the differences in temperature
variation and heat flow rates mentioned so far, we cannot assume that thermal rectifica-
tion is present. To tackle this, the total thermal energy density, E (J/m), measured at the

same critical regions must be calculated using:

B () = [ P, ()t 62)

In a two-dimensional device, this quantity measures the amount of energy stored or
present in a certain area of space. In our specific case, one intends to measure the stored
thermal energy at the L; and L, lines, which consist of arrays of 61 points with a thickness
of 0.2 cm, meaning they can be interpreted as 2D areas. As the thermal power density
across these same regions is already calculated, the stored thermal energy is obtained
through the cumulative sum over time ( fot ). In the inset plots of Fig. 3.4 one can see the
obtained results in the two configurations for each region. For the L; region, there is an
evident difference in the thermal energy curves for the forward and reverse modes. We can
see that, for the former configuration, the energy density reaches a value close to 8 MJ/m,
which is more than three times higher than the energy stored for the reverse configuration.
This is the main result that shows evidence of a preferential heat flow direction and an
asymmetric thermal energy storage process. Regarding the energy density measured in
the L, region, there are no visible differences between the two modes, which was already
the case for the thermal power density.

Now that we have evidence that the proposed structure fulfills the requirements for
thermal rectification, one can calculate the thermal rectification ratio and evaluate its per-
formance. However, this figure of merit cannot be calculated using the configuration il-
lustrated in Fig. 3.2. In chapter 2 it was mentioned that a thermal diode is a two-terminal
device with a fixed temperature in both terminals so that heat flows from the hot side to
the cold side in a direction that corresponds to either the forward or the reverse configura-
tion. In these simulations, only one of the sides of the structure is at a fixed temperature,

while the other boundaries are insulated. In order to simulate the conceived structure



A THERMAL DIODE BASED ON PHASE CHANGE MATERIALS: FROM 2D SIMULATIONS TO
30 3D PROTOTYPING

with the boundary conditions of a thermal diode (fixed temperatures on the left and right

sides), a few modifications were made to the heatrapy thermal object and are illustrated in

Fig. 3.5.
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FIGURE 3.5: Modification of the heatrapy thermal object with a fixed temperature at right
boundary for the calculation of the thermal rectification ratio and transfer function.

As one can see, the forward configuration corresponds to the case where the left bound-
ary (Tpy) is fixed 10K above the initial temperature (positive temperature bias) and the
right boundary is held at that temperature (T¢), meaning that heat flows from the left to
the right. On the other hand, the reverse mode happens when the left side is fixed 10 K
below the initial temperature (negative temperature bias) and heat flows in the opposite
direction. On the bottom of Fig. 3.5 we can see the heat maps for both configurations
obtained at the t=1000 s mark time, which clearly shows an interaction between the heat
flows imposed by the two boundaries, especially in the PCM regions.

The simulations were run in the same conditions (duration, time step, etc) and equa-
tions 3.1 and 3.2 were again used to compute the time curves for the thermal power den-

sity and total energy density, respectively. In fig. 3.6(a) we can see that the thermal power
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density across L; has similar behavior to that obtained in the previous simulations, except

that it is held constant for a long period of time before going to zero (inset plot).
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FIGURE 3.6: (a) Time evolution of the thermal power across L1, (b) rectification ratio for
a temperature bias of £10K, and total energy density (inset).

A slight reformulation of equation 2.2 was made to compute the thermal rectification
ratio using the thermal energy density curves of the forward and reverse modes, that we
already know how to calculate. Since the difference in stored thermal energy between the
two configurations was observed for the L; region, -y at this same region can be calculated

as follows:

’)’(O/o) _ Eforward - Ereverse % 100%. (33)

E reverse

From the results obtained, represented in figure 3.6(b), we can see that the rectification
ratio increases as long as the difference between the energy densities of two modes also
increases (inset plot), reaching a maximum value slightly above 20% and eventually go-
ing to zero. These results finally let us affirm that the initially proposed structure is in fact
a thermal diode. However, we also mentioned that a convenient way of describing a non-
linear thermal component is through its transfer function, a relation between a quantity
that measures heat flow rate and temperature bias. For this purpose, the previous simula-
tion was repeated for a set of 13 different values of triggering temperature (=AT). In Fig.
3.7(a) we can see the rectification ratio curves obtained for each temperature, where it was
noticed that the maximum v is inversely proportional to the module of the temperature
bias.

As explained before, a negative temperature bias corresponds to the reverse configu-

ration and a positive bias to the forward configuration. This way, a stable value of the
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FIGURE 3.7: (a) Rectification ratio measured at L; for different values of temperature
bias. (b) Maximum rectification ratio as a function of AT.

thermal power density for each simulated case was plotted as a function of the respec-

tive temperature bias, resulting in the final transfer function (Fig. 3.8) of the idealized

PCM-based TD. As intended, this result agrees with the nonlinear transfer function char-

acteristic of thermal rectifiers (Fig. 2.1), especially for small triggering temperatures where

the thermal rectification ratio is also higher.
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Chapter 4

Parameter tuning towards design

optimization

In the previous chapter, we presented a proof-of-concept design for a two-dimensional
thermal diode based on phase-change materials. We opted for a somewhat basic struc-
ture made of well-known materials: an aluminum square with three vertically aligned
vacuum-insulated water spots. The results of the numerical simulations showed that the
proposed device was able to act as a thermal rectifier. Now, in the following sections
of this chapter, we will be taking a closer look at how different factors affect the perfor-
mance of our design. A series of simulations to test various parameters was conducted
with the aim of refining our concept and moving closer to building a physical prototype

to be experimentally tested.

4.1 Influence of the thermal insulator

The first parameter that one must investigate has to do with the material used to ther-
mally insulate the boundaries of the PCM. In the first simulations discussed in the last
chapter, the material used for this purpose was vacuum, which is an ideal thermal insu-
lator due to its null thermal conductivity. However, from a practical standpoint, it is not a
viable option, especially considering the design and dimensions of our device. This way;,
a series of simulations testing the impact of using other materials for the device’s thermal
insulator role was conducted. In table 4.1 we list commonly used materials for thermal

insulation that we tested and a corresponding set of relevant physical properties.
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Material k (W/m-K) a (m2/s)! Cy, (J/KgK) p (Kg/ma)
Acrylic 0.19 1.23x10~7 1470 1051
Cellular glass 0.041 3.57x10~7 1000 115
Cork 0.039 1.08x10~7 1900 190
Extruded Polystyrene (XPS)  0.034 7.56x1077 1500 30
Polylactic Acid (PLA) 0.13 5.82x107° 1800 1.24
Silica Aerogel 0.014 9.33x10°8 1000 150
Teflon 0.25 1.15x10~7 1000 2180

IThermal diffusivity, & =

k

oGy

TABLE 4.1: Relevant physical properties of bulk materials tested as possible candidates
for the thermal insulator role.

For this set of simulations, we used the same boundary conditions as the ones schema-

tized in Fig. 3.2, where the only change was the thermal insulator. The goal was to verify

if the difference in stored thermal energy between the forward and reverse configurations

was still evident and then, based on these results, select a material that would be easy to

machine if one were to build the device. The results obtained from these simulations are

plotted in Fig. 4.1.
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FIGURE 4.1: (a) Temperature variation curves measured at P; and (b) Power and energy
(inset) densities measured at L in the case where cork is used as thermal insulator. (c)
Power and energy density (inset) curves obtained for all the tested materials.
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As an example, in Figs. 4.1(a) and (b) we have the temperature variation curves, as
well as the energy and power density curves, from the simulations where cork was used
as the thermal insulator. The first plot clearly shows that, for the forward configuration,
the water phase transition does not occur as suddenly as in the case of vacuum insula-
tion. Regarding the difference in stored energy, the inset plot in figure 4.1(b) shows the
intended difference in thermal energy density, AE, between the two modes and leads to
the conclusion that this material is a viable option for thermal insulation. After repeating
this analysis for the remaining materials and obtaining the results presented in Fig. 4.1(c),
we can conclude that all of them are capable of fulfilling the role of thermal insulator in
our device. This way, other selection criteria more related to the practical side must come
into play. In the end, acrylic came as a natural choice, mainly due to its robustness, price,
availability, and the fact that it can be easily machined. In addition, acrylic is a commonly
used material in applications where water resistance is desirable”, as it happens in this
case. Therefore, from this point forward, the thermal insulator used in the simulations

was acrylic.

4.2 Influence of geometrical parameters

Now that one was selected a more adequate set of materials to build the device, it is
time to study the impact of geometrical parameters, such as shapes and sizes of regions
occupied by the different materials, on the rectification performance. The influence of

these parameters was analyzed through:

e temperature variation curves for the forward configuration - allows us to verify

the impact on the time it takes to reach the phase transition instant;

e maximum rectification ratio - measures the impact of the varied parameters on the

overall TD performance.

Recalling the previous chapter, the thermal rectification ratio is calculated using bound-
ary conditions where a fixed temperature is imposed on both sides of the device, as illus-
trated in Fig. 3.5. The temperature and difference in energy density curves were obtained
using the boundary conditions schematized in Fig. 3.2. In all simulations, we used a

temperature bias of +10 °C and -10 °C for the forward and reverse modes, respectively.

*Acrylic can be considered a hydrophobic material, meaning it repels water to some extent. Materials
like cork would easily soak in contact with water
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4.2.1 Portion of PCM

The total amount of phase change material employed, or the proportion of the device’s
overall area that is taken up by PCM (% PCM), was the first parameter to be investigated
in this set of simulations. To perform this study, one had to make a slight modification
in the structure of the diode: instead of the three separate regions containing water used
before, we opted for a single squared region, as schematized in Fig. 4.2(a). By increasing
the area of the square, the percentage of PCM in the total area of device also increases. It is
worth noticing that despite the change in the design, Figs. 4.2(b) and (c) still demonstrate
the nonlinear temperature variation across the device due to the PCM presence.
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FIGURE 4.2: (a) Schematic representation of how the parameter of PCM amount was
varied in the simulations. Heat maps for the (b) forward and (c) reverse obtained at the
instant ¢ = 60 s for a PCM amount ratio of 21%.

Firstly, we must look at the temperature variation curves in order to measure the im-
pact of increasing the amount of PCM in the time it takes to reach the instant of the phase

transition. Figure 4.3(a) includes the obtained results for the tested values of PCM%.
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FIGURE 4.3: (a) Temperature variation curves, measured at Pj, for the forward mode for
different amounts of PCM. (b) Time until phase transition as a function of PCM%.
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It is clear that the more PCM is included in the thermal diode, the longer it takes to
reach the phase transition instant and, as one can see in the plot of Fig. 4.4(b) a linear
relation between these parameters was found. From these results one can also conclude
that the the amount of PCM that is employed in a thermal diode is a quite limiting factor in
terms of applications, since a large amount of material is translated into a slow actuation
of the device.

Regarding the impact of the PCM % in the actual performance of the diode, one can see
from the curves in the plot of Fig. 4.4(a) that rectifying behavior is heavily affected by the
portion of used material. Plotting the maximum <y for each case (Fig. 4.4(b)), we can see
that it displays a quadratic relation with the amount of PCM, leading us to conclude that
this parameter has a strong positive impact in the performance of the device, which agrees
with the both numerical and experimental results obtained by Chen et al. [14]. It is worth
pointing out that for a portion of PCM higher than 20% the rectification ratio surpasses

the maximum value of 60% obtained in the initial simulations discussed in chapter 3.

a b
175 ¥ 175+ .
PCM %) /
1501 — 150-
C’>\°\ I"
> 1257 ~ 125+
o s Pt
- i >_ i /l
S 100 = 100
c =} ’
S 75 E 75 P
[\ x ’
3 504 50 »
& .
25 25+ e
.
0 ; ; ; ; 0 ; ; ;
0 20 40 60 80 100 0 10 20 30 40
time (s) PCM %

FIGURE 4.4: (a) Rectification ratio measured at L for different amounts of PCM. (b)
Maximum rectification ratio as a function of PCM amount percentage

4.2.2 Number and shape of PCM reservoirs

Besides demonstrating the importance of using an appropriate amount of PCM, the re-
sults from the previous section showed that geometrical modifications to the diode design
are possible to implement without compromising its performance. Thus, one started look-
ing at the possibility of not only testing the influence of the shape of the regions covered
by PCM and thermal insulator, but also the number of sites that contain those materi-

als. We ended up testing the impact of these parameters simultaneously by modifying
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the structure to include a varying number of PCM regions with a circular shape, with
the thermal insulator taking the form of semicircle shell. In Fig. 4.5 we have a schematic
representation of how these changes in the device’s structures were implemented in the

thermal object to be simulated in heatrapy, as well as the heat maps for the case with

two PCM regions.
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FIGURE 4.5: (a) Schematic representation of how the number and shape of the PCM
reservoirs were modified. Heat maps for the (b) forward and (c) reverse obtained at the
instant f = 60 s for the case with two PCM regions.

As one may guess, by varying the number of regions covered by PCM and thermal
insulator, we are changing the amount of both materials at the same time. This way, we
observe a similar behavior in terms of the time it takes to reach the phase transition in-
stant, i.e, a higher number of PCM-covered regions leads to longer periods of time before
the phase transition occurs. This way, and taking a look at the rectification curves in figure
4.6(a), it makes sense that increasing the number of PCM regions in the device results in

a better rectifying performance (Fig. 4.6(b)).
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FIGURE 4.6: (a) Rectification ratio measured at L; for different numbers of PCM regions.
(b) Maximum rectification ratio as a function of the number of sites that contain PCM.
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It is important to mention that it was only possible to study the impact of this param-
eter because the "unit” of the PCM region had a small enough size that allowed the align-
ment of multiple regions in the same vertical cross section (7, = 3 case in Fig. 4.5(a)).
Naturally, this implies that the maximum amount of total PCM used in these simulations
was not as high as in the simulations analyzed in the previous section. As a result, the
maximum <y obtained was only close to 50%. However, and as clarified before, the goal

of these tests was to merely investigate the possibility of using multiple PCM spots with

a non-squared shape.

4.2.3 Fraction of thermal insulator

Similarly to what was done for the study with the portion of PCM, we also conducted a
series of simulations dedicated to evaluate the impact of the amount of thermal insulator
for a fixed amount of PCM. For this, a single circularly shaped PCM region surrounded by
a’C-shaped’ portion of thermal insulator were used, and the amount of material was var-

ied by changing the thickness of that same region, as schematized in the in inset drawing

of Fig. 4.7(a).
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FIGURE 4.7: (a) Rectification ratio measured at L; for different amounts of thermal insu-
lator. (b) Maximum rectification ratio as a function of the percentage of thermal insulator
amount in the device.

As one can see, the three tested values or thermal insulator amount led to slightly
different thermal rectification curves, with the maximum values showing an increasing
tendency but only in the 2.5% range (Fig. 4.7(b)). This leads us to the conclusion that the
portion of the device that is covered by thermal insulator does not have a very notable

effect on the performance of the TD.
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4.3 Obtaining the transfer function for the final design

Throughout the previous sections multiple adjustments to the initially proposed design

were made, with the aim of evaluating the impact of several geometrical parameters in

the performance of the device, so that an optimized version could be achieved. Taking all
the results into consideration, as well as the many technical complications that could arise
if one were to build a physical prototype, we decided to include in the final design three
vertically aligned PCM and thermal insulator regions with circular shape (Fig. 4.5(a),

Nsites = 3), Where we recall that water and acrylic were the chosen materials for each case,

respectively. This choice of design allows us not only to have a decent amount of PCM and
thermal insulator spread out across the three regions, but also to facilitate the heat flow in
the aluminum block (a design with a single PCM region with oblige to a large size, which
would leave small spaces of aluminum on the top and bottom of the structure).

Now that we have a final design and set of materials for the TD, an analysis of its
performance for different temperature bias values must be done. In Fig. 4.8(a) we have
represented the thermal rectification ratio curves for various values of triggering temper-
ature that were tested, where the intended existence of a maximum value is again visible.
Moreover, by plotting the maximum 7 as a function of AT (Fig. 4.8(b)) we can see the
same decreasing tendency observed for the initially proposed design. This shows that

the modifications made to set of materials and their geometrical shape did not affect the

occurrence of thermal rectification.
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FIGURE 4.8: (a) Rectification ratio of the final design measured at L; for different values
of temperature bias. (b) Maximum rectification ratio as a function of AT.
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We now finalize this chapter with the transfer function curve obtained for the final
design. As one can see in Fig. 4.9, especially for small temperature bias values, the thermal
power density shows a strongly nonlinear response to temperature variation. In fact,
the transfer function obtained for the final design is even more nonlinear than the one
obtained for the initial design (Fig. 3.8), leading us to conclude that our optimization

process was successful.
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FIGURE 4.9: Transfer function obtained for the final design: temperature dependence
thermal power density measured across L;.






Chapter 5

From 2D Simulations to 3D

Prototyping and Measurement

As the two previous chapters were entirely dedicated to the computational study of a
two-dimensional thermal diode structure, we now enter the discussion of the experimen-
tal part of this work. The several parameters studied in the numerical simulations, from
materials to geometrical aspects, culminated in an optimized design. We mentioned ear-
lier that the decisions made regarding both the thermal insulator to be used and the shape
of the PCM-covered regions had in mind the possibility of building a physical prototype
of the proposed design. In the following section, we will go through the process of tran-
sitioning from the elaborated 2D design to a 3D prototype, the assembly of its several
components, and the measurement setup that was conceived for evaluating its perfor-

mance.

5.1 Proposing a design for a 3D prototype

As illustrated in Fig. 5.1, our goal is to find a way of adding a third spatial dimension to
the system by introducing a height parameter. However, this modification to the device’s
structure must be carefully done so that the heat flow rate through the cross section (in-
dicated as L; in Fig. 5.1), where we intend to measure the thermal power and thermal
energy densities, is not compromised by the modified boundary conditions we shall now
address.

As we already know from section 3.2, the boundary conditions that allowed us to

measure a nonlinear heat flow in the 2D design consist in three (top, bottom and right)

43
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FIGURE 5.1: Schematic representation of the transition from a 2D to a 3D device.

thermally insulated sides, and a fourth side that is subject to a temperature bias whose
sign dictates the heat flow direction. Figure 5.2 includes a schematic representation of
how one intends to configure the new set of conditions. In the 3D case, we opted for ther-
mally insulating four surfaces (bottom and laterals) of the aluminum block with the aim
of providing a more unidirectional heat flow in the x axis direction, similarly to what was
done for the 2D device. However, the main condition that had to be implemented due to
the transition from a 2D to a 3D prototype has to do with the surface on top of the alu-
minum block that had to be left open. There were a couple of reasons that supported this
configuration, mainly the possibility of maintaining a fixed temperature during the exper-
iments and also the fact that it would facilitate the experimental procedure of assembling
the several components and any measuring instruments to be used.

By this point, we also realized that the forward and reverse configurations would not be
possible to be experimentally performed in the same way they were simulated. As in the
numerical study, the same surface would be subject to triggering temperature values of
different sign, a high complexity setup capable of both cooling and heating a single sur-
face of the device would have to be designed. This way, we opted for designing a structure
that included a single heat source, meaning that the forward” and "reverse’ configurations
correspond to heating opposing surfaces of the aluminum component (the heat source in
Fig. 5.2 is either placed on the left or right side). However, this drawback forced us to

redefine the goal for this part of the project, i.e., since the study of thermal rectification
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FIGURE 5.2: Schematic representation of the boundary conditions for the 3D case (forward
configuration).

involves applying both negative and positive temperature biases, and only the second
one can be done experimentally, we will only be taking a look at the differences in stored
thermal energy when heat flows in opposite directions. Despite this turn of events, one
will still be able to determine whether this particular geometry and set of materials, are

capable of showcasing nonlinear heat flow.

5.1.1 Studying the influence of thickness through 3D COMSOL simulations

As mentioned earlier, before coming up with a definitive design for the three-dimensional
version of the device, we must find an accurate value for the new thickness/height pa-
rameter that, not only suits an adequate size for a prototype to be tested in the lab (ideally
in the same order of magnitude as the width and depth parameters), but also ensures an
adequate heat flow rate in the x direction. For this purpose, we performed a simulation in
COMSOL Multiphysics to evaluate the impact of this new parameter in the heat transfer
properties of the system.

COMSOL is a finite element analysis, solver, and simulation software that is widely
used for computational studies in physics and engineering applications, especially in the
area of thermal management. Unfortunately, simulating heat transfer phenomena and
phase transitions in a system that includes both solids (aluminum and acrylic) and liquids
(water) is not a trivial task. This way, we ended up simulating a not so complicated

scenario: a single aluminum block with the same 12x12 cm? base used for 2D simulations,
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and a variable height, /i, whose influence on the heat flux we want to evaluate. By running
these simulations, we are able to determine the minimum thickness the aluminum block
needs to have so that heat escaping through the open surface does not compromise the
heat flux in the important direction (x), as explained in the previous section. Figure 5.2
provides an illustration for the structure that was simulated, employing the boundary
conditions mentioned in the previous section, and indicates the point (P;) where the heat
flux was measured. The ambient temperature was set to 0 °C and the left surface is then
heated up to 10 °C and heat propagates to the aluminum block through convective heat
flux. This simulation ran for a period of 100 s at a time step of 0.05 s and, through the
parametric sweep function of COMSOL, it was repeated for several values of height,
ranging from 0.018 to 0.18 cm. In these simulations we were interested in measuring the
total heat flux magnitude (kW / m?) at the central point of the block (P; in Fig. 5.2), which
has a z coordinate that depends on the thickness of the system. The heat flux vs time
curves obtained for the various values of thickness that were tested are represented in

Fig. 5.3(a).
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FIGURE 5.3: (a) Total heat flux time curves measured at the middle point of the aluminum
block for different thickness values. (b) Maximum values of total heat flux as a function
of the aluminum thickness.

As we can see, an increase in height is translated into different behaviors of the heat
flux magnitude curves. We can tell that the smaller values of thickness (0.018-0.03 cm)
reach heat flux magnitude values below 8 kW/ m? early on (~30 s) in the simulation and
are held constant until the end. Starting at the case with 0.05 cm of thickness, we begin
to obtain a maximum value of heat flux around the t=30 s mark time. For the small val-
ues, heat coming from the heat source would escape trough the open top surface without

reaching the other side opposite to the one that is being heated, meaning that the heat
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flow at the central point is constant. On the other hand, for the higher values of thickness,
a maximum heat flux magnitude is measured due to heat that reaches the right boundary
and flows back in the opposite direction before being dissipated trough the open bound-
ary. Since we are measuring the total heat flow in all directions, this means that we have
heat coming from an additional direction that adds up to the magnitude that was mea-
sured for the smaller cases. Plotting the maximum values as a function of thickness, we
obtain the curve in Fig. 5.3(b) where we can see that, from a thickness of 0.10 cm, the max-
imum heat flux magnitude starts to converge to a value close to 11 kW/m?. Nevertheless,
the important information that we can extract from these results is the certainty that an
aluminum thickness higher than the maximum 0.18 cm that were tested, is enough to
have heat flow across the full length of the device, allowing us to perform a reliable study

of heat transfer on that same direction.

5.2 Final design and finished product

We are now in conditions of presenting a final design (Fig. 5.4) that merges the last ge-
ometry studied in the 2D simulations and the necessary conditions for the 3D transition

mentioned in the previous section.
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FIGURE 5.4: Final design of the proposed TD system and schematic representation of
how its several components are assembled.
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As labeled in Fig. 5.4, the final proposal for the prototype consists in a 15x15x2.5
cm? aluminum block with three equally spaced circular holes with a 3 cm diameter that
provide the space to put in the thermal insulating “cells” made of acrylic, which are then
filled with water. From the illustration we can see that these components have the shape
of half a cylindrical shell (0.5 cm of thickness), except for the bottom part where a thin
acrylic lid was glued to the shell to prevent water leakage. For that same reason, thermal
paste is spread on the interface between the aluminum holes and the acrylic shells. The
other component of the prototype corresponds to the acrylic box that was built for the
boundary condition of thermally insulated bottom and side surfaces to be satisfied. Lastly,
two polyimide heating elements are placed in a way that fully covers the surface we want
to heat. It is important that the dimensions of the several components do not correspond
exactly to the ones that were used for the simulations. This so happens because some of
the components, namely the heating elements and the acrylic cylinder, were only available
in limited sizes, which meant that a few adjustments to the dimensions of the aluminum

block and acrylic box had to be made.

5.3 Evaluating the thermal properties of the prototype

In the following section, we go through the acquisition system that allowed us to mea-
sure the thermal properties of the presented design and give a detailed description of the
various steps of the experimental procedure that were followed in order to obtain those

measurements.

5.3.1 Acquisition system and experimental procedure

As previously stated, the goal for this part of the project was redefined to determine
whether the prototype that was designed showcased differences in thermal energy den-
sity depending on the direction of heat flow that was imposed. This study can be achieved

by monitoring two important factors:

e the water/ice temperature to verify the occurrence of a phase transition;

e the temperature in certain locations of the aluminum so that we can calculate tem-
perature gradients and work out how the thermal energy density changed over

time.
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To this end, an appropriate data acquisition setup was developed, as can be seen in
Figures 5.5 (scheme) and 5.6 (picture), with every component labeled. Using both the
photo of the setup and its schematic representation as a guide, we now describe the ex-
perimental procedure for obtaining the referred temperature measurements while simul-

taneously describing the role of each instrument.
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FIGURE 5.5: Schematic representation for the measurement setup. (1) Computer with Pi-

coLog 6 for temperature data acquisition; (2) Picolog TC-08; (3) TMAX temperature test

chamber; (4) Prototype; (5) Tenma: 72-13310 DC Power Supply; (6) RS type K thermo-
couples; (7) Polymide heating element.

to facilitate the temperature measurements, a series of holes, visible in Fig. 5.5, with
a 0.2 cm diameter and 1 cm of depth that were carved for the thermocouples® (6) to be
in direct contact with the aluminum. This also ensures that we are measuring the heat
only coming from the aluminum and minimizes the impact of the open surface in the
measurements.

Before the prototype (4) is taken to the temperature control chamber (3) and the ex-
perience is initiated, the acrylic cells are filled with water, with a thermocouple carefully
placed in the middle of each one (as illustrated in Fig. 5.5), and left in a freezer until the

water is fully turned into ice. Given the fact that water expands when it turns into ice, a

*A thermocouple is a sensor that, as a result of the Seebeck effect, produces a voltage proportional to the
temperature difference between its two metal junctions and that can be used to measure temperature
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FIGURE 5.6: Measurement setup in the lab. (1) Computer with PicoLog 6 for temperature

data acquisition; (2) Picolog TC-08; (3) TMAX temperature test chamber; (4) Prototype; (5)

Tenma: 72-13310 DC Power Supply; (6) RS type K thermocouples; (7) Polymide heating
element.

few tests were made in order to find out the appropriate water volume to be poured into
each cell to tackle the risk of overflow and water leakage during the heating process.

The next step is to place the prototype inside the temperature control chamber (3)
and assemble the data acquisition setup and heating circuit. Firstly, we begin by insert-
ing the thermocouples (6-green) in the correspondent holes (as we can see in the inset of
Fig. 5.6 and connecting them to one of the Picolog TC-08 devices (2). These devices are
then connected to a computer with the PicoLog 6 (1) program installed, which displays
the temperature values of the several thermocouple channels as a function of time. The
thermocouples that come together with the prototype from the freezer (6-yellow) are also
connected to the TC-08 device, and their temperature measurements are displayed in the
same plot. Depending on the heat flow direction mode, forward or reverse, the thermocou-
ples are arranged differently (Fig. 5.7) and the reason for this will be discussed in Section
5.4. Lastly, the polyimide heating elements are connected in series and powered by a DC
power supply at 24 V.

Once all the components are assembled and every connection is established, the tem-
perature control chamber (3) is turned on and a fixed temperature test, set for 0 °C, is initi-
ated. Since the chamber is initially at ambient temperature and the components that came

out of the freezer had temperatures below -5 °C, the heating circuit (5 + 7) was turned
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FIGURE 5.7: Schematic representation of the experimental differences between the for-
ward and reverse configurations and how the thermocouples are placed in both cases.

on only when the temperature of all the components was stabilized. For this purpose, an
additional thermocouple was placed freely inside the chamber to control its temperature
with the same PicoLog program (1). Once this condition was met, the heating circuit was
manually turned on, and this instant marked the beginning of the experiment. Once the
heat flow starts, the experiment is only concluded once the temperature of all the compo-
nents stabilizes again, but at a higher value. All of these steps correspond to a single test
of a heat direction mode, i.e., every time one wants to test either the forward or reverse con-
figuration, the whole process has to be repeated, and the only difference is the orientation
of the aluminum block, which is equivalent to changing the heaters from one surface to

the opposite one (Fig. 5.7).

5.3.2 Data analysis

The resulting data from the acquisition system is saved on a .csv file containing eleven
columns: one for time (s) and ten for the temperature measurements from each thermo-
couple. To analyze this data, we developed a Python sctipt using the Pandas, NumPy and
Matplotlib frameworks responsible for: importing the .csv files and converting them into
data frames; filtering the data only measured after the heat elements were turned on; sep-
arating the temperature data relative to the water cells from the aluminum temperature
data; and making temperature vs time plots, such as the one in Fig. 5.8. A Python Jupy-
ter Notebook was then used for calculating and plotting the thermal power and thermal

energy densities.
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FIGURE 5.8: Example of the temperature plots obtained with the data gathered from the
Picolog6 program after one trial of the experiment.

5.4 Results and discussion

As mentioned in section 5.3.1, we performed temperature measurements in specific re-
gions of the prototype in order to study its thermal properties. Figure 5.7 illustrates the
different thermocouple arrangements along two critical lines where we want to evaluate
the differences in thermal power and thermal energy densities.

Firstly, using the temperature data that was collect from the three thermocouples along
the L1 and L, cross sections, for both the forward and reverse configurations, the average
temperature for each case was calculated, and the obtained results are shown as temper-
ature variation curves in Fig. 5.9(a). This plot shows that the boundary conditions that
were discussed in the previous section allowed the intended heat flow across the device
and led to a temperature variation of 3 °C. Additionally, one can see notable differences
not only between the two heat propagation modes, but also between the two lines where
the temperature was measured, which provides an early indication of an asymmetrical
heat transfer process.

Moreover, one can also see in Fig. 5.9(a) the representation of the temperature varia-
tion measured in the central acrylic cell containing ice/water. Since the ambient temper-

ature and heating elements have the same conditions for both heat direction modes, the
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FIGURE 5.9: (a) Average temperature measurements from the three thermocouples
placed along L, and L, and in the central PCM cell.(b) Thermal power density computed
for the region between L1 and L; the correspondent thermal energy density (inset).

fact that one can identify a slight difference regarding the phase transition instant, also
indicates the statement that the device has a preferential heat flux direction.

However, the confirmation that we were able to conceive a prototype with nonlinear
heat transfer properties is given by the thermal power density and thermal energy density,
similarly to was done for the 2D simulations. This way, we computed these quantities for
the region formed by the L; and L, lines of thermocouples (Fig. 5.7), which has a thickness
of 1.0 cm. The obtained results are displayed in Fig. 5.9. Regarding the thermal power
density, which measures the heat flow rate across this area per unit length, we can see
that a difference of 200 kW/m is kept between the two modes for the majority of the
experiment duration. Then, using eq. 3.2 the thermal power energy was calculated and,
as shown in the inset of Fig. 5.9(b), we were able to measure much higher values of stored
thermal energy for the reverse mode, surpassing the 100 MJ/m. Having such differences
between the two modes of heat propagation, one can conclude that the goal of building a

device that showcased a preferential direction to heat flow was fulfilled.






Chapter 6

Conclusions and Future Work

As we navigate the demands of contemporary high-performance devices, the need for
advanced thermal management systems remains crystal clear. In this context, the use
of PCM-based thermal diodes has emerged as a promising solution since they can ef-
fectively utilize the distinct heat-absorption and heat-release properties of PCMs during
phase transitions. In a world where compact electronic devices dominate, PCM-based
TDs have shown promising results in the maintenance of optimal operating temperatures
and the enhancement of energy efficiency. This way, we conducted a series of simulations
and experiments that allowed us to go from the study of a two-dimensional TD to the
design, build, and measurement of a 3D prototype.

In this thesis, we began by presenting the concept of a 2D PCM-based thermal rec-
tifier. This design consisted of a squared sink made of a thermal conductive material,
with equally spread PCM reservoirs placed along the middle cross section that are sur-
rounded by a thermal insulating material. This structure was designed to conceive spacial
asymmetry in thermal conductivity, fulfilling the main criterion to achieve thermal rectifi-
cation. The first set of simulations was run for a geometry where the set of materials was
aluminum, acrylic, and water, corresponding to the thermal conductor, thermal insulator,
and PCM, respectively. Testing it for a temperature bias of AT = £10 K, we obtained a
massive difference in thermal energy density between the forward and reverse heat direc-
tion configurations. Then, representing the rectification ratio as a function of the temper-
ature bias, we discovered that a higher rectifying performance is associated with higher
triggering temperatures, and 60% maximum value was reached for a AT=0.5 K. The plot

of the transfer function confirmed that the tested design had the desired nonlinear profile
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characteristic of thermal rectifiers. Regarding the impact of geometrical parameters and

properties of the device on its performance, the main outcomes of this study were:

e using a thermal insulator other than vacuum has no significant impact on the differ-
ence between the thermal energy densities of the forward and reverse configurations.
This way, acrylic came as a natural choice since it is easy to machine, cheap, and

hydrophobic.

e the increase of the percentage of the device’s area that is occupied by PCM leads to
an increase in both the time period that precedes the phase transition (0-8 hours)

and the thermal rectification ratio (12-170%);

e increasing the fraction of thermal insulator also results in a performance increase,

however not as significant as the fraction of PCM (40-42.5%).

Taking into account all these results and envisioning the construction of a physical
prototype, we ended up using circular-shaped PCM reservoirs with surrounding acrylic
shells. Having this final design and verify its nonlinear transfer function, a series of COM-
SOL simulations were conducted with the goal of finding the minimum thickness that a
three-dimensional version of the device needed to have. After making some adjustments
to the design to account for technical issues, the device was built, and the assembled mea-
surement setup allowed us to measure the temperature variations and compute thermal
and power densities for the two directions of heat flow. It was found that the ice-water
phase transition, paired with the asymmetric design of the thermal insulator shells, led
to differences in thermal power and thermal energy densities between the two configura-
tions (200 kW /m), showcasing the desired nonlinear thermal properties of the device.

As for future work, one must mention steps that are important to fulfill not only to
better explain the results obtained throughout this project but also to broaden its set of
conclusions and make it a more relevant study. Firstly, and regarding the computational
work that was presented, a more in-depth study of the influence of geometrical param-
eters, namely varying the shape of the PCM and insulator cells, on rectification perfor-
mance would be a fine addition to this work. Testing the final geometry for other phase
change materials whose solid-liquid phase transition occurs at different critical tempera-
tures would also help to understand the range of temperatures in which the device can
operate. As to the practical-related work, the one job that would certainly help in the op-

timization of the device design is the COMSOL simulation that supported the transition
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from a 2D to a 3D geometry. Since we only simulated a quite simplified version of the
prototype, figuring out a way of simulating the heat transfer phenomena, maybe using a
different software, of the complete structure would be ideal. Now, in terms of the practi-
cal work, building a measurement and acquisition setup capable of imposing a negative
temperature bias would be the ideal way of implementing thermal diode conditions and

testing the rectification performance of our device.






Appendix A

Modelling of 2D thermal systems

In this Appendix we briefly described the Python framework heatrapy that was imple-
mented to build a computational model able to simulate thermal transfer processes in a

2D thermal diode structure.

A.1 Heatrapy, a Python framework

Hetrapy stands for HEAt TRAnsfer in PYthon. It is a framework that simulates 1D and
2D heat transfer processes using the finite difference method. Heatrapy includes both the
modeling of caloric effects and incorporation of phase transitions [75].

The building block of an heatrapy module is a thermal object. For each thermal object,
one defines a range of discrete space, where each point incorporates thermal properties,
power sources and temperature. Boundary conditions can be defined and also changed at
any time. There are several methods available in this framework that can change the state
of each point, materials properties, and power sources. In the case of phase transitions,
heatrapy incorporates them according to the latent heat data of used materials, which can
be accessed through an external database. This framework includes two different types of
thermal object classes: SingleObject and SystemObjects, available for both 1D and 2D
systems. In this work the class SingleObject2D was used. Essentially, this class returns
the temperature as a function of time for each space point in the material by numerically

solving the two-dimensional heat conduction equation, which is given by
oT *T  0°T .
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where p is the density of the material, C, is the specific heat, T is the temperature, k

is the thermal conductivity *, and Q is a temperature-dependent heat source, Q = Qo +

Q(T‘_'Thmb)
The SingleObject2D class can be initialized according to the following code block:

object = SingleObject2D(

amb_temperature, # ambient temperature of the whole system
material= , # background material

dx=0.01, # space step along the x-axis

dy=0.01, # space step along the y-axis

dt=0.1, # time step

size=(10, 10), # lengths in x and y directions (spacial steps)
file_name=None, # name of the .csv file to store data
boundaries=(0, 0, 0, 0),# temperature boundary conditions (left, right,

bottom top)
Q=01,
Qo=[1,

initial_state=False,

# fixed heat source coefficient
# temperature dependent heat source coefficient
# initial state of materials
materials_path=False, # materials database path
draw=[ s ], # list of online plots

draw_scale=None

After the initialization we end up with only a 2D block of a chosen material. To
build a system composed of different materials with different shapes one can perform
changes in selected pieces of the background material, and this can be done by applying

the change_material function to the previously defined function

object.change_material(
shape = 5 # or ’circle’ is the shape of the new material
material = s # material
initial_point = (x,y), # initial point where the shape is being drawn
length = (dx,dy), # length of the square sides

state = False

*Given the thermal conductivity vector k= (kx,ky), and considering an isotropic heat flow, one can
consider ky =k, == k.
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Now, after the structure to be studied is complete one can compute the heat transfer

phenomena using the compute method:

object.compute (
2 time_interval = 30000,
write_interval = 100,
4 solver = A # ’explicit_general’ is the default
verbose = False

6 )

) )

8 It computes the system for *time_interval* and writes to *file_name* every *

write_interval* time steps.

In all the simulations, ’explicit_k(x)’ was the used solver. This is a Crank-Nicolson
finite finite difference method and is appropriate for systems with spacial-dependent ther-
mal conductivity.

As an example, the code below computes 100 seconds of a copper 2D solid with a
water circle and an Aluminum square. The structure and output at the end of the compu-

tation are shown in fig. A.1.

>>> import heatrapy as htp
2 >>> example = htp.SingleObject2D(
293,
4 ... material= 5

boundaries=(300, 0, 0, 0),

6 ... size=(20, 20)
o )
8 >>> example.change_material(
material= s
10 ... shape= ,
initial_point=(5, 2),
12 ... length=(4, 4)
. )

14 >>> example.change_material(
material= ,

16 ... shape= R
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initial_point=(5, 13),
18 ... length=4
)
20 >>> example.compute(100, 10)

Materials

water
. i |
0.000 Cu

0
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
X axis (m) x axis (m)

Temperature (K)

0.200 0.200

0175 0.175

0150 0.150
0.125 297 0.125

0.100 0.100

y axis (m)
y axis (m)

0.075 0.075

0.050 0.050
0.025 0.025

0.001

FIGURE A.1: Output example of a heatrapy simulation.

If one wishes to study the time evolution of the temperature in certain sites of the
system, a filename must be provided in the initialization step and then the temperature

data for each point is written to ".csv’ file at the provided writing interval.
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Appendix B

Simulation code

In this appendix, some portions of the code used to simulate a thermal diode, using the
Python framework heatrapy are presented. In section B.1, the code used to validate the
initially proposed TD structure is shown. In section B.2, an example of a script to study a
certain geometrical parameter is presented. For every script, the outputis a ".csv’ file with

the temperature values for each point of 61x61 mesh over time.
B.1 Validation code

import heatrapy as htp

import os

file_name = os.path.basename(__file__)
mode = file_name.split(’_’)[-1]
mode = mode.split(’.’)[0] # sets the forward or reverse mode

database_pcm = # imports the materials database

def create_Al_base(mode) :
)
Create base structure of the heatrapy object
Set boundary conditions depending on the diode mode
Set time step
23
if mode==

t_boundary = 283
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def

def

else:
t_boundary = 263
system = htp.SingleObject2D(
272.9,
material= ,
dx=0.002,dy=0.002,
dt=0.01,
size=(61, 61),
file_name= .format (mode) ,
boundaries=(t_boundary, 0, 0, 0),
Q=[1,Q0=(1,
initial_state=False,
materials_path=database_pcm,

draw=[]

return system

create_PCM_spots(system) :

1)

Creates the three squares with PCM material

)3

system.change_material (shape= , material= , initial_point=(23,6)
, length=(12,9), state=False)

system.change_material (shape= , material= , initial_point
=(23,26), length=(12,9), state=False)

system.change_material (shape= , material= , initial_point

=(23,46), length=(12,9), state=False)

create_insulating_capsules(system):

PR ED]

Creates the three parts of thermal insulator that surround the PCM spot
290

system.change_material (shape= , material= , initial_point
=(23,3), length=(15,3), state=False)

system.change_material (shape= , material= , initial_point

=(23,15), length=(15,3), state=False)
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system.change_material (shape= , material= , initial_point
=(35,3), length=(3,15), state=False)
system.change_material (shape= , material= , initial_point
=(23,35), length=(15,3), state=False)
system.change_material (shape= , material= , initial_point
=(23,23), length=(15,3), state=False)
system.change_material (shape= , material= , initial_point
=(35,23), length=(3,15), state=False)
system.change_material (shape= , material= , initial_point
=(23,43), length=(15,3), state=False)
system.change_material (shape= , material= , initial_point
=(23,55), length=(15,3), state=False)
system.change_material (shape= , material= , initial_point

=(35,43), length=(3,15), state=False)

def compute_heat_transfer(system,total_time,dt):

23

Computes heat transfer of the system by solving the 2D heat equation using an
explicit finite element method

23

system.compute(total_time, dt, solver= )

def main():
systeml = create_Al_base(mode)

system2 = create_PCM_spots(systeml)

system3 = create_insulating_capsules(system?2)
compute_heat_transfer(system3,30000, 100)

main()

B.2 Parameter variation code

In this section we only include the code used to study one of the parameters mentioned
in section 4.2, which is the percentage (or area) of PCM content. The first block of code
is the script for one value, and the second block was used to run several scripts in par-
allel, where each one corresponds to a different value of the tested parameter. The other

simulations can be performed by making slight changes to these files.
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import heatrapy as htp
import matplotlib.pyplot as plt

import os

cwd = os.getcwd()
database_pcm = f
mode = file_name.split(’_’)[-1]

mode = mode.split(’.’)[0] # sets the forward or reverse mode

if mode==

283

t_boundary

else:

t_boundary = 263
system = htp.SingleObject2D(
272.9,
material= ,
dx=0.002,dy=0.002,
dt=0.01,
size=(61, 61),

file_name= .format (mode) ,

boundaries=(t_boundary, 0, 0, 0),
Q=[1,Q0=(1,
initial_state=False,

materials_path=database_pcm,

draw=[ ]
)
system.change_material (shape= , material= , initial_point=(23,35),

length=(15,3), state=False)

system.change_material (shape= , material= , initial_point=(23,23),

length=(15,3), state=False)

system.change_material (shape= , material= , initial_point=(35,23),

length=(3,15), state=False)

system.change_material (shape= , material= , initial_point=(23,26),

length=(12,9), state=False)

system.compute (30000, 100, solver= )
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import multiprocessing

import os

# Creating a dictionary with the format {mode:side}

bias = [’forward’,’reverse’]

side [15,19,23,27,31,35,39] # length of the PCM square side
all_processes = []
for b in bias:

for s in side:

all_processes.append(’simulations/simulation_Acrylic_{}_side{}.py’.format(b,s

)

all_processes = tuple(all_processes)

# This block of code enables us to call the script from command line.

def execute(process):

os.system(f’python3 {process}’)

process_pool = multiprocessing.Pool(processes = 14)

process_pool.map(execute, all_processes)
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