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ABSTRACT

In the past decades, research on alternative cooling technologies have heavily emerged due
to ongoing environmental regulations. In this framework, magnetic refrigeration is one of
the most promising for applications near room temperature. Several magnetic refrigerator
prototypes have been developed throughout the years, but most of them are focused on
the development and optimization of single components, not the system as a whole. Up to
now, none of the literature in magnetic refrigeration field reported the level of maturity of
the prototypes towards the well established vapor compression technology, nor the stage of
competitiveness in terms of performance. Hence, in this thesis, a performance comparison
between magnetic and vapor compression technologies was carried out, when operating
the same wine cooler cabinet. To that end, both cooling technologies were firstly thermo-
dynamically characterized. A commercial wine cooler based on vapor compression was
characterized in terms of temperature pull down time, energy consumption and reverse
heat leakage tests, for two levels of internal temperature (8 and 12°C) and for an ambient
temperature of 25°C. A magnetic wine cooler prototype, previously designed by the research
group PoloMag at the Federal University of Santa Catarina (UFSC), was built and coupled
with the same cabinet of the vapor compression wine cooler, through a set of a heat ex-
changer and a fan. The prototype was characterized through performance maps, developed
by a combination of different operating frequencies (from 0.5 to 1.0 Hz) and flow rates (from
125 to 225 L/h) as input variables, and an ambient temperature of 25°C. In an overall com-
parison of both cooling technologies, the magnetic wine cooler demanded higher energy
consumptions, higher temperature pull down time and higher cooling capacities to reach
around the same cabinet temperature. Also, the magnetic wine cooler provided inferior COP
and overall second-law efficiency than the vapor compression wine cooler. To maintain a
temperature of 12.5°C inside the cabinet, the magnetic wine cooler presented an energy con-
sumption of 505 kWh/year and a cooling capacity of 24.3 W. For this point, the COP was 0.41,
the overall second-law efficiency was 1.7% and the temperature pull down time was 5.0 h.
To maintain a temperature of 12.0°C inside the cabinet, the vapor compression wine cooler
presented an energy consumption of 272 kWh/year and a cooling capacity of 22.2 W. For this
point, the COP was 0.70, the overall second-law efficiency was 3.1% and the temperature
pull down time was 1.1 h. In a further analysis of the second-law efficiency and COP, it was
demonstrated that the low performance results of the magnetic wine cooler were mainly
due to internal irreversibilities. However, high result of internally ideal COP indicated a
wide potential of improvement in this regard. In this terms, the magnetic technology is still
behind from the vapor compressor regarding overall performance, and there is still a long

way to become a competitive technology, but there is also a great potential to do so.

Keywords: Magnetic refrigeration, vapor compression refrigeration, thermodynamic char-

acterization, performance comparison, COP, second-law efficiency.






REsuMoO

Nas tdltimas décadas, um grande ntiimero de pesquisas em tecnologias alternativas de refrig-
eracdo emergiram devido a regulamenta¢des ambientais em andamento no mundo. Neste
contexto, a refrigeragdo magnética tem se mostrado como uma das tecnologias mais promis-
soras em aplicagdes proximas a temperatura ambiente. Diversos protétipos de refriger-
adores magnéticos foram desenvolvidos nos tltimos anos, mas a maioria estd focada no
desenvolvimento e otimizagdo de componentes, e ndo do sistema como um todo. Até o
momento, nenhum dos trabalhos publicados na drea de refrigeragdo magnética avaliaram
o grau de maturidade e de competitividade da tecnologia relativamente a tecnologia vi-
gente de compressdo mecanica de vapores. Portanto, neste trabalho, uma comparacdo das
performances das tecnologias magnética e de compressdo mecanica de vapores ao operar
um mesmo gabinete de adega de vinhos foi realizada. Para isso, as duas tecnologias foram
primeiramente caracterizadas termodinamicamente. Uma adega de vinhos comercial que
opera com compressdo mecdnica de vapores foi caracterizada em termos de testes de pull
down de temperatura, consumo de energia e fluxo de calor reverso. A caracterizagdo foi
realizada para duas temperaturas de gabinete (8 e 12°C) e para uma temperatura ambiente
de 25°C. Um protétipo de adega de vinhos magnética, previamente projetado pelo grupo
de pesquisa PoloMag da Universidade Federal de Santa Catarina (UFSC), foi montado e
acoplado ao mesmo gabinete da adega a compressao mecénica através de um conjunto de
trocador de calor e ventilador. O protétipo foi caracterizado através de mapas de perfor-
mance, que foram desenvolvidos com a combinacdo de diferentes frequéncias de operagao
(0.5 a 1.0 Hz) e vazdes (125 a 225 L/h) como varidveis de entrada, além de uma temperatura
ambiente de 25°C. Numa comparacio geral das duas tecnologias de refrigeracdo, a adega
magnética apresentou maiores consumos de energia, tempo de pull down de temperatura e
capacidades de refrigeracdo para atingir em torno da mesma temperatura de gabinete. Além
disso, forneceu valores inferiores de COP e eficiéncia de segunda lei em relagdo a adega a
compressdo mecanica. Para manter uma temperatura de gabinete de 12.5°C, a adega mag-
nética apresentou um consumo de energia de 505 kWh/ano e uma capacidade de refrigeracdo
de 24.3 W. Para o mesmo ponto, o0 COP foi de 0.41, a eficiéncia de segunda lei 1.7% e o tempo
de pull down de temperatura de 5.0 h. Para manter uma temperatura de gabinete de 12.0°C,
a adega a compressdo mecanica apresentou um consumo de energia de 272 kWh/ano e uma
capacidade de refrigeracdo de 22.2 W. Para o mesmo ponto, o COP foi de 0.70, a eficiéncia
de segunda lei 3.1% e o tempo de pull down de temperatura de 1.1 h. Em uma anélise mais
detalhada da eficiéncia de segunda lei e do COP, foi constatado que os baixos resultados
em termos de performance da adega magnética foram devidos, em maioria, a irreversibil-
idades internas. Em contraste, um alto resultado de COP internamente ideal foi obtido —
em relagdo a adega de compressdo mecanica, o que mostrou que hd um grande potencial de
melhoria neste quesito. Nestes termos, a tecnologia de refrigeracdo magnética se mostrou
inferior no que diz respeito a tecnologia de compressdo mecanica de vapores em termos de

performance, e existe ainda um longo caminho a ser percorrido para que a primeira venha a



se tornar uma tecnologia competitiva. Existe, no entanto, um amplo potencial para que este

nivel possa ser atingido.

Palavras-chave: Refrigeracdo magnética, compressdo mecanica de vapores, caracterizacdo

termodindmica, comparagdo de performance, CODP, eficiéncia de segunda lei.
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NOMENCLATURE

Roman letters
corp coefficient of performance [-]
c specific heat capacity [J kg™ K™!]

frequency [Hz]

T

magnetic field [T]

h heat transfer coefficient [W m=2 K™!]
k thermal conductivity [W m™! K™!]
NTU number of transfer units [-]
Nu Nusselt number [-]
pressure [bar]
Q heat transfer rate [W]
Ra Rayleigh number [-]
Re Reynolds number [-]
S entropy rate [kW K]
S entropy [k] K™]
s specific entropy [k] kg™! K]
T temperature [ °C]
u overall heat transfer coefficient [W m2 K]
UA overall thermal conductance [W K]
1% volumetric flow rate [L s™']
v specific volume [m?® kg™!]
W power [W]
Greek letters
B thermal expansion coefficient [K™!]

r torque [N m]



p

o
Subscripts
2nd

ad

amb

cab

Carnot

CB

C

CE

CF

H

HE

CHEXx
cond

cycle

ele

evap

HF

variation of a parameter [-]
effectiveness [-]

efficiency [%]

angular speed [rad s
utilization factor [-]

fluid density [kg m~]

specific magnetization [A m? kg™']

second-law
adiabatic
ambient
cabinet
Carnot cycle
cold blow
cold

cold end
cold fan

hot

hot end

cold heat exchanger
condenser
AMR cycle
electric
evaporator
fan

hot fan

final

fluid



Fil
FM
gen
HB
HEXx

HHEXx

ii
in
ins
int
10
lat
loss

low

ext

out

reg

up
sur
sys
Total

Tr

filter

flow meter
generated

hot blow

heat exchanger

hot heat exchanger
initial

internally ideal
inlet

insulation

internal

isothermal

lattice

losses

lower compartment
magnetic interaction
motor

external

outlet

pump

regenerator
reference

solid

upper compartment
surroundings
system

total

transmission



\Y% valve
Abbreviations
AMR active magnetic regenerator

CHEXx cold heat exchanger

EC energy consumption
Gd gadolinium

Gd-Y gadolinium alloy
HEXx heat exchanger

HHEX hot heat exchanger
IHX internal heat exchanger
La-Fe-Si-H lanthanum-iron-sylicon alloys

La-Fe-Si lanthanum-iron-sylicon

MCE magnetocaloric effect
PID proportional-integral-derivative controller
PU polyurethane

RHL reverse heat leakage
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1 INTRODUCTION

Refrigeration systems have been of huge importance in the development of modern
society, not only for food preservation, but also for human productivity, health, transporta-
tion and, more recently, communications and data processing. By definition, refrigeration is
concerned with the cooling of bodies or fluids to temperatures lower than those available
in the surroundings, at a particular time and place (GOSNEY, 1982). Fundamentally, this is
achieved by removing heat from a low temperature heat source and transferring it to a high
temperature heat sink, with an energy input as work.

The most widely used refrigeration technology, especially in the household and light
commercial segments, is based on the mechanical compression and expansion of a volatile
refrigerant, which boils at a low pressure to draw heat from the low-temperature thermal
source (refrigerating effect) and condenses at a high pressure so heat is rejected at high-
temperature heat sink.

Due to the amount of time and resources spent in developing this century-old technol-
ogy, its components have been extensively optimized for efficiency, size and cost. Yet, the
use of environmentally harmful refrigerants is still — and more than ever, a major concern
regarding vapor compression refrigeration applications. According to the latest report of the
International Institute of Refrigeration (IIR, 2019), the refrigeration sector accounts for 7.8%
of global greenhouse effect gas emissions, in which 37% are direct emissions of HCFCs and
HFCs refrigerants. Ongoing regulations such as the Montreal Protocol propose a complete
phase out of HCFCs use in developed countries (by 2020) and in developing countries (by
2030). On that account, researches on alternative refrigerant fluids and alternative cooling
technologies have heavily emerged in the past decades.

In the branch of not-in-kind cooling technologies, magnetic refrigeration is one with a
very high potential to become a viable alternative to vapor compression (QIAN et al., 2016).
Essentially, magnetic refrigeration substitutes the variation of the refrigerant fluid pressure
in the vapor compression technology by a variation of magnetic field in a solid refrigerant. In
response, the solid refrigerant exhibits the magnetocaloric effect (MCE), which is displayed
as a temperature change if the process is adiabatic. Thus, a magnetocaloric material heats up
when magnetized and cools down when demagnetized. Although the magnitude of MCE
can be observed over a range of temperatures, it peaks near the so-called Curie temperature,
which is a magnetic phase transition temperature from a ferromagnetic to a paramagnetic
state.

The discovery of the MCE is attributed to the works of Weiss and Piccard, in 1917 and
1918 (SMITH, 2013), who also observed the reversible behaviour of the effect. Urbain, Weiss
& Trombe (1935) observed magnetocaloric properties close to room temperature in Gadolin-
ium (Gd). Brown (1976) demonstrated that Gd could be used as a refrigerant for magnetic
refrigeration near room temperature, in what could be called the first-ever prototype of a
magnetic refrigerator (KITANOVSKI, 2020). A pictorial representation of a simple magnetic
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refrigeration cycle undergone by a solid refrigerant is presented in Fig. 1. The refrigerant,
initially at room temperature (Tr), is adiabatically magnetized showing a temperature in-
crease of AT,q. With the refrigerant now above room temperature, heat can be rejected to
the ambient, while the magnetic field is kept constant. After the material regains the thermal
equilibrium at Tk, it is adiabatically demagnetized and has a temperature decrease of ATg.
With the solid refrigerant now below room temperature, heat can be absorbed from the
internal ambient, until the material again reaches thermal equilibrium at Tk.

T

T
- //Ji

Figure 1 — Pictorial representation of magnetic refrigeration cycle (LOZANO, 2015).

With the prospects of an efficient and internally reversible cooling technology (TREVI-
ZOLI, 2015), scientists and engineers prompted numerous developments in this area over
the last two decades or so. So far, thousands of works have been published by more than 40
research groups around the world (KITANOVSKI et al., 2015), focusing on the development
of new materials, design and analysis of magnetic circuits and optimization of components
in terms of geometry and operating conditions (PEIXER, 2020). As a result, several magnetic
refrigerator prototypes are being presently developed (KITANOVSKI, 2020).

1.1 Motivation and objectives

The above mentioned efforts dedicated to magnetic refrigeration research proved to
be fairly successful at overcoming intrinsic limitations to develop magnetic refrigerators.
However, the progress reported in the open literature is still at pre-competitive and pre-
commercial stages, being more focused on developing and optimizing components, rather
than the system as a whole (NAKASHIMA et al., 2020).

A typical prototype is composed of an active magnetic regenerator, or AMR (i.e., a
porous regenerative matrix containing the magnetocaloric material), a magnetic circuit to
promote the change in magnetic field and a hydraulic and control system synchronized with
the magnetic field profile to promote the flow management (LOZANO, 2015). The cooling
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load is usually imposed by electrical resistances and the temperature of the hot reservoir
is usually controlled by thermal baths (KITANOVSKI, 2020; TREVIZOLI; BARBOSA, 2020).
Additionally, the current setups are not concerned about how the heat exchangers and cab-
inet impact on the overall performance of the magnetic refrigerator (PEIXER et al., 2018),
thus neglecting the impact of heat exchanger effectiveness, fan power dissipation and cab-
inet losses. Therefore, up to this point, no assessment on the maturity level of magnetic
refrigeration compared to the the well-developed vapor compression refrigeration was yet
performed.

In the past two years, the development of a magnetic wine cooler is in course by
PoloMag, a research project focused on magnetic refrigeration at Polo - Research Laboratories
for Emerging Technologies in Cooling and Thermophysics at the Federal University of Santa
Catarina (UFSC), sponsored by Embraco and Embrapii. The research is supported by more
than a decade of the group experience and it aims to optimize the entire system — studying
the subsystems and its trade-offs simultaneously, and build the first setup in the magnetic
refrigeration field with a real cabinet and real heat exchangers. An schematic representation

of the magnetic wine cooler prototype is shown in Fig. 2.

/ External Ambient Magnetic \
System

/ Wine Cooler Cabinet\

Hot Heat
Exchanger

Hydraulic
\ Management

& System j

Figure 2 — Schematic representation of the magnetocaloric wine cooler system designed by
PoloMag and its main components. Adapted from Peixer (2020).

Given the observed lack in the literature of studies reporting the current maturity level
of magnetic refrigeration and a fair comparison with the vapor compression technology, the
main objective of this work is to experimentally evaluate and compare the thermodynamic
performances of both cooling technologies operating the same wine cooler cabinet. In order
to fulfill this goal, the following specific objectives have been proposed:

e Characterize experimentally the thermodynamic performance of a commercially avail-

able wine cooler operated by a vapor compression cooling system;

e Build the designed magnetic wine cooler prototype developed by the PoloMag project
with the same cabinet of the vapor compression wine cooler, coupling it with real heat

exchangers;
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e Characterize the thermodynamic performance of the wine cooler operating with mag-
netic cooling technology and evaluate the main sources of losses, identifying the most

important points to be improved;

e Compare experimentally the performances of the magnetic and vapor compression
cooling technologies operating the same wine cooler cabinet, to point out the current
development stage of magnetic refrigeration and how further still it must progress to

become a viable alternative to vapor compression refrigeration in terms of performance.

1.2 Thesis Overview

This thesis is divided into five chapters. Chapter 2 reviews the concepts of the va-
por compression and magnetic refrigeration technologies, pointing out the main theoretical
fundamentals to be used in the thesis. Chapter 3 presents the experimental evaluation and
thermodynamic analysis of the vapor compression wine cooler and the magnetic wine
cooler prototype. Also, Chapter 3 includes a detailed description of the designing phase and
construction features of the magnetic prototype, pointing out the main decisions of each
subsystem. Chapter 4 presents the results of the experimental characterization of the wine
cooler operating with both cooling technologies, as well as the thermodynamic comparison
between both magnetic and vapor compression cooling technology. Additionally, improve-
ment points for the prototype are suggested based on the thermodynamic analysis results
and further analysis. Lastly, Chapter 5 presents the conclusions of the thermodynamic anal-
ysis and comparison, assessing the level of maturity and the gap between technologies, as

well as recommendations for future works.
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2 LITERATURE REVIEW

This chapter presents a review on the concepts of the vapor compression refrigeration
and the magnetocaloric refrigeration technologies. Initially, the operational principle and
main components of the vapor compression systems are described, with a further review
on several works in the field to assess the most important characterization tests of vapor
compression refrigerators. Next, the fundamental principles of operation of a magnetocaloric
refrigerator, with a review on the MCE — from a basic thermodynamics point of view, a
review on AMRs and its most relevant performance parameters and a review on the state-
of-the-art of magnetic refrigeration — in terms of the main components, the most relevant
prototypes and their performances. Lastly, a review on the thermodynamic evaluation of

cooling devices when comparing the application of different operational technologies.

2.1 Conventional Refrigeration System

Cooling devices as currently known produce cold mainly by artificial means, with com-
mon technologies such as the vapor compression refrigeration, the absorption refrigeration,
the thermoeletric refrigeration and the magnetocaloric refrigeration (HERMES, 2006). The
most conventional cooling technology is the vapor compression!, based on the mechanical
compression and expansion of refrigerant fluids. As presented in Fig. 3, the conventional re-
frigeration system is designed with 5 components: a compressor, a condenser, an expansion
device, an evaporator and an internal heat exchanger (IHX). The compressor guarantees the
fluid circulation with the conversion of electrical energy into flow work and establish the re-
gion of high pressure into the system (condensation pressure). The condenser rejects heat to
the external environment as a result of the fluid condensation. The expansion device, usually
a capillary tube, expands the fluid and establish the region of low pressure into the system
(evaporation pressure). The evaporator removes heat from the refrigerated compartment as
a result of the fluid evaporation. Lastly, the IHX, a counter-current heat exchanger, increases
the cooling capacity of the system and avoids liquid in the compressor inlet by subcooling
the fluid before the expansion and superheating the fluid before the compression.

In the refrigeration cycle presented in Fig. 3, the fluid enters the compressor as super-
heated vapor at the low pressure level (point 1), where it is compressed to the level of high
pressure and temperature. The fluid exits the compressor as superheated vapor at the high
pressure level and enters the condenser (point 2), where heat is rejected to the surroundings
(Qn)- The fluid exits the condenser as saturated liquid at the high pressure level and enters
the IHX (point 3), where it is subcooled through the heat exchange with the suction line. The
fluid exits the IHX as subcooled liquid at the high pressure level and enters the expansion
device (point 3"), where it is expanded to the level of low pressure and temperature. The fluid

exits the expansion device as a saturated mixture of liquid and vapor at the low pressure

1 In this thesis, this technology will be referred as either vapor compression or conventional.
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Figure 3 — Schematic representation of a refrigeration system operating with vapor compres-
sion technology.

level and enters the evaporator (point 4), where heat is removed from the compartment to
be refrigerated (Qc). The fluid exits the evaporator as saturated vapor and enters the IHX
(point 1), where it is superheated before entering the compressor, completing the cycle. In a

temperature versus entropy diagram (T-s), the described refrigeration cycle is as follows in
Fig. 4.

TA

4

Figure 4 — T-s diagram of the conventional refrigeration cycle.

In real systems, irreversibilities due to viscous losses and non-adiabatic components
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lead to a cycle far from ideal in terms of performance, triggering years of studies on the
improvement of the single components of the conventional refrigeration cycle. In order
to assess the evolution of components and compare the performance of different systems,
standardized tests were developed to characterize and classify the products to a number of
categories over the years.

2.1.1 Characterization of Household Refrigerators

According to the IEC 62552 (2015) standard for household refrigerating appliances, a
test report regarding the characterization of wine storage appliances shall include the test
results of energy consumption and temperature stratification, besides details about the bottle
capacity of each compartment. In order to assess more information on performance metrics
of the conventional wine cooler, additional tests must be carried out.

Polo Laboratories have been dedicating efforts in groundbreaking research in the refrig-
eration field since 1982. In more than three decades of research engagement, Polo developed
several works regarding improvements and optimization of refrigeration systems aligned
with interests of industry. Hence, the development of the test methodology for the charac-
terization of the conventional wine cooler in this thesis was based in the works developed
at Polo, with highlights presented as follows.

Gongalves et al. (2000) proposed a test method to assess the quality of the thermal
insulation and the heat transfer through the refrigerator walls. The so called reverse heat
leakage test consists in calculating the overall thermal conductance of the refrigerator (UA)
with an analytical model of the conservation of energy applied in the control volume of
the cabinet, in steady state conditions. During the test, the cooling system remains switched
off and the compartments of the refrigerator are heated to temperatures higher than the
temperature of the surroundings, so as to maintain a constant heat flux into the external
ambient direction. With steady state condition, the temperatures of the compartments and
ambient are accounted and the UA is calculated.

Hermes (2006) developed a methodology to emulate the transient behavior of a domes-
tic refrigerator, during both the pull down and the cyclic operation. The methodology was
based on the development of a mathematical model for each component of the refrigerator,
with inputs and further validation of data generated from a baseline product. The transient
behavior of the baseline product was characterized with tests of energy consumption in
cyclic operation and pull down. Also, the reverse heat leakage test was carried out to assess
the UA of the refrigerator and to calculate the portion of the thermal load imposed by the
heat transfer through the refrigerator walls and gasket.

Hermes et al. (2009) proposed a methodology to predict the energy consumption of
domestic refrigerators and freezers via steady state simulation. The methodology was val-
idated with data from a baseline product tested for energy consumption in steady state
regime. The energy consumption tests in steady state were carried out with the compen-
sation of the exceeded cooling capacity by means of heat generation inside the refrigerator
compartments. The heat was generated with PID-driven electrical resistances and during
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the test the thermostat was switched off and the damper was fixed at a predefined condition,
so as to carry out the test with a full time running compressor. To evaluate the performance
metrics of the refrigerator as well as the compressor runtime, it was necessary to assess the
UA of the refrigerator compartments, which was achieved with the reverse heat leakage test
proposed by Gongalves et al. (2000). The methodology aimed not to be a replacement to the
standardized energy consumption test, but to provide a reliable and much faster procedure
to be used as guide in the conception and development phase of refrigerators.

Boeng (2012) developed a methodology to select the pair capillary tube and refrigerant
charge that maximizes the performance of domestic refrigerators. The methodology was
based in an experimental apparatus capable of provide several combinations of refrigerant
charge and restrictions in the expansion device, thus emulating different capillary tubes.
Tests were carried out with the aim of developing an energy consumption map as a function
of the pair combinations, so as to identify the operation point of the refrigerator. To reduce
the time associated with the tests for the energy consumption, the steady state approach
proposed by Hermes et al. (2009) was adopted. Also, the reverse heat leakage test proposed
by Gongalves et al. (2000) was carried out to assess the portion of heat load imposed by the
surroundings through the evaluation of the UA of the refrigerator.

Thiessen (2015) carried out a study on the effectiveness of applying vacuum insula-
tion panels in domestic refrigerators. The study was based on the comparison of a baseline
product with PU insulation and sixteen samples with different configurations of the vacuum
panels. The comparison was achieved through the evaluation of the UA with the reverse heat
leakage test proposed by Gongalves et al. (2000), and the energy consumption in periodic
steady state. For the energy consumption tests, the author proposed a modified approach
from the standardized procedure of IEC 62552 (2015), that demands 24 hours of recording
data with an integer number of compressor cycles, two defrosting cycles and a freezer com-
partment loaded with tylose packages. In order to reduce time and disadvantages associated
with the standardized test, the author performed tests with 5 hours of an integer number
compressor cycles, with no defrosting cycle and no tylose packages.

Espindola (2017) carried out a study on the overall thermal performance of refrigerators
with skin condensers. The study was based in the development of a mathematical model
for the skin condenser coupled with a model for the refrigeration system and a further com-
parison with the thermal performance of a baseline product with wire-and-tube condenser.
The model was validated with the data from eight modified refrigerators with different
geometric configurations of skin condenser. The comparison between the condensers and
the model validation were achieved through the evaluation of the UA with the reverse heat
leakage test proposed by Gongalves et al. (2000), the steady state energy consumption test
proposed by Hermes et al. (2009) and the modified periodic state energy consumption test
proposed by Thiessen (2015).

Marcon (2017) carried out an experimental study on the performance of a built-in re-
frigerator in accordance with the IEC 62552 (2015) standard. The author proposed several
alterations with the aim of optimizing the refrigerator by means of performance and ener-
getic metrics. The alterations were implemented on the charge of refrigerant, the amplitude
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of the thermostat control, the external heat exchanging area of the wire-and-tube condenser
and addition of phase changing material into the condenser. The comparison between the
refrigerator samples was achieved through the evaluation of the energy consumption, as-
sessed with the standardized energy consumption test in cyclic operation, and through pull
down tests to assess the initial transient curve of the systems.

On accounting the aforementioned works, typical tests to characterize conventional
cooling appliances regarding comparison and optimization purposes are the reverse heat
leakage test, the energy consumption, whether in cyclic or steady state operation, and the
pull down test. Thus, these tests were considered during the planning of characterization
phase of the conventional wine cooler, for the further comparison with the magnetic wine

cooler.

2.2 Magnetic Refrigeration System

2.2.1 The Magnetocaloric Effect

The magnetocaloric effect (MCE) is the thermal response of a magnetic material due to
the application of an external magnetic field (H). The thermal response is a consequence of
the coupling between the magnetic sublattice of the material and the magnetic field, which
alters the magnetic portion of the total entropy. According to Tishin & Spichkin (2003),
the total entropy of some magnetocaloric materials at constant pressure can be suitably

approximated as a contribution of three main portions, as presented in Eq. (2.1).

S(T/ H) ~ Sele(T) + Slat(T) + Smag(T/ H) (21)

where s, is the electronic portion, s is the lattice portion and sp,g is the magnetic portion.
The electronic and lattice portions are mainly a function of the temperature, while the
magnetic portion is a function of both the temperature and the magnetic field. Thus, the total
entropy of the magnetic material is also a function of the temperature and the magnetic field.

The manifestation of the MCE can be obtained with two different thermodynamic pro-
cesses: an isothermal magnetization or an adiabatic magnetization. Regardless, the mag-
netization of the magnetocaloric material induces a negative variation in the magnetic
entropy portion, as the magnetic field imposes a degree of order on the magnetic spin
(ASmag(T, H) < 0). In an isothermal magnetization, the variation of the electronic and lattice
entropy portions are zero, and the total entropy variation equals the variation of the magnetic
portion (Eq. (2.2)). As the variation of the magnetic entropy is negative, so is the variation of

the total entropy, which is physically translated as a heat rejection to the surroundings.

0 0
Aiso(T, H) & Aseia(T) + ATl T) + ASmag(T, H)

ASiso(T, H) % ASmag(T, H) (2.2)
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In an adiabatic magnetization, the total entropy variation is zero, and the sum of the
variation of the electronic and lattice entropy portions increase to compensate the negative
variation of the magnetic entropy (Eq. (2.3)). This increase of the electronic and lattice entropy
portions are physically translated as an increase in the temperature of the material, resulting

in the adiabatic temperature variation AT,gq.

0
M(J ~ ASele(T) + ASlat(T) + ASmag(T/ H)

AS«ele(T) + ASla’t(T) ~ _Asmag(T/ H) (23)

In a more classical thermodynamic approach, the entropy variation of a magnetocaloric
material can be described as in Eq. (2.4), assuming conditions of constant pressure and

volume.

Js 0s
ds = (ﬁ)HdT ; (E)TdH (2.4)

For magnetic processes, the specific heat at a constant magnetic field, cy, is defined as
in Eq. (2.5) (KITANOVSKI et al., 2015).

CH Js )

H_ (= 2.

T (aT ; 25)
The Maxwell relation presented in Eq. (2.6) can be used to relate the entropy with the

specific magnetization, o, originated from the thermodynamic identity for the Gibbs free

energy.

ds do
(381), = (57), 26)
By applying Eq. (2.5) and Eq. (2.6) in Eq. (2.4), an infinitesimal specific entropy variation
is given by Eq. (2.7).
dT (80

ds = o' + 8—T)HdH 2.7)

Considering the magnetization carried out in isothermal or adiabatic conditions, as
previously stated, the fundamental quantities As;s, and AT,4 can be derived, respectively,
and are presented in Eq. (2.8) and Eq. (2.9).

As, —le (8—0) dH 2.8)
1SO HO aT H .

HT 90
AT, = — fH 0 a(ﬁ)HdH 2.9)

Figure 5 presents the two processes described previously in a entropy versus temper-
ature (S-T) diagram. Two lines of constant magnetic field H; and H; represent the magnetic
field variation. The vertical line represents the entropy change of the material due to the
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isothermal (As;s,) magnetization from H; to Hy, and the horizontal line represents the adia-
batic temperature variation of the material due to the adiabatic magnetization (AT,q) from
Hi to Hf.

SA

T

Figure 5 — Schematic representation of the adiabatic and isothermal magnetization processes
in a s-T diagram. Adapted from Smith et al. (2012).

The MCE is an intrinsic property to all magnetic materials, but differs in the magnitude.
A material can only be considered magnetocaloric when it exhibits a perceptible MCE
(LOZANGO, 2015), considered as a AT,4 manifestation of at least 2 K per tesla (LYUBINA,
2017). The magnitude of the MCE is a function of the material temperature, and the highest
manifestation of the effect occurs for a certain temperature in each material. For ferromagnetic
materials?, the highest MCE is achieved near the magnetic transition temperature, known as
Curie temperature (Tcurie). Thus, for a cooling system applied at near room temperature, the
Tcurie of the magnetocaloric refrigerant shall desirably be at near room level. The benchmark
magnetocaloric material for near room temperature applications is the Gadolinium (Gd),
with a Tcyrie usually in the range of 290 to 297 K (17 to 24°C) and with a AT.4 of around 3.0
K for a magnetic field of 1.0 T (BAHL; NIELSEN, 2009). Trevizoli et al. (2012) carried out
an experimental analysis of the MCE reversibility for a commercial Gd sample over almost
instantaneous magnetization and demagnetization. As it can be seen in Fig. 6, for a change
in the magnetic field of 1.65 T, the exhibited AT.4 was of about 3.8 K.

Although household and commercial cooling devices demand normally a temperature
span between the hot and cold sources in the order of 40 K or more, the magnitude of the
MCE exhibited by Gd is of few kelvin. Thus, from an application point of view, reaching
larger temperature span is essential to the feasibility of magnetic cooling devices. The most
spread alternative to achieve a larger temperature span is through thermal regeneration with
the employment of active magnetic regenerators.

2 From this point onwards in this thesis, only ferromagnetic materials will be considered when referring to

magnetocaloric materials.
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Figure 6 — Experimental demonstration of the MCE reversibility in a commercial Gd sample
over almost instantaneous magnetization and demagnetization. Adapted from
Trevizoli et al. (2012)

2.2.2  Active Magnetic Regenerators

Magnetic refrigeration systems can be built according to different thermodynamic
cycles, such as Ericsson, Stirling and Brayton (KITANOVSKI et al., 2014). As the MCE of Gd
is too small for near room temperature cooling applications, regenerative cycles enable the
achievement of larger temperature spans and larger cooling capacities (TREVIZOLI, 2015).
The most common regenerative thermo-magnetic cycle is the Brayton cycle, performed in an
active magnetic regenerator (AMR) (BARCLAY; STEYERT, 1982). An AMR is a regenerator
assembled with a porous matrix of magnetocaloric material, acting not only as a medium
of energy storage but also as the refrigerant. With a cyclic operation of magnetization and
demagnetization of the AMR and the use of a heat transfer fluid as a thermal exchange
medium between the solid refrigerant and the cold and hot reservoirs, the temperature
span between the cold and hot ends of the regenerator can reach larger values than the
limited AT,q of the MCE (LOZANO, 2015). The thermo-magnetic Brayton cycle undergone
by one portion of the active magnetic regenerator (AMR cycle) is represented in Fig. 7, in a
temperature versus entropy diagram (T-s), and it can be explained in the following idealized
steps (ROWE et al., 2005):

o Adiabatic magnetization: the magnetic field applied to the solid refrigerant is adiabati-
cally increased, raising the temperature of the matrix by AT.q(T, AH) due to the MCE;

e Cold-to-hot period (or cold blow): the matrix rejects heat to the cold fluid coming from the
cold source, decreasing the matrix temperature and increasing the fluid temperature
at the hot end to a higher level than that of the hot sink, so as to enable sensible heat
rejection;
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Figure 7 — T-s diagram of the Brayton cycle undergone in an AMR (TREVIZOLI, 2015).

o Adiabatic demagnetization: the magnetic field applied to the solid refrigerant is adia-
batically reduced, decreasing the temperature of the matrix by AT,4(T, AH) due to the

MCE;
e Hot-to-cold period (or hot blow): the matrix absorbs heat from the fluid returning from

the hot thermal sink, increasing the matrix temperature and decreasing the fluid tem-
perature at the cold end to a lower level than that of the cold source, enabling sensible

heat absorption.

In an schematic representation, the AMR cycle is presented in Fig. 8.
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Figure 8 — Schematic representation of the AMR cycle and its main components (TREVIZOLI,
2015).
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2.2.3  Performance Parameters of Active Magnetic Regenerators

The efficiency of a magnetic cooling system is highly dependent on the effectiveness of
the regenerative matrix. The regenerator effectiveness depends on the solid phase thermo-
physical properties, matrix geometry, thermal capacity, porosity and operating parameters,
such as frequency and flow velocity (ROWE et al., 2005; TURA; ROWE, 2011; NIELSEN
et al., 2012; TREVIZOLI et al., 2014). This parameters are related more commonly by two
dimensionless groups: the utilization factor (or simply utilization), ¢, and the number of
transfer units, NTU. The utilization is the ratio of the thermal capacity of the working fluid
flowing through the regenerator during one blow (hot or cold) and the thermal capacity rate
of the regenerator solid matrix, defined by Eq. (2.10) (SHAH; SEKULIC, 2003; ROWE et al.,
2005).

MfCp fThlow
¢ = e (2.10)
where 7ii¢ is the mass flow rate of the fluid, ¢, ¢ is the specific heat of the fluid, Tyo. is the time
period of the blow, m; is the mass of the solid matrix and ¢, is the specific heat of the solid
matrix. The NTU is the ratio of the overall thermal conductance and the thermal capacity of
the fluid in one blow, defined by Eq. (2.11) (NELLIS; KLEIN, 2009).

UAgr
meplf

NTU = (2.11)

where U is the overall heat transfer coefficient and Ay is the heat transfer area. The regener-
ator effectiveness, €, is usually expressed as a function of both the utilization and the NTU.
Fig 9 presents an example of the relation € = f(¢p, NTU), for a symmetrical and balanced re-
generator, with the effectiveness as a function of NTU for different utilization factors. As can
be seen, only regenerators with an utilization lower than the unity are capable of achieving
100% of effectiveness and the lower the utilization is, earlier this limit is achieved. For uti-
lizations higher than the unity, the effectiveness achieve a maximum value below 100% and
the higher the utilization is, earlier the asymptotic limit is achieved. In a general conclusion,
the effectiveness is higher as lower is the utilization and higher is the NTU, save the cases
in the asymptotic limit region. Thus, it is desirable for a more effective regenerator to have a
porous matrix with high thermal capacity and a working fluid with a thermal capacity lower
than that of the matrix. Also, a short blow period, or a higher blow frequency, provide more
effective regenerators.

Another parameter that greatly affects the performance of the AMR is the MCE itself
(ENGELBRECHT; BAHL, 2010). As previously discussed, the MCE is maximum when near
the Tcurie Of the magnetocaloric material. As the temperature of the matrix moves away from
this point, the magnitude of the MCE can drop sharply. That said, if an AMR has a fixed Tcyrie
along its length, the temperature profile that is established in the AMR during its operation
contributes to the degradation of the MCE, specially in the final portions of its length, as
the temperature is smaller in this region. This problem is usually overcame through the use

of layered regenerators, i.e. regenerators whose composition — such as the Tcye, varies
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Figure 9 — Regenerator effectiveness as a function of the NTU and the utilization. Adapted
from Nellis & Klein (2009).

spatially along its length. With a layered regenerator, the Tcyye profile can follow the local
average temperature in steady state during the system operation and the AMR performance
can be enhanced. The degradation of the MCE is also highly influenced by the temperature
of the heat sink in which the cooling system is installed. If the system is intended to work
at a determined temperature of heat sink, the first layers of the regenerator shall have Tcysie
near that temperature. If the heat sink temperature is varied to higher or lower levels during

the system operation, the MCE will degrade and the AMR performance will reduce.

2.2.4  Overview on Magnetocaloric Refrigerator Prototypes

A typical magnetocaloric refrigerator utilizes magnetocaloric materials in the form
of a regenerative matrix (AMR) associated with a magnetic field, normally generated by
permanent magnets. A heat transfer fluid, usually water containing inhibitors, oscillates
through the regenerators with the control of valves, in synchrony with the periodic magne-
tization/demagnetization. The fluid oscillation is enabled by a hydraulic pump, which also
connects the AMR with the external heat source and the heat sink heat exchangers (Adapted
from Kitanovski (2020)).

The method through which the magnetization/demagnetization is achieved classify the
magnetic systems into reciprocating and rotary. A reciprocating system is characterized by
a linear, back and forth movement. This can be achieved either by moving the regenerator
in and out of a stationary magnet or by moving the magnet in and out of a stationary
regenerator. A rotary system is characterized by a rotating motion, which can be achieved
either by rotating the regenerator or the magnet. Reciprocating devices are usually used for
small scale systems and testing devices, running with one or two regenerators at frequencies
below 1 Hz (LEI, 2016). Rotary devices, on the other hand, are usually used for larger systems
and can achieve higher frequencies. Also, rotary prototypes are much closer to eventually
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what would become a commercial product (TREVIZOLI; BARBOSA, 2020), therefore being
the most common of the magnetic prototypes.

Some of the most relevant and more recent magnetic refrigerator prototypes reported
in literature are briefly described in the following paragraphs, with highlights of the best
operating points. A thorough description of these machines is beyond the scope of this thesis.

Tura & Rowe (2011) developed a compact magnetic refrigerator for near room tempera-
ture applications at the University of Victoria (UVic), which consisted of two rotary magnetic
circuits, generating magnetic fields in the range 0.1 to 1.4 T, and two stationary regenera-
tors, with 110 g of Gd spheres in total. A mixture of water and ethylene-glycol (80-20%)
was employed as heat transfer fluid. The prototype was able to achieve 10°C of regenerator
temperature span and 50 W of cooling capacity, at a maximum operating frequency of 4 Hz
and an utilization of 0.62. A maximum COP of 1.6 was obtained at an operating frequency
of 1.4 Hz, for 2.5°C of regenerator temperature span and 50 W of cooling capacity. The COP
calculation included all motor inefficiencies and drive loss. It was claimed by the authors
that the COP could be increased to 2.2 if the motor inefficiencies were removed.

Engelbrecht et al. (2012) developed a magnetic refrigerator prototype for near room
temperature applications at the Technical University of Denmark, which consisted of two
concentric Halbach array® stationary magnet, with a peak of magnetic field of 1.24 T, and 24
rotating regenerators mounted around and within the two concentric magnets with 2.8 kg of
Gd spheres. A mixture of water and ethylene-glycol (75-25%) was used as heat transfer fluid.
The thermal load was emulated by a resistance heater and the temperature of the hot side
of the AMR was controlled by a counter-flow heat exchanger connect to a thermal bath. The
prototype was able to achieve 15.4°C of regenerator temperature span and 200 W of cooling
capacity operating at an operating frequency of 1 Hz and flow rate of 6.7 L/min. The COP
achieved was 0.8, which included inefficiencies in the pump, in the rotating system and in
the valves.

Jacobs et al. (2014) developed a large scale rotary magnetic refrigerator at Astronautics
Corporation of America (USA), intended to meet the preliminary performance specifications
of a supplemental electronics cooler used in Naval applications. The system was designed for
operation above room temperature, with a hot inlet fluid temperature of 44°C and cold inlet
fluid temperature of 32°C. The magnetic refrigerator consisted of a Halbach cylinder array
as magnet with a peak of magnetic field of 1.44 T and 12 regenerators with six layers of La-
Fe-Si-H alloys, adding up 1.52 kg of magnetocaloric material. On the cold side, an electrical
heater emulated the thermal load of the system and on the hot side the heat exchanger was
connected to a thermal bath, which controlled the regenerator inlet temperature at the hot
end. For a mass flow rate of 1272 kg/h and a frequency of 4 Hz, the magnetic refrigerator
was able to achieve 12°C of regenerator temperature span and 2090 W of cooling capacity,
corresponding to a COP around 2.

Eriksen et al. (2015) developed a new generation of prototype in the Technical Univer-
sity of Denmark, which consisted of a Halbach array rotary magnet with 1.13 T of magnetic

3 The Halbach array is an arrangement of permanent magnets in a cylindrical shell that creates a uniform

magnetic field in one side of the array and cancels the magnetic field in the other side.
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tield and 11 regenerators mounted within the magnet. The regenerators had one layer of Gd
and 3 layers of Gd-alloys, with 1.7 kg of magnetocaloric material in total. A mixture of water
and ethylene-glycol (95-5%) was used as heat transfer fluid. The thermal load was emulated
by an electrical heater in the cold side and the excess of heat in the hot side was rejected
in a heat exchanger, with a hot side temperature held constant at 18°C. The prototype was
able to achieve 10.2°C of regenerator temperature span and 103 W of cooling capacity at
an operating frequency of 0.75 Hz and a flow rate of 3 1/min. The COP achieved was 3.1.
The authors concluded that a considerable power consumption was caused by auxiliary
components — 21% for the pumping through external components and 7% due to friction
and losses in gears and bearings.

Lozano et al. (2016) developed a magnetic refrigerator at the Federal University of
Santa Catarina, in the Research Laboratories for Emerging Technologies in Cooling and
Thermophysics - POLO. The apparatus consisted in a rotary magnet with a peak of magnetic
field of 1 T and 16 stationary regenerators with 1.7 kg of Gd. A mixture of water and
ethylene-glycol (80-20%) was used as heat transfer fluid. On the cold side, the heat load was
emulated by an electrical heater and on the hot side the temperature of the regenerator inlet
was controlled by a heat exchanger coupled to a thermal bath. The prototype was able to
achieve 7.1°C of regenerator temperature span for a cooling capacity of 80.4 W, at 0.8 Hz and
200 L/h. The COP and second-law efficiency were 0.54 and 1.16%, respectively. Capovilla et
al. (2016) demonstrated that the valves were the major energy consuming components of
the transmission system, having the total transmission power always reached higher values
than the pumping power, for the experiments performed.

Fig. 10 summarizes the main parameters of the works described.
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Figure 10 — COP as a function of the regenerator temperature span for selected magnetic re-
frigeration devices. The size of the circles are proportional to the cooling capacity
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A key fact to be learned from these works is that none of them — as well as most
of the work reported in literature, have tested their devices with a cabinet as refrigerated
environment and a real heat exchanger in the cold side. So far, the thermal load — and
therefore the cooling capacity, is usually emulated by electrical heaters. Also, most of the
works control the inlet temperature of the regenerator in the hot side, which does not
reflect truthfully a real application of the magnetic cooling devices as refrigerators. On that
account, however advanced is the knowledge on AMR and magnet design, there is still a
lack of knowledge on the system behavior operating a real cabinet and real heat exchangers,
and how close the magnetic refrigeration is from the vapor compression technology.

2.3 Performance comparison between cooling technologies

The most common performance parameter used to characterize refrigeration systems
is a first-law based efficiency, widely known as the coefficient of performance — COP. The
COP is given by the relation between the net capacity to remove the heat and the amount of
energy spent in order to remove it (GOSNEY, 1982). Thus, the COP is the ratio between the
cooling capacity, Qc, and the electric power consumed by the product, W, as presented in
Eq. (2.12):

cop= ¢ (2.12)
W

Regardless of the type of the refrigeration system, when comparing alternatives or
even the same cooling technology, solely based first-law efficiency can be misleading or
incomplete, specially if the systems are operating at different source and sink temperatures
and if the cooling capacity is not fixed. Therefore, it is appropriate to compare different sys-
tems using performance indexes based on both the first and second law of thermodynamics
(BROWN; DOMANSKI, 2014).

The performance parameter based on the second law is known as the second-law
efficiency — 1pn4, and it can be defined as the ratio between the actual COP and the COP of
an ideal and totally reversible system operating within the same temperature limits in the
hot and cold environments — the Carnot COP. The Carnot COP and the 1,4 are presented
in Eq. (2.13) and Eq. (2.14):

Tc

mot — 7 21
COPcammor = - (2.13)

_cor
772nd - COP Carnot

It is also important when comparing different technologies to respect the same ideal

(2.14)

cycle baseline, which can be achieved by writing the (overall) second-law efficiency as the
product of the internal and external efficiencies (1and = 72nd,i"2nd,e)- While the former accounts
for fluid friction and thermal gradients in the cycle components, the latter is related to the
transfer of heat with a finite temperature difference between the cycle and the hot and cold
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reservoirs. Such an analysis helps to elucidate the processes that contribute the most to
lowering the overall efficiency in each technology (HERMES; BARBOSA, 2012).

Figure 11 presents the thermodynamic representation of a general cooling system. If
assumed that the refrigerator is ideal, internally and externally, the coefficient of performance
depends only on the temperatures of the internal and external environments — T and T¥,
and is equal to the Carnot COP presented in Eq. (2.13). If assumed that the cooling device
operates ideally between the cold and hot ends — T'cg and Tyg, the COP considering thermal
losses only due to the external irreversibilities can be calculated as follows in Eq. (2.15):

Tce
COP; = G —— (2.15)
where the ii index stands for internally ideal. The internally ideal COP is the maximum
coefficient of performance possible to be achieved by the refrigerator when operating with
real heat exchangers.
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Figure 11 — Thermodynamic representation of a cooling system. Adapted from Hermes &
Barbosa (2012).

The second-law efficiency associated with the internal irreversibilities is calculated by
comparing the COP of the real refrigeration system with that obtained assuming an ideal
refrigerator with real heat exchangers, as follows in Eq. (2.16).

~_ cor
Uan,l - COPﬁ
Similarly, the second-law efficiency associated with the external irreversibilities is cal-

(2.16)

culating by comparing the COP obtained assuming an ideal refrigerator with real heat
exchangers with that of an ideal and fully reversible refrigerator operating within the same
temperature limits, as presented in Eq. (2.17).

COPy

nde = S~ — 2.17
172 ¢ COP Carnot ( )
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3 EXPERIMENTAL ANALYSIS

This chapter presents the experimental methods adopted to characterize both vapor
compression and magnetic cooling technologies, being divided into two sections. The first
section describes the commercial product and its features, as well as the characterization of
the conventional wine cooler according to standardized tests for household appliances. The
second section describes the design phase of the magnetic wine cooler prototype for each
subsystem, presenting the final apparatus assessment and features and the experimental
test procedure applied in the characterization phase. In addition, both sections present the

thermodynamic analysis for the respective cooling technology in focus.

3.1 Conventional wine cooler characterization

Asmentioned in Ch. 1, one of the main goals of this work is to compare the conventional
(vapor compression) and magnetic cooling technologies on the same basis, i.e., operating
the same wine cooler cabinet, in order to determine the viability of the latter for this specific
refrigeration application.

The performance baseline for comparing the two technologies was defined based on
experimental characterization tests performed in a commercially available wine cooler. The
characterization tests comprised an evaluation of the thermodynamic performance of indi-
vidual components and of the system as a whole, including tests such as pull-down time,
annual energy consumption and heat leakage. A complete description of the tests performed

in the vapor compression system are presented in the work of Dutra (2018).

3.1.1 Product description

The baseline product is a commercially available wine cooler, the Brastemp Gourmand
Dual Zone BZB31AEBNA, marketed by Whirlpool S.A.. Figure 12 presents a picture of the
product. The wine cooler insulated cabinet is divided into two compartments in which the
temperature can be set individually between 8 and 18°C by its onboard control system,
according to the wine type. The product stores up to 31 bottles, 10 in the upper compartment
and 21 in the lower compartment. The main features of the wine cooler are presented in
Tab. 1.

The refrigeration system of the wine cooler is charged with 38 g of R-134a and powered
by a reciprocating, fixed speed compressor (WANBAO - ASF51X). The condenser is a wire-
on-tube piece with 10 tube passes and 96 wires. Two roll-bond evaporators, one for the
upper and another for the lower compartment, are connected to two distinct capillary tubes.
The flow rate through each evaporator is controlled by a solenoid valve according to the
temperature set point of each compartment. Two thermostats provide the input for the
temperature control system, which employs an on-off control strategy. Figure 13 presents a
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Figure 12 — Wine cooler Brastemp Gourmand Dual Zone BZB31AEBNA.

Table 1 — Main characteristics of the conventional wine cooler (DUTRA, 2018).

Characteristic Values
Width [mm] 500
Height [mm] 970
Depth [mm] 595
Temperature range [°C] 8 to 18
Climate class N
Mass [kg] 43
Capacity 31 bottles
Insulation C-pentane

schematic diagram of the system.

3.1.2 Cabinet instrumentation

The instrumentation of the cabinet was installed according to the IEC 62552 (2015)
standard for household refrigerating appliances. Figure 14 presents the positions of thermo-
couples assessing the air temperature in the cabinet. The temperature of each compartment
was determined by the average of the measurements of two thermocouples in the upper
compartment and three thermocouples in the lower compartment. The ambient tempera-
ture was determined by the average of three thermocouples placed at a distance of 30 cm
from the cabinet external walls (left and right) and from the glass door. These T-type ther-
mocouples, all with an uncertainty of +0.2 K from manufacturer data, were assembled with
a hot junction involved in a cylindrical copper block of 15 mm of height and width, in order
to increase the thermal capacity and reduce abrupt temperature variations.
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Figure 13 — Conventional wine cooler schematic diagram (DUTRA, 2018)
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Figure 14 — Frontal and lateral view of the instrumentation of the cabinet for the characteri-
zation tests of the conventional system.

Additional thermocouples were placed at the inlets and outlets of the condenser and
of the two evaporators (one in the upper and the other in the lower compartment). The hot
junctions of the thermocouples were attached to the surfaces of those components, to avoid
changing the original characteristics of the product. The thermocouples were also T-type,
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with an uncertainty of +0.2 K from manufacturer data, and were glued on in the surfaces
with metallic tape, to avoid radiation influence over the measurements. A Kapton™ tape
was placed between the surface of the components and the thermocouples, so as to provide
electrical insulation and avoid errors in the measurements that could be caused by possible
electrostatic charges. Additionally, a thermal grease was used to improve the heat conduction
between the surface of the components and the thermocouples, thus improving the response

and accuracy of the measurements.

3.1.3 Test chamber

The characterization tests were performed inside a climate-controlled test chamber,
built in agreement with the ISO 15502 (2005) standard, with air temperature and relative
humidity control. The temperature can be controlled between -20 and 60°C (+0.5°C) and
the relative humidity between 40 and 95% (+1%), with air velocities lower than 0.25 m/s
(ESPINDOLA, 2017). The chamber is controlled by a vapor compression refrigeration system,
an arrangement of PID-driven electrical resistances and a humidifier. Figure 15 shows a

schematic representation and distribution of the components inside the chamber.
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Figure 15 — Instrumentation of the cabinet for the characterization tests of the conventional
system. Adapted from Thiessen (2015).

The air temperature is controlled by the refrigeration system and the electrical resis-
tances, being monitored by four thermocouples placed at the top of the chamber, below the
perforated ceiling. The refrigeration system and the fans operate continuously, while a PID
control activates the resistance power dissipation. The air distribution is controlled by the
fans and the damper. The humidity is controlled by the humidifier, consisting in a water tray
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with a submerged electrical resistance, with a second PID control acting in the resistance
power dissipation inside the tray to ensure the set relative humidity.

The voltage and the electrical current are measured with a power transducer (YOKO-
GAWA - WT230) and other data such as temperature values are acquired using a data
acquisition system (AGILENT - HP34980). The monitoring and recording of the data are
performed in LabView.

3.1.4 Temperature Pull Down Test

The pull down test consists of a temporal evaluation of the pressures, temperatures
and power consumption of the refrigeration system (HERMES, 2000) between the time
when the compressor is switched on and the time when steady state is reached, providing
a characterization of the system transient response and cooling capacity. In the scope of this
thesis, the pressure pull down was not evaluated, and the test was called as temperature
pull down.

Prior to the test, the wine cooler is positioned inside the climate-controlled test chamber
and, with compressor switched off, the cabinet door is kept open to guarantee an initial con-
dition of thermal equilibrium between the inside of the cabinet and the controlled ambient.
Once equilibrium is reached, the door is closed and the compressor and other equipment
are switched on. The test is finished when the system achieves steady state. During the test,
both ambient and cabinet temperatures are recorded, as well as the power consumption
(compressor and other components).

The latest international standard for household appliances, IEC 62552 (2015), does not
specify the ambient temperature for wine cooling appliances. As regards domestic refrigera-
tors, the standard recommends following the climate classification of the product. Thus, for
the N-class product (subtropical region) the test was carried out at an ambient temperature
of 25.0+0.5°C. As regards the determination of the final internal temperature of the cabinet,
the test was carried out in two different limits, one with both thermostats set to the min-
imum operation temperature, 8°C, and another with both thermostats at the temperature
recommended by IEC 62552 (2015) for wine coolers, 12°C.

3.1.5 Energy Consumption Test

The energy consumption is the main quantitative parameter associated with the ther-
modynamic performance of a refrigerator (THIESSEN, 2015). According to Hermes, Melo &
Knabben (2013), ISO 8561 (1995) used to be the international standard for testing frost-free
refrigerators until 2005, when it was replaced by ISO 15502 (2005). Currently, both standards
have been merged into IEC 62552 (2015). In general, the standards follow a similar test
procedure. Firstly, the refrigerator should be tested according to its climate classification:
for N-class products (subtropical regions) the test is carried out at an ambient temperature
of 25.0+0.5°C and for T-class (tropical regions) the ambient temperature is 32.0+0.5°C. The
internal cabinet temperature of the product is set using its onboard control system. Also, the
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refrigerator power consumption must be monitored during a period of 24 hours comprising
an integer number of on-off compressor cycles and at least two defrosting cycles. The energy
consumption is then calculated by the integration of the power consumption of the product
during the entire test period. As it may be difficult to maintain the test temperature inside the
cabinet exactly at the reference, two tests are carried out, one above (EC") and another below
(EC") the reference temperature (Tr). The energy consumption at the reference temperature
(ECR) is then calculated through a linear interpolation using both test runs, as represented
in Fig. 16.

Qi Ee——

EC

EC’

Energy Consumption [kWh/year]

8 T, 12

Cabinet average temperature [°C]

Figure 16 — Energy consumption calculation through linear interpolation. Adapted from
Thiessen (2015).

Aiming to overcome possible disadvantages associated with the standardized energy
consumption test, Thiessen (2015) proposed an alternative test method that provides reliable
results with an easier approach and shorter testing times. The test procedure is monitored
during a period of 5 hours comprising an integer number of on-off compressor cycles.
Defrosting cycles are not considered. Also, the test is performed after the product reaches
the periodic steady state. As the results are aimed at comparing conventional and magnetic
refrigerating systems — and not at characterizing the final product for approval, this method
was adopted for the energy consumption data.

Concerning wine coolers, IEC 62552 (2015) establishes that the energy consumption test
must be carried out with an internal temperature of, at most, 12°C. In this case, the tests were
carried out for the standard indicated temperature and the minimum temperature allowed
by the onboard control, 8°C, so as to establish an interval for possible interpolation to be
used in the comparison with the prototype test results.

3.1.6  Reverse Heat Leakage Test

The energy consumption of a refrigeration system is mostly defined by the thermal load
due to heat transfer through its cabinet walls (GONCALVES et al., 2000). Thus, the quality of
the thermal insulation is key to guaranteeing the efficiency of the cooling system. On account
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of sizing the quality of the insulation, Gongalves et al. (2000) proposed a test methodology to
evaluate the overall thermal conductance in an indirect approach, the reverse heat leakage
(RHL) test.

The RHL consists of heating the interior of the cabinet to temperatures higher than those
of the surroundings, creating a temperature difference with respect to the external ambient
and, consequently, a heat flux in that direction. During the test, the cooling system remains
switched off. The compartments are heated by PID-driven electrical resistances, positioned
in such a way to minimize the thermal stratification. Once the steady state is reached, the
temperatures inside the compartment and the surroundings are recorded together with the
power consumption of the electrical resistances. Applying these data in an energy balance
of a control volume with boundaries such as presented in Fig. 17, the resulting equation is
given by Eq. (3.1):

UAup (Tup - Tsur) + UAlow(Tlow - Tsur) = Wup + Wlow (31)

where UA,, and UA,, are the overall thermal conductances of the upper and lower com-
partments, Wup and W, are the average power dissipation rates of the electrical resistances

in the upper and lower compartments and Tuo, Tiow and Ty, are the average temperatures

up-
for the upper and lower compartment as well as the surroundings.
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Figure 17 — Schematic representation of the control volume for the energy balance during
the RHL tests.

Except for the overall thermal conductances, the remaining parameters in Eq. (3.1)
are directly measured. As there are two unknowns for one equation, at least two linearly
independent tests are required in order to determine UAyp and UA\,, by the least-squares
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method (ESPINDOLA, 2017). Aiming to decrease the uncertainty of the results, four linearly
independent tests were proposed, as presented in Tab. 2.

Table 2 — Experimental parameters of the RHL tests.

Test 1 2 3 4
Temperature of the upper compartment [°C] 50 60 50 60
Temperature of the lower compartment [°C] 35 40 50 50

3.1.7 Conventional Wine Cooler Thermodynamic Analysis

The thermodynamic performance of the conventional wine cooler is evaluated in terms
of the coefficient of performance (COP), the overall second-law efficiency (1nq4) and the
internal and external portions (f2nd; and 7ang.e). The COP is the ratio between the cooling
capacity, Qc, and the average electric power consumed by the product, Wrotal, @s presented
in Eq. (3.2):

cop = ¢ (32)

Total
The cooling capacity at periodic steady state is equal to the thermal load imposed by

the surroundings on the refrigerated compartments, given by Eq. (3.3).

QC = UAup(Tamb - Tup) + UAlow(Tamb - Tlow) (33)

The total power is calculated with the average of the voltage and electrical product in
periodic steady state. The overall second-law efficiency (Eq. (2.14)), 12na, and the internal
and external portions, Mong; and 1onge, are calculated in terms of the actual COP (Eq. (3.2)),
the Carnot COP and the COP of an internally ideal system. The Carnot COP is given by:

COPcyrmot = _ T (3.4)

Tamb - Tcab
where Tcab is the average temperature of the cabinet. The internally ideal COP is given by:

Tva in
L S (3.5)

cond,in — Tevap,in

where Teyapin and Teond,in are the averages temperatures in the evaporator and condenser

COPﬁ =

inlets, respectively. Although the evaporator and condenser inlets temperatures refer to
the temperatures of the refrigerant, they were assumed equal to the surface temperatures
measured at the inlet of each component. The overall, internal and external second-law
efficiencies are calculated as presented in Sec. 2.3.

3.2 Magnetic wine cooler development

The magnetic wine cooler prototype was designed and assembled at the Federal Uni-

versity of Santa Catarina (UFSC) by the PoloMag group in a two-year research project, be-
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ing divided mainly into 3 study fronts: AMR/Magnet (FORTKAMP; LOZANO; BARBOSA,
2017; FORTKAMP et al., 2018; BEZ et al., 2018; LANG, 2018; HINKEL, 2018; FORTKAMP,
2019; FORTKAMP et al., 2020; BEZ et al., 2020), Hydraulics/Control (DUTRA et al., 2017;
HOFFMANN et al., 2017; CARDOSO, 2018; SANTOS, 2018; NAKASHIMA et al., 2018a;
HOFFMANN, 2020), Cabinet/Heat Exchangers (HEx) (PEIXER et al., 2018; DUTRA, 2018;
CALOMENO, 2018; PEIXER et al., 2020). Further steps included the Integrated Design sub-
group, responsible for the integration and overall optimization of the prototype.

The design phase of the magnetic wine cooler was carried out with an extensive list of
trade-off relationship between subsystems, aiming not at the optimization of single compo-
nents, but of the system as a whole. The exchange of ideas between the subgroups during
the design phase was performed according to the product development model proposed by
Oliveira (2017), based on the Lean Product Design and Set Based Concurrent Engineering
methodologies. Each subsystem and their main characteristics are described in the sections
below. A more detailed description of the PoloMag project and the magnetic wine cooler
subsystems can be found in the work of Nakashima et al. (2020). A short video illustrating

its main features is available at YouTube!.

3.2.1 AMR/Magnet System

The AMR/magnet assembly is arguably the most important subsystem for it is the
core of the magnetic refrigeration system. Standalone selection and optimization of the
regenerator and/or magnetic circuit could potentially lead to lower than expected system
performance. Thus, Fortkamp (2019) proposed an integrated design of geometric features of
an AMR/magnet assembly to achieve the required cooling capacity and temperature span.
Fig. 18 shows a quadrant cross section of the magnetic circuit, where the different regions
are: (i) the shaft?, from 0 to R;, (ii) the stator, from R; to R,, (iii) the gap where the regenerator
beds are placed, from R, to Rg, (iv) the magnet cylinder, from R, to R and (v) the external
shell, from R, to R..

The magnet design was based on the Halbach cylinder array configuration, with seg-
ments of Ne-Fe-B alloys as hard magnetic material, interlayered by segments of a magnetic
steel alloy. The AMR beds were designed as rectangular prisms, in a set of two concentric
stainless steel cylinders connected by 8 equidistant divisions, thus forming 8 regenerators.
The number of regenerators were selected aiming at reducing the number of valves and
simplifying the hydraulic and control system (more details in Sec. 3.2.2).

The AMR porous matrix material and length fraction selection followed the proposi-
tions of Teyber et al. (2016) and Cararo (2016), who performed experimental and numerical
optimization of AMRs using Gd-Y alloys, respectively. The regenerator hot and cold inlet
temperatures have been defined based on the works of Peixer et al. (2018), Dutra (2018),
Calomeno (2018) and Peixer et al. (2020), who evaluated the effects of the heat exchanger de-
sign on the AMR performance (more details in Sec. 3.2.3). Thus, the regenerators were filled

https://www.youtube.com/watch?v=y56 ApAvZDoA

2 Stationary shaft, for structural purposes.
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Figure 18 — Quadrant of the cross section of the magnetic circuit. Adapted from Fortkamp
(2019).

with Gd and Gd-Y alloys, each layer with its own Tcyrie, as follows: 74% (length fraction) of
Gd (Tcurie = 290 K), 17% of Gdo734Y2.66 (Tcurie = 283 K) and 9% of Gdos.95Y4.02 (Tcurie = 277 K).
The behavior of the properties of the magnetocaloric materials as a function of temperature

and magnetic field are presented in Fig. 19.
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Figure 19 — Properties of the Gd and Gd-Y alloys used in this assessment. (a) Adiabatic
temperature variation, (b) isothermal specific entropy variation. Adapted from
Bez et al. (2020).

The external shell is composed of a magnetic steel alloy, acting as flux concentrator.
The stator is composed of laminated electrical steel E145, guiding the field lines toward the
regenerator. The structure is supported by a stainless steel shaft. The main components of

the AMR/magnet assembly are presented in Fig. 20.
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|

Figure 20 — Exploded view of the first prototype. (1) External housing (for safety purposes);
(2) External magnet cylinder; (3) AMR/stator assembly.

3.2.2  Hydraulic/Control System

The hydraulic/control system is responsible for the execution of the AMR cycle, com-
prising pumping the fluid to the appropriate regenerator bed at a specific flow rate and in
sync with the magnetic field waveform generated by the rotation of the magnet cylinder. The
great effort put in designing and optimizing the AMR/magnet system would be wasted if the
AMR cycle was not properly executed (NAKASHIMA et al., 2020). Thus, previous devices
developed at POLO-UFSC (TREVIZOLI et al., 2016; LOZANO et al., 2016; HOFFMANN et
al., 2017; DUTRA et al., 2017; NAKASHIMA et al., 2018b; CARDOSO, 2018; SANTOS, 2018)
studied the influence of the valves as key design elements to the definition of the final power
consumption of the system. A compilation of these works was presented by Nakashima et
al. (2018b) and is shown in Fig. 21.

Solenoid valves:
Moderate consumption
High flexibility
Intricate actuation

Rotary valves:
High consumption
* Friction, noise and

leakage problems Q‘m
* Moderate flexibility Ol

Piston pumps:
Simple implementation
Balanced flow
Low flexibility

Figure 21 — Progress of the hydraulic devices developed at POLO-UFSC (NAKASHIMA et
al., 2018b).

Following these works and taking into consideration a trade-off analysis between
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the cost and power consumption of the valves, as well as their commercial availability, a
2/2 solenoid valve was selected, in a scheme proposed by Cardoso (2018), to manage the
execution of the AMR cycle. The scheme consists of two valves per regenerator pair for a
two-pole magnetic circuit, controlling the inlet and outlet on one side of the beds, while the
flow direction is controlled by check valves. The assembly logic of the 2/2 valves with the
regenerators is further presented in Fig 27 of Sec. 3.2.5. Although the 2/2 valve scheme is
not the most efficient, it was selected so as to reduce the costs of the preliminary apparatus,
leaving the power optimization as a future development for the final product device.

To assist on the flow control through the regenerators, manifolds and adapters were
manufactured, as shown in Fig. 22. As the regenerator represents the border between the
hot side and the cold side of the system, two types of manifolds were manufactured: the hot
side manifold and the cold side manifold. The hot side manifold was designed for flexibility,
by providing individual access to the inlet and outlet ports of each regenerator bed and
thus enabling the implementation of different valving schemes. The cold side manifold was
designed for simplicity, by combining the inlet and outlet ports of the AMR bed into two

common ports for the heat exchanger connection.

Figure 22 — Exploded view of the AMR, stator, manifolds and adapters assembly. (1) Stator
and shaft; (2) regenerator casing; (3) hot side AMR adapter and manifold; (4)
cold side AMR adapter and manifold; (5) gasket; (6) tubes; (7) screws.

The synchronization between flow and magnetic field is ensured by a control logic
implemented in LabView, following the work of Hoffmann et al. (2017). A sequence of
frames corresponding to a full AMR cycle is presented in Fig. 23. The first action of the
control is to measure the magnetic field with a Hall effect sensor® (HES) to obtain the field
waveform and the rotation angle of the magnet during its operation. Then, a set of triggers

for the opening and closing of the valves are established, based on the rotation angle and the
3

Transducer that responds with a variation of the voltage signal when submitted to a magnetic field.
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blow fraction. The blow fraction is the ratio of the blow period in one regenerator and the
cycle period. For this apparatus, the blow fraction was defined as 25%, meaning that each
regenerator will be experiencing fluid flow in one direction in 25% of the full cycle period.
In order to ensure constant fluid flow in the cold heat exchanger, the regenerator beds were
divided into (A and B) groups and further divided in (1 and 2) pairs. Thus, at each instant
of the cycle, one group will be supplied with fluid flow, with opposite directions in the 1
and 2 pairs, while the other group will experience magnetic field variation, either positive or
negative. A sequence of four instants, (i) through (iv), corresponds to a full AMR cycle. As
the angular speed of the magnet, wy, is half the speed of the cycle, Wy, it also corresponds
to a half magnet rotation.

Figure 23 — Blow steps in the regenerator beds (represented by the AMR adapter) for half a
magnet rotation (or a full AMR cycle). Regarding the regenerator 1A, instants (i)
through (iv) represent the start of the magnetization, cold blow, demagnetization
and hot blow, respectively. The grey area corresponds to the region where the
magnetic field is superior to Bmay/2 (NAKASHIMA et al., 2020).

The first procedure of the control algorithm is to measure the magnetic field waveform
for a given number of magnet periods. The control loop starts at instant (i) of Fig. 23, which
represents the moment when the field measured in the HES reaches approximately Hy;gh/2
(gray region) and so the controller is triggered. After that, the controller waits a period
equivalent to (11/4)/wm (11/4 is the designed angular width of a regenerator) to execute step
(ii) by opening the group A valves, allowing the cold and hot blows in pairs 1A and 1B,
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respectively. Steps (iii) and (iv) are a repetition of (i) and (ii) for group B, allowing the cold
and hot blows in pairs 2A and 2B, respectively. Once the four steps are completed, half a
magnet rotation is accomplished. Thus, for each magnet rotation, two of the AMR cycles just

described are performed.

3.2.3 Cabinet/Heat Exchangers System

For the present prototype, one is concerned with estimating the performance of a
potential product and so thermal characteristics of heat exchangers and cabinet must be con-
sidered in the design phase. In this regard, Peixer et al. (2018), Dutra (2018) and Calomeno
(2018) developed a detailed study of the influence of the HEx effectiveness on the perfor-
mance of an AMR system. Figure 24 shows how the heat exchanger effectiveness contributes
to increasing the temperature span that must be produced by the regenerator, AT e out, to

maintain the desired system span, ATys.
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Figure 24 — Representation of the coupling between AMR, heat exchangers and cabinet.
Adapted from Calomeno et al. (2016).

As the cooling capacity decreases with an increase in the AMR temperature span,
sources of ineffectiveness in the heat exchanger negatively affect the regenerator perfor-
mance. This behavior is presented in Fig. 25, where the cooling capacity and the regenerator
temperature span are presented as a function of the effectiveness of the liquid water stream,
given by the product of the effectiveness, ejrx, and the thermal capacity ratio, C', considering
air as the other heat exchanger fluid.

To meet the cooling capacity requirement for the first prototype, axial fans and fin-tube
compact heat exchangers were selected and tested in an apparatus simulating the AMR and
coupled with the cabinet from the vapor compression wine cooler (PEIXER et al., 2020).
For simplification purposes, the cabinet with originally two compartments was made into
a single one through the removal of the onboard control system — which was also the
physical barrier between the compartments. Other components from the vapor compression

wine cooler, e.g., the compressor, expansion device and the original heat exchangers were
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Figure 25 — Influence of the liquid stream effectiveness on the regenerator temperature span
and cooling capacity (PEIXER et al., 2018).

removed from the product. This test apparatus was developed in the work of Dutra (2018),
in which the main objective was to characterize different heat exchangers with the same fan
inside the wine cooler cabinet and determine the fan-heat exchanger combination with the
highest effectiveness to be used in the prototype.

The input of the tests was the inlet water temperature of the cold heat exchanger,
controlled by a thermal bath. The outputs were the cabinet final temperature, the outlet
water temperature of the cold heat exchanger and inlet and outlet air temperatures in the
cold heat exchanger. The variable of the tests was the cold heat exchanger, with different
number of rows (one or two) in the longitudinal direction and different fin density (from 8 to
12 tins per inch). The frontal area was kept fixed, with heights and widths of 152 mm and 110
mm, respectively. The results are presented in Fig. 26, which shows the system temperature
span as a function of the liquid stream effectiveness. The selected heat exchanger was the 2
tube rows with 10 fins per inch, to be used in the cold side, and, because of availability, both
2 tube rows with 10 and 12 fins per inch to be used in the hot side in case more than one was

needed.

3.2.4 Experimental Apparatus

The experimental apparatus is represented schematically in Fig. 27. The heat transfer
fluid is a 90/10 vol.% mixture of deionized water and commercial anti-freeze (ethylene glycol
with anti-corrosion additives). The hydraulic circuit is composed of a hot and a cold side,
sharing an AMR/magnet set as border. The AMR/magnet set consists of the magnet, the
magnet’s rotating system, the active magnetic regenerators, the stator and the flow distrib-
utors (manifolds). The magnet is shaped as a cylinder and rotates through an arrangement
of toothed pulleys and a timing belt attached to an electrical motor (SEW R17-DRE80S4). As
mentioned previously in Sec. 3.2.1, the regenerator beds are filled with three layers of Gd
and Gd-Y alloys separated with a wire mesh attached to a frame with the same shape as the
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Figure 26 — System temperature span as a function of the liquid water effectiveness, eC’, for
six geometries of heat exchangers.

regenerators. The layers and divisions in the regenerator are shown in Fig. 28.
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Figure 27 — Schematic diagram of the magnetic wine cooler apparatus.

The hot side comprises the pumping system, three fan-supplied finned tube heat ex-
changers (HHEx) mounted in parallel and a set of 8 solenoid valves. The pumping system is
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Figure 28 — Schematic view of the regenerators and the internal subdivisions of the layers.

composed of a gear pump (Micropump GL-H25) and an electrical motor (WEG W22 Plus),
responsible for providing the desired flow rate according to the set motor speed. The HHEx
(vide Annex A) and the hot fans (Ong HuaHA1225M12S-Z and Emb-PapstTYP 4412 FGM)
are responsible for the interaction between the heat transfer fluid with the ambient room,
associated in parallel to increase the heat rejection rate to the ambient without raising the
internal fluid side pressure drop. It was noticed that using three heat exchangers — which
increased the surface area on the hot side, helped to remove the additional heat dissipated by
the pumping system and guaranteed a temperature near 25°C at the regenerator entrance,
which is essential to achieve a higher magnetocaloric effect along the regenerator layers. The
solenoid valves (ASCO Next Generation 8262R232) are responsible for allowing the fluid to
flow into the appropriate regenerator pairs according to the magnet position.

The cold side comprises a fan-supplied finned tube heat exchanger (CHEx) and the wine
cooler cabinet. The CHEx (Annex A) and the cold fan (Bi-sonic BP1202512H) are responsible
for the interaction between the heat transfer fluid and the cold air inside the refrigerated
cabinet. The experimental apparatus is presented in Fig. 29.

The cabinet is internally instrumented according to the IEC 62552 (2015) standard, as
presented in Fig. 30, and externally instrumented with 3 thermocouples placed at 30 cm
distance from the cabinet external walls (left and right) and from the glass door. The cabinet
and ambient temperature are determined by the average of the thermocouples set in each
respective environment. Other instrumentation includes measurements for the volumetric
flow rate, torque, magnetic field, pressure and internal fluid temperatures. The volumetric
flow rate is measured by a turbine type flow meter (Aalborg PWE04P-VLN-B2). The torque
is measured by a torque transducer (HBM T22). The magnetic field is measured by a Hall
sensor (Lake Shore HGT-1010). The air temperatures (cabinet and ambient) are measured
by T-type wire thermocouples (Omega PR-T-24-SLE-ROHS) with a copper cylindrical mass
of 15 mm of height and width in the (hot) junction, in order to increase the thermal inertia
and reduce abrupt temperature variations. The water temperatures are measured by probe
thermocouples (Omega TMQSS-062G-6). Both air and water thermocouples were calibrated
with a reference probe (Testo 735-2 with Probe 0614 0235) and a thermal bath (Thermo
Scientific™ SC150-A40) to decrease the measurement uncertainties. Lastly, the pressure is
measured with absolute pressure transducers (Omega PX309), calibrated with a hydraulic
dead-weight tester (DH-Budenberg 580). The sensors and their uncertainties are summarized
in Tab. 3.
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Figure 30 — Instrumentation of the modified cabinet for the tests of the magnetic wine cooler

prototype.

The data acquisition is performed by a commercial data logger (National Instruments)

connected to a computer software (LabView) which also provides the logic for the flow
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Table 3 — Specification of the measuring instruments.

Sensor Manufacturer Model Uncertainty

Thermocouple (air) Omega Type T Wire PR-T-24-SLE-ROHS 0.12°C
Thermocouple (water) Omega Probe TMQSS-062G-6 0.10°C

Pressure transducer Omega PX309 0.48 bar
Flow meter Aalborg PWE04P-VLN-B2 11L/h
Torque transducer HBM 122 0.5 %
Air humidity transducer Testo 6681/6610 1.0 %
Hall sensor Lake Shore HGT-1010 1.0 %

control strategy. The components of the data acquisition system are summarized in Tab. 4.

Table 4 — Main components of the data acquisition system.

Component Model
Chassi NI SCXI-1000 (4 slots)
Board NI PCI-6259

Modules NI SCXI-1303 (32 channels)

3.2.5 Experimental Procedure

The experimental tests of the magnetic wine cooler prototype aim to enable the com-
parison between the vapor compression and magnetic cooling technologies operating over
the same cabinet. To that purpose, it is necessary to first understand the range of possible
operation points that the magnetic wine cooler prototype can deliver. Therefore, perfor-
mance maps of the prototype shall be developed in terms of COP, second law efficiency and
steady-state cabinet temperature of the cabinet, as functions of performance variables such
as operating frequency and flow rate.

The input variables of the tests are then the operating frequency and the volumetric
flow rate. The ranges of the operating frequency and volumetric flow rate are 0.5 to 1 Hz, with
steps of 0.25 Hz, and 125 to 225 L/h, with steps of 25 L/h, respectively. The fixed parameters
are the blow fraction, kept at 23% to avoid pressure peaks due to delay in the opening time
of the valves, the power supplied to the cold and hot side fans and the ambient temperature,
kept at 25+1°C by a split air conditioner installed at the test room. The air relative humidity
is monitored and expected to be between 40% and 70%. The output variables are the air
temperature inside the cabinet, the fluid temperatures along the hydraulic circuit and the
power consumption of valves, fans, pumping system and magnet drive systems. The input
and fixed parameters are summarised in Tab. 5. Combinations of the two input variables
generate fifteen performance tests, named according to Tab. 6.

To initiate the tests for the performance map development, the temperatures of the air
inside the cabinet, the surroundings air and the internal working fluid must be in equilibrium
within 25+1°C. Once this equilibrium is reached, the frequency of the magnet is set according
to each test and the magnet rotating system is switched on. The pump speed is set at a low

value and the pumping system is switched on. At this point, the valves are closed and the
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Table 5 — Parameters of the prototype for the performance tests.

Parameters Values
Operating frequency [Hz] 0.5,0.75and 1.0
Volumetric flow rate [L/h] 125, 150, 175, 200 and 225

Blow fraction [%] 23
Cold fan power [W] 3.8 (100%)
Hot fan power [W] 8.3 (100%)

Ambient temperature [°C] 25+1
Air relative humidity [%] 40 to 70

Table 6 — Performance tests.
Volumetric Flow Rate [L/h]

Operating Frequency [Hz]

125 150 175 200 225
0.5 F50V125  F50V150  F50V175  F50V200  F50V225
0.75 F75V125  F75V150  F75V175  F75V200  F75V225
1.0 F100V125 F100V150 F100V175 F100V200 F100V225

working fluid flows through a relief bypass. Once the magnet completes one cycle, the valves
are actuated and the hot side fans are switched on. At this moment, the AMR cycle initiates
and the working fluid temperature starts to decrease. The pump speed is raised until the
volumetric flow rate reaches the desired value according to the test. The cold side fan is
kept off in order to provide a more pronounced temperature decrease. Once the working
fluid temperature stabilizes, the cold side fan is switched on, increasing the heat exchange
between the working fluid and the air inside the cabinet. Lastly, once the system reaches
steady state, the test is recorded for a period of two minutes. As the room temperature is
controlled by a split air conditioner, the temperature of the surrounding air and of inlet and
outlet air streams of the HHEXx reach a cyclic steady state, since they are directly dependent
of the air conditioning behavior. Thus, the steady state criterion is fulfilled when the inlet
and outlet temperatures of the two streams of the CHEx become constant as well as the
temperatures inside the cabinet.

As the initial tests required to develop the performance maps are finished, the data
are analyzed in terms of the COP, second-law efficiency, steady-state cabinet temperature
and power consumption. A first comparison of the magnetic wine cooler prototype and the
conventional system is made by an evaluation of the second-law efficiency as a function of
the steady-state cabinet temperature for both systems, in order to place the data on the same
baseline. Then, a few points of the magnetic wine cooler characterization will be selected for
further tests, such as temperature pull down time and the influence of the cold fan power in
the steady-state cabinet temperature.

The temperature pull down tests are performed in two different methods, regarding the
instant in which the cold fan is switched on. First, the cold fan will be switched on only when
the working fluid temperature stabilizes, in order to achieve a sharper temperature decrease,
as explained previously in the procedure of the tests for the development of the performance
map. Second, the cold fan will be switched on at the same instant as the beginning of the

AMR cycle. The purpose of the two methods is to compare both temperature pull down
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times.

The tests to investigate the influence of the cold fan power consumption are performed
at steady state, with the power consumption of the cold fan varying within 100 to 25% of its
the total power, in steps of 25%. The operating frequency and the fluid volumetric flow rate
are kept constant. When each condition reaches steady state, the data are recorded over a
period of two minutes. The purpose of these tests is to learn in what point the thermal load
imposed by the cold fan inside the cabinet starts to contribute to the increase of the cabinet
average temperature despite the increased air flow rate and heat transfer, thus finding an
optimum power consumption for the fan in the specified test point.

3.2.6  Magnetic Wine Cooler Thermodynamic Analysis

The thermodynamic performance of the magnetic wine cooler is evaluated in terms
of the coefficient of performance (COP) and the second law efficiency (nq). The COP is
the ratio between the cooling capacity and the total power consumption of the system.
The cooling capacity is calculated as the thermal load imposed by the surroundings on the
refrigerated cabinet plus the power dissipated by the cold fan inside the cabinet. Thus, the
COP is calculated as presented in Eq. (3.6):

Qload + WCF

COP = — - - - -
WP + WMo + WCF + WHF + WV

(3.6)

where Wp, Wyio, Wcg, Wy and Wy are the power consumption of the pumping system, the
magnet rotating system, the cold fan, the hot fan and the valves, respectively. Qload is the

thermal load and is calculated as follows in Eq. (3.7):

Qload = UAcab(Tamb - Tcab) (37)

where Tonp and T are the average temperature of the surroundings and the average
temperature of the cabinet, respectively. The cooling capacity was not considered as the
energy balance in the liquid current of the CHEx due to the high uncertainty associated with
the results, as the uncertainty of the calibrated thermocouples were about the same order of
magnitude as the temperature difference in the outlet and inlet of the CHEXx.

The power consumption of the pumping system is calculated through the viscous
dissipation, with a pump efficiency of 21%?*, as follows in Eq. (3.8):

_ Vf(pout - pin)
1p

W (3.8)

where V;, pin and pou: correspond to the volumetric fluid flow rate, and the measured fluid
pressures at the inlet and outlet of the pump, respectively. The power consumption of the

% The efficiency of the pump was based on catalogue information and further validated with experimental

data, as will be explained further in Chapter 4.
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magnet rotating system is calculated as presented in Eq. (3.9), with a efficiency of the electrical
motor of 81%°.

_ 2nfT
=
where f and I correspond to the operating frequency and the measured torque, respectively.

(3.9)

Mo

The power consumption of the cold and hot fans as well as the valves are calculated through
the measured current and voltage values.

The Carnot COP and the internally ideal COP are calculated as follows in Eq. (3.10)
and (3.11):

COPCarnot - = — (310)

TCHEx,in

COPﬁ = (311)

THHEX,in - TCHEX,in
where Tcppxin and Trmexin are the average temperatures in the inlets of the cold and hot
heat exchangers, respectively. The overall, internal and external second-law efficiencies are

calculated as presented in Sec. 2.3.

5 The efficiency of the electrical motor that drives the magnetic system was based on catalogue information.
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4 RESULTS

This chapter presents the experimental results of the characterization tests of vapor
compression and magnetocaloric cooling technologies and the comparison between their
thermodynamic performances. For this purpose, the chapter is divided in three sections.
The first section presents the results of the characterization tests carried out with the vapor
compression wine cooler, comprising the temperature pull down, annual energy consump-
tion and reverse heat leakage tests, as well as the thermodynamic analysis. The second
section presents the results of the characterization tests carried out with the magnetic wine
cooler prototype, comprising results of steady-state temperature, cooling capacity, power
consumption as well as the thermodynamic analysis of each test point. A further analy-
sis based on the magnetic wine cooler results is also presented in this section, in terms of
possible improvement points for the prototype. Lastly, the third section presents the com-
parison between both cooling technologies by means of 1,,q, COP, average annual energy
consumption, cooling capacity and temperature pull down time, as well as some additional

comments.

4.1 Conventional Wine Cooler Characterization

The results of the characterization tests for the conventional wine cooler are presented
below, following the order described in Sec. 3.1. The first results are from the temperature
pull down tests, followed by the annual energy consumption and the reverse heat leakage
tests. Lastly, the results of the thermodynamic analysis of the vapor compression wine cooler
to further comparison with the magnetic prototype.

4.1.1 Temperature Pull Down Test

The first of the baseline characterization tests for the conventional wine cooler was the
temperature pull down test, aiming to characterize mainly the transient response curve of
the system. The tests were performed in a 25+0.5°C controlled environment. The pull down
time was considered as the time required for the average cabinet temperature to reach the
temperature set in the onboard control. The average cabinet temperature was calculated as
the weighted average of the volume percentage of each compartment — 30 and 70% of the
total cabinet internal volume for the upper and lower compartment, respectively.

Two tests were carried out in a standard operation: one with the internal temperatures
set to 8°C and another with the internal temperatures set to 12°C. The temperature pull
down curves for 8 and 12°C are presented in Fig. 31 and Fig. 32, respectively, showing the
ambient temperature and the average cabinet temperature during the test. The temperature
pull down time for the set temperature of 8°C was about 1.4 hours and the temperature
pull down time for the set temperature of 12°C was about 1.1 hours. The behaviour of the
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temperature profile for the upper and lower cabinet experience a change at around 0.9 h for
the 8°C test and 0.6 h for the 12°C test. In both tests, the temperature of the upper cabinet —
previously at a higher level than the lower cabinet, starts to decrease at a higher rate, while
the temperature of the lower cabinet starts to slightly increase. In the 12°C test, this behavior
was yet reversed again before the pull down time was reached. This behaviour is due to the
change in the management of the refrigerant flow rate for each of the evaporators, carried
out by the solenoid valves (see Fig. 13 in Sec. 3.1.1), that changes the priority according to
the control logic.

Temperature [°C]
—_
[e)Y

104 — Cabinet (average) —
---- Ambient ST X
8 1 —— Upper Cabinet
---- Lower Cabinet
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Time [h]

Figure 31 — Ambient and average cabinet temperature during the pull down time test for a
thermostat temperature of 8°C and ambient temperature of 25°C.

4.1.2 Energy Consumption Test

The second of the baseline characterization tests was the evaluation of the annual
energy consumption. Two tests were carried out for each average internal temperature set in
the onboard control, i.e., 8°C and 12°C, in a 25+0.5°C controlled environment. The curves of
the total power consumption of the product and the average cabinet temperatures for each
compartment during a period of 5 hours are presented in Figs. 33 and 34, for 8 and 12°C,
respectively.

The results of the average annual energy consumption per year are presented in Tab. 7,
based on the extrapolation of the power consumption of the product integrated over a test
period of 5 hours. The test with 8°C in the onboard control presented a much greater annual
energy consumption — 368 kWh/year, when compared to the 12°C test — 272 kWh/year,
as it required a higher cooling capacity to maintain the lower level of steady-state cabinet
temperature. As can be noticed in Figs. 33 and 34, the compressor performed more cycles
for the 8°C test than for the 12°C, during the same time interval, therefore increasing the
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Figure 32 — Ambient and average cabinet temperatures during the temperature pull down

test for a thermostat temperature of 12°C and ambient temperature of 25°C.
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Figure 33 — Average (a) cabinet temperature and (b) power consumption of the product for
5 hours of test running in periodic steady state for a thermostat temperature of

8°C and ambient temperature of 25°C.

average power consumption during the test period. Both test points presented an annual
energy consumption greater that the limit of 175 kWh/year allowed for wine cooler appli-

cations, according to IEC 62552 (2015). Through catalogue information, the compressor of

the conventional wine cooler has a capacity of 170 W, which is around the same average

capacities from compressors used in refrigerators with both fresh food and freezer com-

partments. Thus, the very higher annual energy consumption can be associated with an

oversized compressor for the wine cooler application.

As the average temperatures of the compartments acquired with the thermocouples
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Figure 34 — Average (a) cabinet temperature and (b) power consumption of the product for
5 hours of test running in periodic steady state for a thermostat temperature of
12°C and ambient temperature of 25°C.

Table 7 — Results of the annual energy consumption of the product for an ambient tempera-

ture of 25+0.5°C.
Temperature [°C]
Parameters 8 12
Average temperature in the upper compartment [°C] 7.7 11.7
Average temperature in the lower compartment [°C] 8.5 12.2
Energy Consumption [kWh/year] 369 272

are different than the temperatures set by the controls, a reference temperature was cal-
culated for each test to establish the endpoints of the interpolation interval. The reference
temperatures were calculated through the weighted average of the volume percentage of
each compartment. The average temperature endpoints and the respective annual energy
consumption are summarized in Tab. 8.

Table 8 — Results of the annual energy consumption of the product for the average tempera-
ture inside the cabinet.

Cabinet Temperature [°C] Energy consumption [kWh/year]
8.2 369
12.1 272

4.1.3 Reverse Heat Leakage Test

The last of the baseline characterization tests is the RHL test, aiming to determine the
overall thermal conductance (UA) of the cabinet. By imposing a heat generation inside the
cabinet and measurements of temperature (cabinet and ambient) and power dissipated by
the resistances, the UA was calculated by the least-squares method. As there are two com-
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partments inside the cabinet, four linearly independent tests were carried out, as previously
presented in Tab. 2 (see Sec. 3.1.6). The experimental data results are presented in Tab. 9.

Table 9 — Experimental data of the RHL tests.

Test
1 2 3 4
Temperature of the upper compartment [°C] 50.1 61.1 50.2 58.8
Temperature of the lower compartment [°C] 35.0 39.7 50.2 50.2
Temperature of the surroundings [°C] 208 220 211 21.1
Power dissipated in upper compartment [W] 9.8 12.6 31.0 282
Power dissipated in lower compartment [W] 24.6 354 193 29.3

Parameters

By applying the experimental data obtained from the RHL tests in Eq. (3.1), the UA
was calculated for each compartment. The UA of the cabinet was obtained through the sum
of both UA,, and UA,. The results are presented in Tab. 10.

Table 10 — Results of the overall thermal conductances.

Parameters Results
UA of the upper compartment [W/°C]  0.69
UA of the lower compartment [W/°C] 1.05
UA of the cabinet [W/°C] 1.74

4.1.4 Conventional Wine Cooler Thermodynamic Analysis

The thermodynamic analysis of the conventional wine cooler followed the equations
presented in Sec. 3.1.7. The analysis is presented for the control temperatures of 8 and 12°C,
which corresponds to the average cabinet temperatures of 8.2 and 12.1, respectively.

The cooling capacities were 29.1 W for the 8°C test and 22.3 W for the 12°C test. The
COP and second-law efficiency were, respectively, 0.68 and 4.0% for the set temperature of
8°C, and 0.70 and 3.1% for the set temperature of 12°C. The COP barely changed between
the two test points, which reflected in a higher second-law efficiency for the 8°C test, as the
Carnot COP is lower.

Fig. 35 (a) presents the analysis of the Carnot, internally ideal and actual COP and
Fig. 35 (b) presents the analysis of the external, internal and overall second-law efficiencies
for the two test points of the conventional wine cooler. As can be seen, although the 12°C
test presented the highest Carnot and internally ideal COP — respectively 16.9 and 6.3 for
the 8°C test and 22.3 and 8.3 for the 12°C test, the actual COP was practically the same of
that of the 8°C test, which reflects in a lower overall and internal second-law efficiencies,
the latter being 10.9% for the 8°C test and 8.5% for the 12°C test. For both tests, the external
efficiency was practically the same, around 37.0%. This value represents the efficiency of the
heat exchangers of conventional wine cooler, and as the two evaporators and the condenser
are all exchanging heat with their respective environment by means of natural convection,
thus a low value should be expected. The low efficiency of the heat exchangers could also be
related to the oversized compressor. So as to compensate the extra capacity provided by the
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compressor and maintain the levels of temperature for good wine quality, the evaporators

could have been designed to be undersized.
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Figure 35 — (a) COP and (b) second-law efficiency for the conventional wine cooler.

The results of the thermodynamic analysis of the conventional wine cooler are sum-

marized in Tab. 11.

Table 11 — Thermodynamic analysis of the conventional wine cooler.

Set Temperature [°C]

Parameters 3 12
Temperature pull down time [h] 1.4 1.1
Average cabinet temperature [°C] 8.2 12.1

Cooling capacity [W] 29.1 22.3
Energy consumption [kwh/year] 369 272
Coefficient of performance [-] 0.68 0.70
Second-law efficiency [%] 4.0 3.1

4.1.5 Uncertainty Analysis

The expanded uncertainties were calculated for the main variables of the characteriza-
tion tests of the conventional wine cooler, for a 98% confidence interval and a combination
of type A and B uncertainties. Table 12 presents the maximum expanded uncertainties of the

main variables. The calculation procedure is presented in Appendix A.

4.2 Magnetic Wine Cooler Characterization

The results of the characterization tests for the magnetic wine cooler prototype are
presented below, according to Sec. 3.2.5. The first results present the performance maps
with steady-state temperature, cooling capacity, power consumption, COP and second-law
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Table 12 — Expanded uncertainties associated with the experimentally determined variables
(98% confidence interval).

Parameters Uncertainty
Average air temperature [°C] 0.1
Average refrigerant fluid temperature [°C] 1.0
Overall thermal conductance [W/°C] 0.08
Cooling capacity [W] 1.4
Energy consumption [kWh/year] 46
Coefficient of performance [-] 0.15
Second-law efficiency [%] 0.9

efficiency. With the first results, suitable test conditions are selected for further analysis of
pull down time and power consumption of the fan connected to the cold heat exchanger.
Lastly, an evaluation of improvement points of the prototype is carried out.

4.2.1 Performance Tests

For the development of the performance maps of the prototype, fifteen tests were
carried out according to the parameters presented in Tab. 6 (see Sec. 3.2.5), at an ambient
temperature of 25+1°C and evaluated at steady state. The results of the tests are presented
in the figures below.

Figure 36 presents the steady-state cabinet temperature as a function of the flow rate
and operating frequency. The lowest cabinet temperature reached by the magnetic prototype
was 10.8°C, obtained in the test F100V175 — 1.0 Hz and 175 L/h. The trend of the curves
indicates that for each frequency there is an optimum condition that generates a minimum
cabinet temperature. Itis also noticeable that the lowest temperature occurred at a volumetric
flow rate of 175 L/h for all operating frequencies, although for the operating frequency of 0.5
Hz the tests F50V150 and F50V175 presented very similar steady-state cabinet temperature,
11.9°C and 11.8°C, respectively.

The behavior of the steady-state cabinet temperature is mainly a reflection of two
parameters — the cooling capacity provided by the magnetic prototype and the ambient
temperature. Figure 37 presents the cooling capacity as a function of the flow rate and
operating frequency. The maximum cooling capacity reached by the magnetic prototype
was 27.9 W, provided by the test point F100V175. For the operating frequencies of 0.5 Hz
and 0.75 Hz, the highest cooling capacities were reached for the test points F50V150 and
F75V175, respectively. The cooling capacity depends on a combination of effects, such as the
regenerator effectiveness, the inlet temperature of the working fluid in the regenerator hot
side and the flow rate. The regenerator effectiveness is a function of the utilization factor
(¢) and the NTU (see Sec. 2.2.3), and it is higher for low utilizations and high NTU. The
inlet temperature of the working fluid in the regenerator hot side is affected by the extra
heat added by the power dissipation of the pump, which is increases with the flow rate.
Thus, although the cooling capacity is directly proportional to the flow rate, higher flow
rate values contribute to the increase of the utilization factor and the decrease of the NTU,
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Figure 36 — Results of the steady-state cabinet temperature as a function of the volumetric
flow rate and operating frequency.

leading to lower regenerator effectiveness. Also, higher flow rate values contributes to a
higher viscous power dissipation, leading to higher temperatures in the regenerator inlet
and compromising the magnetocaloric effect in the regenerator layers.
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Figure 37 — Results of the cooling capacity as a function of the volumetric flow rate and
operating frequency.

For the curves with operating frequencies of 0.75 and 1.0 Hz, the test points that reached
the highest cooling capacities were also the test points that reached the lowest cabinet
temperatures — F75V175 and F100V175, as expected. However, for the operating frequency
of 0.5 Hz, the highest cooling capacity was reached in the test point F50V150, while the lowest



4.2. Magnetic Wine Cooler Characterization 73

temperature was reached for test point F50V175. This discrepancy is due to the influence of
the ambient temperature on the steady-state cabinet temperature. For the F50V150 test, the
cabinet temperature was 11.9°C for an ambient temperature of 24.8°C, which represents a
ATS},S1 of 12.9°C. For the F50V175 test, the cabinet temperature was 11.8°C for an ambient
temperature of 24.0°C, representing a ATy, of 12.2°C. With the higher ambient temperature,
the F50V150 test was subjected to a higher heat load. Thus, although the F50V150 test
presented a higher steady-state cabinet temperature, if both tests — F50V150 and F50V175,
were carried out at the exact same ambient temperature, the F50V150 test would have
presented the lowest steady-state cabinet temperature for the operating frequency of 0.5 Hz,
as it presented a higher AT,y,.

Figure 38 presents the total power consumption of the prototype as a function of the
flow rate and operating frequency. The total power consumption comprises the power to
operate the pump, the fans, the valves and the power to drive the magnetic circuit. Although
the power consumption increases with both the flow rate and the operating operating fre-
quency, the most influential parameter is the flow rate, which more than triples the power
consumption results of the volumetric flow rate from 125 L/h to 225 L/h.

X 05Hz
2004 A 0.75Hz B
O 1.0Hz x
180 1
160 A =
— A
= P
& 140 1
2
e
TE 120 A %(
5
100 A
%
80
60 )l(3
1i0 lﬁILO 1é0 180 200 220 240

Volumetric Flow Rate [L h™1]

Figure 38 — Results of the total power consumption of the prototype as a function of the
volumetric flow rate and operating frequency.

The contribution of each share of the power consumption is also evaluated as a function
of the flow rate and operating frequency, as presented in the Figs. 39 (a) and (b), respectively.
Figs. 39 (a) presents the contribution of each power share with the volumetric flow rate, for
a fixed frequency of 1.0 Hz. The power required to operate the pump was the dominant
contribution of the total power consumption, as well as the most affected by the flow rate,
varying from ~ 50% for the flow rate of 125 L/h to ~ 81% for the flow rate of 225 L/h.

1

ATsys is the temperature span of the system, which is the difference between the temperature of the external
ambient and the refrigerated cabinet. For more details, see Fig. 24 in Sec. 3.2.3.
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Figs. 39 (b) presents the contribution of each power share with the operating frequency,
for a fixed volumetric flow rate of 150 L/h. Both magnetic and valve contributions increase
with frequency due to a greater number of AMR/magnet cycles performed, but overall

the contributions for the total power consumption did not change significantly with the

frequency.
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Figure 39 — Contribution of each component in the power consumption of the prototype as
a function of (a) the volumetric flow rate for a magnetic frequency of 1.0 Hz and
(b) the magnetic frequency for a volumetric flow rate of 150 L/h.

Figure 40 presents the annual energy consumption, in kWh/year, as a function of the
flow rate and operating frequency. Due to the significant increase of the pumping power
and total power consumption with the flow rate, the annual energy consumption of the
prototype reaches extreme values at high volumetric flow rates. The lowest values of annual
energy consumption are reached for the volumetric flow rate of 125 L/h, being 505, 548 and
567 kWh/year for the operating frequencies of 0.5, 0.75 and 1.0 Hz, respectively. The annual
energy consumption for the test point F100V175 was 1036 kWh/year.

With results of steady-state cabinet temperature, cooling capacity and total power con-
sumption of the magnetic prototype, the thermodynamic efficiency metrics, i.e, the COP and
the second-law efficiency, were calculated and are presented in Fig 41 and 42, respectively.
The COP decreases steadily with the flow rate, despite the fact that the cooling capacity
curves exhibited points of maximum. The COP behavior is mostly affected by the consider-
able increase in the required pumping power with the flow rate, which represents a much
greater variation from that experienced by the cooling capacity. A similar trend is observed
in the second-law efficiency, but for an operating frequency of 0.5 Hz the 1,4 is somewhat
reduced at a higher rate for high flow rates, because of the increase of the ideal COPcamot
with the pronounced increase of the steady-state cabinet temperatures. The best COP and
second-law efficiency achieved by the prototype was 0.41 and 1.7%, respectively, obtained
in the test point F50V125. The and second-law efficiency of the test point F100V175, with the
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Figure 40 — Results of the annual energy consumption of the prototype as a function of the
volumetric flow rate and operating frequency.

lowest cabinet temperature, was 0.23 and 1.1%.
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Figure 41 — Results of the coefficient of performance as a function of the volumetric flow rate
and operating frequency.

Figures 43 (a) and (b) present the Carnot and internally ideal COP as a function of the
flow rate and operating frequency. Contrarily to the behavior of the actual in decreasing
with the increase of flow rate, both Carnot and internally ideal COP showed a behavior of
minimum points for each operating frequency. The Carnot exhibited minimum points for
the tests in which the temperature span between the cabinet and ambient (ATy) are the
highest, corresponding to the tests with the highest cooling capacities. The internally ideal
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Figure 42 — Results of the second-law efficiency as a function of the volumetric flow rate and

operating frequency.

COP exhibited minimum points for the tests in which the temperature difference between
the HHEx and CHEXx inlets were the highest — or the ATeg ot (see Sec. 3.2.3), corresponding

to the temperature span in the regenerator.
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Figure 43 — Results of (a) Carnot COP and (b) internally ideal COP of the magnetic wine

cooler prototype.

Figures 44 (a) and (b) present the external and internal second-law efficiencies as a

function of the the flow rate and operating frequency. The external efficiencies are high,

with a mean value around 75.0%, which not only reflects the enhancement of the forced

convection heat exchange, but also indicates a good selection of the heat exchangers and
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fans by the Cabinet/Heat Exchangers Subsystem during the design phase of the prototype.
The internal efficiencies decrease abruptly with the flow rate, mainly as a consequence of the
pronounced increase of the pumping power and the consequent decrease of the actual COP.
The internal efficiencies are low, indicating that the thermodynamic losses of the magnetic
prototype can be quite high. This combined with the high values of internally ideal COP
suggests there is still great potential for improvement in the magnetic technology.
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Figure 44 — Results of (a) external and (b) internal second-law efficiencies of the magnetic
wine cooler prototype.

With the results of the performance tests, two tests were selected to further studies: the
best operating point in terms of the lowest steady-state cabinet temperature (F100V175) and
the best operating point in terms of efficiency (F50V125).

4.2.2  Temperature Pull Down Test

The temperature pull down tests for the prototype were carried out at an ambient
temperature of 25+1°C for the F100V175 and F50V125 test conditions using two methods
that differ with respect to the instant when the cold fan is switched on, as explained in
Sec. 3.2.5. Figures 45 and 46 present the results of the temperature pull down for method 1
— with the cold fan being switched on after the temperature of the working fluid starts to
stabilize. In the graphic subtitle, the Regenerator Inlet stands for the temperature in the inlet
of the regenerator in the hot end — which corresponds to the temperature exiting the HHEX,
and Regenerator Outlet stands for the temperature in the outlet of the regenerator in the
cold end — which corresponds to the temperature entering the CHEX. Initially, the cold fan
is kept off and thus the UA of the set cold HEx and fan is low, with a heat exchange between
working fluid and cabinet air by means of natural convection. With a low heat exchange rate,
the temperature of the fluid in the cold side decreases more abruptly when compared to the
decrease rate of the cabinet temperature. Once the fluid temperature in the cold side starts
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to stabilize?, the fan is switched on, increasing suddenly the heat exchange between the heat
transfer fluid and the cabinet air. Consequently, the temperature of the fluid in the CHEx
outlet instantly starts to increase, yielding a higher temperature in the regenerator inlet on
the cold side. With a higher fluid temperature entering the regenerators in the cold blow,
the heat exchange between the working fluid and the solid refrigerant decreases, leading
to a general increase of temperature on the cold side of the system and a decrease of the
temperature span in the regenerator. Simultaneously, the temperature of the cabinet air starts
decreasing at a higher rate, and as it achieves a certain temperature level, the temperature
of the working fluid starts once again to decrease, and both continue decreasing until the
steady state is reached. The pull down time for the F50V125 test was about 5 hours. The pull
down time for the F100V175 test was about 2.5 hours, and it was defined as the instant when
the steady-state cabinet temperature of the cabinet reached 12.0°C, so as to be used in the
further comparison with the conventional wine cooler.
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Figure 45 — Results of the temperature pull down of the prototype as a function of the time,
for the test condition F50V125 and method 1.

Figure 47 presents the results of the temperature pull down for method 2 — with the
cold fan being switched on together with the beginning of the AMR/Magnet cycle, and for
the F100V175 test point. In this case, the heat exchange between working fluid and cabinet air
occurs by means of forced convection during the entire test and the temperatures decrease
together with a similar trend. The pull down time for the F100V175 test by this method
was about 2 hours, and it was also defined as the instant when the steady-state cabinet
temperature reached 12.0°C. Thus, this last test method provided a temperature pull down

time of about 0.5 hours less than the first method, showing that switching on the cold fan

2 Spastonotwaste unnecessary time on the pull down test, this moment was defined as when the temperature in the cold

side presents a noticeable reduction in the decrease rate once it has surpassed 10°C. This temperature was identified as
an average limit for the cold side when the cold fan is kept off for most test points in the preliminary tests.
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Figure 46 — Results of the temperature pull down of the prototype as a function of the time,

for the test condition F100V175 and method 1.

with the AMR/Magnet cycle allows to reach lower temperatures faster than switching it on

after some stabilization time.
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Figure 47 — Results of the temperature pull down of the prototype as a function of the time,

for the test condition F100V175 and method 2.

4.2.3 Influence of the Cold Fan Power Test

The tests for the influence of the cold fan power in the steady-state cabinet temperature
were also carried out for the F50V125 and F100V175 test points. The power supply to the
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fan was varied from 100% to 25% of its total power, in steps of 25%. Fig. 48 presents the
results for the steady-state cabinet temperature and the temperature stratification for both
F50V125 and F100V175 test points. The cabinet temperatures decreased with the decrease
of the fan power, and the lowest cabinet temperatures were achieved with 25% of the fan
power supply. This results are due to the decrease of the heat load imposed by the fan inside
the cabinet. As expected, with the decrease of the fan power supply the stratification of the
cabinet temperature increased somewhat. According to the IEC 62552 (2015) standard, the
stratification shall not surpass 0.5°C for all measured points inside a compartment, and thus
the test F100V175 with 25% of fan power supply was not considered as a valid point, as it
provided a stratification of 0.6°C.
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Figure 48 — Results of steady-state cabinet temperature and stratification level as a function
of the power consumption of the fan, for the test points F50V125 and F100V175.

The F50V125 with 25% fan power (F50V125 @ 25%) and the F100V175 with 50% fan
power (F100V175 @ 50%) provided the lowest cabinet temperature within the allowed lim-
its of stratification. Tab. 13 presents the results of cabinet temperature, COP, second-law

efficiency and annual energy consumption for each of the test points mentioned.

Table 13 — Results of the points with lowest cabinet temperatures within the stratification
limits for the test of the fan power influence.

Parameters Test
F50V125 @ 25% F100V175 @ 50%
Average cabinet temperature [°C] 12.4 11.5
Stratification [°C] 0.49 0.28
COP [-] 0.40 0.20
N2nd [0/0] 1.77 0.83

Energy consumption [kWh/year] 482 1015




4.2. Magnetic Wine Cooler Characterization 81

The annual energy consumption of the tests with lower cold fan power resulted in a
lower annual energy consumption in comparison with the test points F50V125 and F100V175
from the performance tests, as expected. For the F50V125 condition, the annual energy
consumption was 510 kWh/year for a fan power of 100% and 482 for a fan power of 25%,
a decrease of the order of 5%. For the F100V175 condition, the annual energy consumption
was 1045 kWh/year for a fan power of 100% and 1015 for a fan power of 25%, a decrease of
the order of 3%.

In terms of performance metrics, both tests with the lower cold fan power provided a
slightly lower COP. The lower COP is a reflection of the lower cooling capacity. As the cooling
capacity is calculated as the heat load imposed by the surroundings plus the power of the
cold fan, even though the cabinet temperature was lower, so was the cold fan power, which
resulted in a lower value of the cooling capacity. The second-law efficiencies, however, were
higher for the tests with the lower fan power, as with a higher span between the ambient and
cabinet the Carnot COP is lower. Table 14 presents a thermodynamic comparison between
the F50V125 at 100% fan power and F100V175 at 25% fan power test points.

Table 14 — Thermodynamic comparison between the F50V125 at 100% and F100V175 at 25%
test points.

Parameters Test
F50V125 @ 100% F100V125 @ 25%
System temperature span [°C] 11.6 12.4
COP [°C] 0.41 0.40
N2nd [0/0] 1.7 1.8
Energy consumption [kWh/year] 510 482

4.2.4  Uncertainty Analysis

The expanded uncertainties were calculated for the main variables of the characteriza-
tion tests of the magnetic wine cooler, for a 98% confidence interval and a combination of
type A and B uncertainties. Each data point was acquired over a 2-minute sampling time,
with a sampling frequency of 150 Hz for each test condition. Table 15 presents the maximum
expanded uncertainties of the main variables. The calculation procedure is presented in

Appendix A.

4.2.5 Evaluation of Improvement Points

As means to propose potential improvements to the magnetic wine cooler, this section
presents a further analysis on specific aspects of the individual subsystems.

With the low values of internal second-law efficiency in contrast with the high values
of internally ideal COP (see Figs. 43 and 44), a further analysis based on entropy generation
was carried out in this work. As the pump has proven to be the most expressive portion of the
total power consumption of the prototype, the entropy generation calculation was focused
on the Hydraulic/Control subsystem and its contribution to the total entropy generation of
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Table 15 — Maximum expanded uncertainties associated with the experimentally determined
variables (98% confidence interval).

Parameter Uncertainty
Volumetric flow rate [L/h] 13
Temperature [°C] 0.1
Pressure [bar] 0.5
Torque [Nm] 0.2
Pump power [W] 2
Motor Power [W] 2
Fan power [W] 0.3
Valve power [W] 1
Cooling capacity [W] 1.2
Energy consumption [kWh/year] 22
COP [-] 0.04
Nond [0/0] 0.2

the system. The entropy generation calculations are described in Appendix B, together with
a further analysis on the other subsystems. Figure 49 presents the percentage of entropy
generation of the prototype subsystems for the F50V125 test condition, with emphasis on the
Hydraulic/Control subsystem. The entropy generation of the Hydraulic/Control subsystem
included the generation due to: the pump, the pressure drop of the solenoid valves and
some auxiliary components — such as the filters and the flow meter, and the heat losses
in connections and tubing. The Hydraulic/Control subsystem contributes to more than two
thirds of the total entropy generation, being responsible for the major contribution to the
internal inefficiencies of the prototype. The Cabinet/Heat Exchanger and AMR/Magnet con-
tribute together to less than one third of the entropy generation. In a deeper examination,
the pump alone contributes with 45% of the total entropy generation of the prototype, repre-
senting a very critical point into the system inefficiency, and should be addressed first when
considering the improvement of the prototype performance.

Figures 50 (a) and (b) present the power consumption of the pumping system and the
heat dissipation of the pump to the working fluid, respectively, as a function of the flow rate
and operating frequency. The heat dissipation of the pump was calculated as the product
of the temperature difference between the pump ports and the thermal capacity rate of the
fluid.

The high values of power consumption and heat dissipation are a consequence of the
very low efficiency of the pump, around 20% according to the manufacturer data. With the
results of heat dissipation and viscous power losses, an approximated efficiency of the pump
was then calculated, as follows in Eq. (4.1), to get a sense of how accurate was the catalogue

information.

insc
np = (41)
insc + Qdiss
where W, is the viscous power and Quiss is the heat dissipation of the pump to the working
fluid. The results pointed to an overall average of pump efficiency around 23%, relatively



4.2. Magnetic Wine Cooler Characterization 83

B Hydraulic/Control
Other Subsystems

31 %

Figure 49 — Percentage of entropy generation of the magnetic prototype subsystems.
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Figure 50 — Results for the (a) power consumption of the pump and (b) heat dissipation of
the pump to the fluid as a function of the volumetric flow rate for the three
operating frequencies.

consistent with the catalogue information of an efficiency of 20%, as there is additional
losses not considered in Eq. (4.1), confirming a very inefficient pump. Different from other
components, the pump was not properly selected for the wine cooler prototype. The pump
had been used in previous prototypes developed by the PoloMag team — which were not
efficiency-oriented.

With a more efficient pumping system, properly selected for the levels of speed and
flow rate applicable in the prototype, improvements in the the overall performance of the
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magnetic wine cooler could be achieved. For instance, if the current pump was replaced by a
pump with 17p = 40%°, the COP and second-law efficiency at the best operating points would
be, respectively, 0.55 and 2.3% for the F50V125 test and 0.33 and 1.6% for the F100V175 test.
A more efficient pump would also decrease the need for a large overall thermal conductance
heat exchanger on the hot side — currently supplying three fans, as the heat dissipation
in the pump would be lower, and the power of the fans could be decreased. Thus, by
improving only the pump, the number of fans would naturally be able to be decreased.
Nevertheless, a lower heat dissipation by the pump would lead to higher cooling capacities,
as the unnecessarily large heat dissipation contributes to the increase of the regenerator inlet
temperature in the hot side — which deteriorates the magnetocaloric effect.

Additional improvements in the magnetic wine cooler prototype could also be achieved
through the selection of more suitable magnetocaloric materials in the regenerator layers, so
as to improve the magnetocaloric effect. Even though the magnetic wine cooler was designed
to operate in ambient temperatures around 25°C, the regenerator layers of Gd and Gd alloys
have Curie temperatures of 17°C, 10°C and 4°C (see Sec.3.2.1). With the designed level of
ambient temperature, the temperatures in the hot side inlet of the regenerator are therefore
higher than 25°C, and thus the magnetocaloric effect is already poor in the initial stages of
the regenerator. The Curie temperature of the layers were a limitation of the first version
of the magnetic wine cooler prototype. Although the pure Gd can be alloyed with different
elements to obtain positive effects, the alloys can only provide Curie temperatures lower than
that of pure Gd, which limited the maximum Gd temperature of the regenerator to 17°C. In
order to assess the loss in the overall performance of the prototype due to the degradation
of the MCE, a further test was carried out for the test condition F50V125 — according to the
procedure of the performance tests, but for a ambient temperature of 19°C. This ambient
temperature was chosen due to recent studies that showed that higher cooling capacities can
be obtained with a hot source temperature 2 K higher than the highest Curie temperature
of the regenerator (LEI et al., 2015). Tab. 16 presents the comparison between the results of
the F50V125 test with 19 and 25°C of ambient temperature. With the benefit of being closer
to the maximum Curie temperature of the regenerator, the magnetic prototype was able to
reach a temperature span between ambient and cabinet almost 3°C higher than the test for
25°C, which provided a cooling capacity 5 W higher. Also, the COP was increased by 10%
and the second-law efficiency by 40%.

Table 16 — Thermodynamic comparison between the F50V125 test for an ambient tempera-

ture of 19 and 25°C.
Parameters Ambient temperature
25°C 19°C
Temperature span [°C] 11.7 14.5
Cooling capacity [W]  24.3 29.3
COP [°C] 0.41 0.45
N2nd [0/0] 1.7 2.4

3 This efficiency value was considered for a comparative scenario as it was the double of the current efficiency

and also a plausible value according to a research in different pump catalogues.
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If the same assumption of a better pump with 77p = 40% was made for the test F50V125
with an enhanced magnetocaloric effect in the regenerators, the COP could be increased to
0.62 and the second-law efficiency to 3.3%.

A promising magnetocaloric material for near room temperature applications is the La-
Fe-Si alloys (Lanthanum-Iron-Silicon). Figure 51 presents the AT,q and As;,, for the Gd layers
that were used in the AMR of the prototype and a simulation of what could be the layers of
the AMR if La-Fe-Si alloys were employed instead. The properties of the La-Fe-Si alloys were
obtained from Vieira et al. (2020). Although having a similar AT,q in average compared to
the Gd alloys, the La-Fe-Si alloys have higher As;s,, which physically is reflected in a higher
cooling capacity. Another advantage of the La-Fe-Si alloys is that the Curie temperature
can be varied in a temperature range from -73 to 67°C, with the addition of different alloy
materials (SMITH et al., 2012; TREVIZOLI, 2015; LEI et al., 2015; KITANOVSKI et al., 2015),
which means that the layers can be adjusted much more than for Gd. With a change of
the magnetocaloric material in the current prototype, higher cooling capacities could be
achieved, leading to higher system temperature spans, COP and second-law efficiencies.
Also, amore compact system could be attained, with alower mass of magnetocaloric material
and a smaller magnet, leading to lower power consumption of the pump and the system
that drives the magnet — and, hence, to higher COP and second-law efficiencies.

—— La-Fe-Si-H
Gd and Gd-Y

—— La-Fe-Si-H
Gd and Gd-Y

10 15 20 25 10 15 20 25
Temperature [°C] Temperature [°C]
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Figure 51 — Comparison of the AT,4 and As;s, parameters of the prototype regenerator and
the same regenerator simulated with La-Fe-Si alloys.

4.3 Performance Comparison

With the results of the characterization of the conventional and magnetic wine coolers,
both cooling technologies were compared with respect to their performances when operating
the same cabinet. In order to establish a reference for the comparison, the performance

metrics were evaluated as a function of the steady-state cabinet temperature. The main
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results for annual energy consumption, COP and second-law efficiency are presented with
all test points of the performance tests for the magnetic prototype, together with the tests
of the conventional wine cooler characterization. In a further analysis, the most suitable test
point from the magnetic wine cooler tests is chosen for a more specific comparison with
the conventional technology, considering an analysis of the COP — Carnot, internally ideal
and actual, and second-law efficiency — external, internal and overall, as well as highlights
of cooling capacity and pull down time, so as to define the gap between the two cooling
technologies.

Figure 52 presents the annual energy consumption as a function of the cabinet temper-
ature for the magnetic and the conventional wine coolers, with a highlight of the considered
best operating points of the magnetic technology. For comparison purposes, the annual en-
ergy consumption of the conventional wine cooler was interpolated and extrapolated for the
steady-state cabinet temperatures of 10.8 and 12.5°C, respectively, so as to compare directly
with the test points F50V125 and F100V175 of the magnetic prototype. For a cabinet temper-
ature of 12.5°C, the annual energy consumption of the magnetic wine cooler prototype and
the conventional wine cooler were 505 kWh/year and 260 kWh/year, respectively, represent-
ing an increase of 94% in the annual energy consumption when operating with the magnetic
technology. For a cabinet temperature of 10.8°C, the increase of annual energy consumption
when operating with the magnetic technology was even greater, around 340% higher than
an operation with the vapor compression technology, being 1036 kWh/year for the magnetic
wine cooler and 303 kWh/year for the conventional wine cooler. In an overall analysis, even
the test points of the magnetic wine cooler with lower annual energy consumption are a lot
higher than the most consuming operation point of the conventional wine cooler.
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Figure 52 — Results of the annual energy consumption for the magnetic and conventional
wine cooler as a function of the steady-state cabinet temperature.

Figure 53 presents the COP as a function of the cabinet temperature. The best COP of the
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prototype was about 40% lower than the COP of the conventional wine cooler for a cabinet
temperature of 12°C, and yet provided a steady-state cabinet temperature 0.5°C higher.
Also, the cost of COP to lower the cabinet temperature from 12.5 to 10.8°C in the magnetic
prototype was heavily greater than the cost of COP to lower the cabinet temperature from
12.0 to 8.2°C in the vapor compression wine cooler — the COP went from 0.41 to 0.23 in the
magnetic wine cooler, representing a loss in the order of of 44%, while for the conventional
wine cooler the COP went from 0.70 to 0.68, representing a loss of 3%. In an overall analysis,
the COP results for the magnetic wine cooler are all in an inferior level in comparison with

the conventional wine cooler.
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Figure 53 — Results of the coefficient of performance for the magnetic and conventional wine
cooler as a function of the steady-state cabinet temperature.

Figure 54 presents the second-law efficiency as a function of the cabinet temperature.
In a similar analysis, the second-law efficiency results for the magnetic wine cooler are also
all in an inferior level regarding the conventional wine cooler results. The best second-law
efficiency of the magnetic wine cooler, 1.7%, was about 46% lower than the second-law
efficiency of the conventional wine cooler for a cabinet temperature of 12°C, 3.1%. Although
for lower cabinet temperatures the Carnot COP is also smaller, which in principle could lead
the points more to the left of the magnetic wine cooler to be more efficient in terms of the
second-law, the decrease of COP with the flow rate was way higher than the decrease of
the Carnot COP. Thus, the second-law efficiencies of the prototype tests only experienced a
decrease from the points of lowest volumetric flow rate, for the three operating frequencies
evaluated.

As means to present a side-by-side comparison of both cooling technologies, the best
operating point of the magnetic wine cooler in terms of performance, F50V125, was put to a
more detailed comparison with the operating point of 12°C of the conventional wine cooler.

Figure 55 (a) and (b) present the detailed analysis of COP and second-law efficiencies
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Figure 54 — Results of the second-law efficiency for the magnetic and conventional wine
cooler as a function of the steady-state cabinet temperature.

for the magnetic and conventional wine cooler, for the two above mentioned test points.
Although the actual COP of the magnetic wine cooler was about 40% lower than the actual
COP of the conventional wine cooler, the internally ideal COP was more than 2 times higher
than the internally ideal COP of the conventional. These results reveal how much greater are
the internal irreversibilities and losses of the magnetic wine cooler when compared to the
conventional. Indeed, this is confirmed in the results of internal efficiency. The conventional
wine cooler was almost 4 times more efficient than the magnetic wine cooler when it comes
to internal losses, elucidating that still there is a lot to be improved in magnetic refrigeration
and its components. Nevertheless, these results also shows that there is a wider potential to
improve the internal efficiency in the magnetic refrigeration than in the vapor compression
refrigeration. As regards the external efficiency, the magnetic wine cooler was 2 times more
efficient than the conventional wine cooler. This difference is mainly due to the fact that the
magnetic wine cooler had heat exchangers with forced convection, while the conventional
wine cooler had heat exchangers with natural convection. This result shows that the heat
exchangers do not represent a weak point in the improvement of the magnetic technology.

In terms of cooling capacity, the conventional wine cooler provided 22.2 W to reach
a steady-state cabinet temperature of 12.0°C, while the magnetic wine cooler prototype
provided 24.3 W to reach a steady-state cabinet temperature of 12.5°C. That said, the magnetic
wine cooler prototype required a higher cooling capacity to reach a cabinet temperature 0.5°C
higher.

The temperature pull down time of the F50V125 test was about 5 hours, almost 5 times
higher than the temperature pull down time of the conventional wine cooler for a cabinet
temperature of 12°C, being about 1.1 hours. The pull down time of the magnetic wine cooler
could be improved with the implementation of a control based on the speed of the magnet
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Figure 55 — Detailed results of (a) COP and (b) second-law efficiency for the magnetic and
conventional wine cooler.

and the pump, by carrying out the pull down at different operation points — such as the
F100V175 point or the best combination of flow rate and operating frequency that generates
in the prototype the minimum pull down time, and then switching to the operation point
F50V125.

Table 17 summarizes the side-by-side comparison of the main efficiency parameters,
so as to assess more clearly the gap between magnetic and vapor compression cooling

technologies when operating the same cabinet.

Table 17 — Summary of the results for the comparison of the conventional and magnetic wine
cooler, for a steady-state cabinet temperature around 12°C.

Cooling Technolo
Parameters Conventignal Magrglz’tic
Average cabinet temperature [°C] 12.0 12.5
Cooling capacity [W] 222 243
Energy Consumption [kWh/year] 272 505
COP [] 0.70 0.41
Overall 1png [%] 3.1 1.7

Pull Down Time [h] 1.1 5.0
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5 CONCLUSIONS

This work aimed at providing the first-in-literature performance comparison between
magnetic and vapor compression cooling technologies, so as to establish the level of maturity
of the former in light of the well-developed latter. For this purpose, both technologies were
experimentally analyzed while operating over the same wine cooler cabinet. The vapor
compression wine cooler was characterized in terms of performance by a selection of tests,
based in several works that assessed performance metrics of vapor compression systems
for comparison purposes. The magnetic wine cooler, designed by the PoloMag team, was
tirst assembled and then tested so as to characterize the system behavior in range of input
variables, as well as select the operating point (or points) to be compared to the vapor
compression system system.

The vapor compression system was the Brastemp Gourmand Dual Zone BZB31AEBNA,
marketed by Whirlpool S.A., which is divided into two internal compartments able to control
individually the temperatures in the range of 8 to 18°C. The wine cooler was instrumented
with thermocouples and a wattmeter, to assess all the parameters to calculate the perfor-
mance variables without altering the original conditions of the product from manufacturer.
The product was characterized with temperature pull down, energy consumption and re-
verse heat leakage tests, for thermostat temperatures of 8 and 12°C. The UA of the cabinet
obtained through the RHL test was 1.74 W/K. The test with both the thermostats — from the
upper and lower compartments, at 8°C reached the periodic steady-state after a 1.4 hours of
temperature pull down. When in periodic steady-state, the product maintained an average
cabinet temperature of 8.2°C, while providing a cooling capacity of 29.1 W and demanding
an energy consumption of 369 kWh/year. The COP and second-law efficiency achieved were
0.68 and 4.0%, respectively. The test with both the thermostats at 12°C reached the periodic
steady-state after 1.1 hours of temperature pull down. When in periodic steady-state, the
product maintained an average cabinet temperature of 12.0°C, while providing a cooling
capacity of 22.3 W and demanding an energy consumption of 272 kWh/year. The COP and
second-law efficiency achieved were 0.70 and 3.1%, respectively. Both test conditions de-
manded an energy consumption higher that that allowed by the IEC 62552 (2015) standard
for household appliances — 175 kWh/year, which was attributed to an oversized compressor.

A detailed analysis of the performance parameters was also carried out. The Carnot
and internally ideal COP were higher for the 12°C test, while the COP barely changed
between the two test conditions. As a consequence, the 8°C test was internally and overall
more efficient — in terms of the second law, than the 12°C test. The two tests presented a
very similar external second-law efficiency, around 37.0%, an expected low value as the heat
exchangers work by natural convection. The low external efficiencies could be also related
to the oversized compressor, which was combined with undersized evaporators in order to
compensate the extra capacity and maintain the wine quality.

The magnetic wine cooler prototype was assembled with the same cabinet from the
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vapor compression system, coupled with a heat exchanger. The prototype was the one of
the first to assemble a magnetic refrigeration system with a cabinet and real heat exchangers
in the cold and the hot sides. To facilitate the flow management and control logic, the two
compartments were unified into a single cabinet. The magnetic wine cooler was tested
for different inputs of volumetric flow rate and operating frequency, which originated a
combination of fifteen performance tests. The tests were evaluated first through performance
maps.

The cooling capacity exhibited points of maximum for all three operating frequencies,
due to a combination of effects such regenerator effectiveness, flow rate and inlet temperature
in the regenerator hot side. The maximum cooling capacities were reached for a flow rate
of 175 L/h for operating frequencies of 0.75 and 1.0 Hz and for a flow rate of 150 L/h for a
frequency of 0.5 Hz. Reflecting the behavior of the cooling capacity, the steady-state cabinet
temperature presented points of minimum for a flow rate of 175 L/h for all three operating
frequencies. The discrepancy between the minimum steady-state cabinet temperature and
maximum cooling capacity in the operating frequency of 0.5 Hz — the first for 175 L/h
and the second for 150 L/h, is due to the high influence of the ambient temperature in the
cabinet temperature. If the performance tests were carried out at the same exact ambient
temperature, the test with flow rate of 150 L/h and operating frequency of 0.5 Hz would
have also presented the minimum cabinet temperature. The maximum cooling capacity and
minimum steady-state cabinet temperature were 27.3 W and 10.8°C, respectively, reached in
the F100V175 test.

The power consumption was evaluated as a whole and according to share for each
component, namely the pump, the fans, the valves and the magnet. The power increased
greatly with the flow rate, having tripled from the flow rate of 125 L/h to 225 L/h. As a
consequence, the energy consumption was also greatly increased with the flow rate, reaching
over 1700 kWh/year. Nevertheless, the minimum energy consumption was of the order of 505
kWh/year, much higher than that allowed by the IEC 62552 (2015) standard for household
appliances — 175 kWh/year. In the single components analysis, it became clear that the main
share of the power consumption was owed to the pump, contributing to around 50% of the
total power for a flow rate of 125 L/h and around 81% for the flow rate of 225 L/h.

In terms of performance, the COP presented a continuous decrease behavior with the
flow rate, for all three operating frequencies. Although the cooling capacity presented points
of maximum, the increase of the power consumption with the flow rate was much more
pronounced than the increase of cooling capacity in the first test points of all three operating
frequencies. A similar trend was observed for the second-law efficiency, but for an operating
frequency of 0.5 Hz the second-law efficiency was somewhat reduced at a higher rate for
high flow rates, due to the increase of the ideal Carnot COP with the pronounced increase
of the steady-state cabinet temperatures. The highest COP and second-law efficiency were
0.41 and 1.7%, reached in the F50V125 test. In a more detailed analysis of the performance
variables, the internal second law efficiencies were very low and followed the pattern of
the overall second-law efficiency, in highly decreasing with the flow rate. In contrast, the
internally ideal COP were high, suggesting a broad potential for improvement in this regard.
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The external second-law efficiencies were very high, on an average at a value around 75.0%,
reflecting the use of heat exchangers with forced convection and also a good selection of the
heat exchangers in the design phase of the prototype.

In an overall analysis, although the temperature and cooling capacity presented points
of optimum, the performance metrics are higher for the lowest values of flow rate. As the
point with best COP and best second-law efficiency was not the point with highest cooling
capacity and lowest cabinet temperature, two tests were considered as best operating points,
one in terms of performance and another terms of capacity. The test points were, respectively,
the F50V125 and F100V175, and were selected for further analysis of temperature pull down
time and influence of the cold fan power consumption. The pull down time was around 5
hours for the F50V125 test and 2.5 hours for the F100V175 test, when tested according to
method 1 — with the cold fan being switched on after the temperature of the working fluid
starts to stabilize. The F100V175 was then tested according method 2 — with the cold fan
being switched on together with the beginning of the AMR/Magnet cycle, which has proven
to be faster. The tests of the influence of the cold fan power consumption showed that the
temperature of the cabinet tends to decrease with the decrease of the fan power, but with
at the expense of increasing the temperature stratification inside the cabinet. Also, although
the second-law efficiencies increased with the decrease of the fan power, due to the decrease
of the Carnot COP, the COP barely changed and even decreased, as the cooling capacity is
directly proportional to the fan power.

With both cooling technologies fully characterized, the comparison was first carried out
for the results of energy consumption, COP and second-law efficiency, for all test points of
both technologies. To establish the same basis for comparison, the results of the performance
metrics were compared as a function of the cabinet temperature. The energy consumption
results of the magnetic wine cooler were all higher than that of the conventional wine
cooler, and the best case of the magnetic in terms of performance still presented an energy
consumption 94% higher than the conventional for a similar cabinet temperature, both
around 12°C. The magnetic wine cooler was not able to reach cabinet temperatures below
10.8°C, so a direct comparison with the 8°C test of the conventional wine cooler could not
be carried out, but it was clear that the energy cost to lower the cabinet temperature from
12.5°C to 10.8°C in the magnetic system was much higher than to lower from 12°C to 8°C in
the conventional wine cooler.

The COP and second-law efficiency results of the magnetic wine cooler were all inferior
than those of the conventional wine cooler. The best COP of the magnetic wine cooler was
about 40% lower than the COP of the conventional wine cooler, around a cabinet temperature
of 12°C. The loss in performance to lower the cabinet temperature from 12.5°C to 10.8°C in
the magnetic technology was of 44%, while to lower the cabinet temperature from 12°C to
8°C in the conventional technology the loss was 3%, barely representing a loss at all. The best
second-law efficiency of the magnetic wine cooler was about 46% lower than the second-law
efficiency of the conventional wine cooler, around a cabinet temperature of 12°C. In contrast
with the conventional wine cooler, which presented an increase of efficiency from the 12°C
to 8°C tests, the efficiencies of the prototype only experienced a continuous decrease from
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the point of smallest flow rate and operating frequency, as the decrease of COP was way
higher than the decrease of the Carnot COP.

For a more detailed comparison, the best operating point in terms of performance of the
magnetic wine cooler (F50V125 condition) was analyzed side-by-side with the 12°C test of
the conventional wine cooler. Despite presenting a 40% lower COP, the magnetic technology
presented an internally ideal COP twice as high that of the conventional technology, mainly
due to the smallest temperature difference between the working fluid in the heat exchangers
with their respective environments compared with the evaporators and condenser in the
vapor compression system. Yet, the internal efficiency of the magnetic technology was much
lower than that of the conventional technology. That, combined with the higher internally
ideal COP, indicates that there is room and a need for improvement in the magnetic tech-
nology in what regards internal losses. The external efficiency, however, was twice as high
for the magnetic technology, again due to forced convection in the heat exchangers, indi-
cating that the heat exchangers do not present as an obstacle for the magnetic technology
improvement.

The cooling capacity generated by the magnetic wine cooler was higher, 24.3 W, while
the conventional system was 22.2 W. This represents the need of a higher capacity to main-
tain the same cabinet temperature for the magnetic technology — and in this case 0.5°C
higher, than when operating with the conventional technology. The pull down time of the
magnetic wine cooler was five times higher than for the conventional, 5 hours and 1.1 hours,
respectively.

With the above results and comparison, a few outcomes can be appointed. The magnetic
wine cooler is very sensitive towards changes in the ambient temperature, as the AMR and
its layers were designed to work under specific conditions. A slight change in the hot
reservoir temperature, either to higher or lower levels, can lead to a sharp decrease in the
system performance. The pumping power has presented as an enormous contribution to
the internal losses — in the very minimum around 50%, which led not only to very high
energy consumption, butalso to a very high cost in performance when decreasing the cabinet
temperature in few degrees Celsius. Thus, the magnetic wine cooler was not able to reach
temperatures below 10.8°C, and paid a high price to do so. These are very limiting factors
when considering the application of the technology at the present stage of the development,
as the system needs to be made more robust enough to deal with normal ambient temperature
variations.

When considering a cabinet temperature of around 12°C, the wine cooler operated with
a higher COP and second-law efficiency and required a lower energy consumption, cooling
capacity and time to reach steady-state conditions while driven by the vapor compression
system. When driven by the magnetic system, the wine cooler experienced a loss in all the
performance variables evaluated. Few improvements in the magnetic wine cooler prototype
could lead to similar performance outcomes. The selection of a more efficient pump and
better solenoid valves could significantly decrease the power consumption and entropy
generation in the system, which itself could improve the COP and second-law efficiency as

well as decreasing the energy consumption. Also, a change in the magnetocaloric material
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from Gd to La-Fe-Si alloys could enhance the cooling capacity and improve even more the
COP and second-law efficiency, in addition to providing a more flexible selection of the
regenerator layers. The pull down time could be improved with an implementation of a
control based on the speed of the magnet and the pump, so as to find the best combination
that generates the minimum pull down time until reached the temperature condition desired.

In light of those considerations, the magnetic cooling technology is still behind vapor
compression in relation to performance metrics and at the present stage of the development,
it is not yet sufficiently resilient or competitive to become a commercial product. However,
there is a wide potential to reduce the internal irreversibilities, which could lead to similar
performances in a side-by-side comparison. In order to advance magnetic refrigeration as a
viable alternative to vapor compression, it is mandatory to bring into discussion the devel-
opment of a more robust system in terms of ambient temperature, that is able to deal with
transients during not only a daily weather, but also considering the difference in the temper-
ature amplitude during different seasons and climate regions. Also, however are the current
conclusions on the maturity level of magnetic refrigeration, it is worthwhile to periodically
review the status of the thermodynamic performance of state-of-the-art prototypes, oper-
ating in realistic conditions of application and real cabinets, and compare them to similar
vapor compression systems, so as to readdress the efforts to the weaker points that continue
to maintain the gap from the magnetic to the vapor compression technology.

5.1 Recommendations for future works

Envisioning the points of improvement provided in this thesis and engaged with an
optimization of the current magnetic wine cooler prototype, the following future works are

suggested:

e Design new regenerators for the prototype with La-Fe-Si alloys, to select a more suit-
able set of layers to operate near room temperature, and consider the transient of
temperature between winter and summer in a climate class N, to assess the feasibility
of a more robust AMR in terms of ambient temperature and to compare the magnetic

wine cooler with the conventional in different seasons;

e Select a more efficient pump, sized for the levels of speed and flow rate of the pro-
totype, and more efficient solenoid valves, to assess the improvement on the internal
irreversibilities and in the performance variables and readdress new improvement

points;

e Carry outastudy on the resilience of the magnetic system when submitted to disruptive
conditions in equilibrium, such as door openings, wine bottle load and sudden changes
in the ambient temperature, and design a PID-driven control for the prototype, so as
to optimize the system for time, during conditions of temperature pull down, and for
performance, during conditions of steady-state operation;
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e Carry out an analysis on the entropy generation of the single components and sub-
systems of the magnetic wine cooler prototype in a more accurate approach, by char-
acterizing the heat exchangers and the fans in wind tunnels and instrumenting the
inlet and outlet of every component — either main or auxiliary, with thermocouples
and pressure transducers, in the working fluid flow, air flow or in the magnetocaloric
material, when applicable, so as to isolate the components from the tubing and as-
sess the entropy generation of each component and each subsystem, readdressing the

knowledge on the most contributive elements to the system inefficiency.
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APPENDIX A — UNCERTAINTY ANALYSIS

This appendix presents the uncertainty analysis of the characterization tests for both
the conventional and the magnetic wine cooler, based on the works of Boeng (2012) and
Thiessen (2015).

A.1 Theoretical Definitions

A parameter x can be defined as the mean of the experimental values of its sampling,

x, and is calculated for n measurements as:

n

7= 1 Z X (A1)

n 4
i=1

The estimate of the standard deviation of the parent population for the measurements

of x, SD,, is calculated as:

1 +« _
SD, = J — ;(xi — 3 (A.2)

The parameter x is influenced by two error sources: random and systematic. The sys-
tematic random uncertainty (1), or type A, is owed to the scatter of the measurement values
during the measurement period, while the systematic standard uncertainty, or type B (1),
is owed to the errors inherent to the measuring system. The combined standard uncertainty

for a parameter x is obtained as the combination of the elemental standard uncertainties, as:

uZ = ud +ul (A.3)

Since the parameters are affected by two (or more) independent error sources and

considering a normal distribution of the error, the expanded uncertainties are calculated as:

U = kg 1> — Uoge, = 2.32 1/ (A.4)

where kg is the coefficient of Student for a 98% confidence interval. The type A uncertainty
was divided into two categories, for the direct measured variables and for the the indirect
measured variables. When a variable is direct measured, the random uncertainty is calculated
by two forms, one for parameters with fixed values in time and other considering parameters
that vary on time due to physical phenomena. If the parameter vary along the sampling time,
the random uncertainty is simply equal to SD. If the parameter is fixed in time, the random

uncertainty is calculated as:

SDy
\n

Ug = (AS)
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When a variable indirect measured — obtained by a combination of direct variables,
the random uncertainty can be derived from the general expression of the uncertainty

propagation, as:

1 n ay 2
Yy = f(x1,x2, ..., Xn) = up(y) = n—1 (%u(xi)) (A.6)
-1 i

1=

A.2 Uncertainties of the Conventional Wine Cooler Tests

The direct measured parameters of the conventional characterization tests are presented
in Tab. 18.

Table 18 — Direct measured parameters of the conventional characterization tests.

Parameter Unit System
Product power [W]
Upper compartment temperatures [°C]
(superior and bottom)
Lower compartment temperatures [°C]
(superior, middle and bottom)
Evaporator inlet temperatures o
[°C]
(upper and lower compartments)
Evaporator outlet temperatures N
[°C]
(upper and lower compartments)
Condenser inlet temperature [°C]
Condenser outlet temperature [°C]

As during the energy consumption tests the wine cooler operates in periodic steady-
state, the direct measured parameters are not fixed in time, varying due to the on-off regime
of the compressor. Thus, the type A uncertainties of these parameters should be calculated
considering only the SD. However, as the interest is this parameters are as effective values
— an analogue to the effective voltage in an AC electric circuit, the type A uncertainties
were calculated in a different approach. The energy consumption tests were carried out in
an 5 hour interval, for the two test points of the conventional wine cooler. This interval
was divided into 5 intervals of 1 hour, for the evaluation of the average parameters in each
interval. Taking the power consumption of the compressor as an example, the average value
was calculated for each hour of an energy consumption test, totalling 5 average values for
the entire test period (or n = 5). Then, the type A uncertainty was calculated considering
the power consumption as a fixed parameter in time — in 1 hour of test, and considering
Eq. A.5. Thus, the uncertainty can be interpreted as the variation that can be expected when
evaluating the average power consumption of the compressor in an 1 hour interval of a
periodic steady-state test. This approach was extended to all parameters measured during
the energy consumption tests. For the RHL tests, the direct measured parameters were all
in steady-state condition during sampling time, and therefore the type A uncertainties were
calculated simply by Eq. A.5.
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The indirect measured parameters of the conventional characterization tests are pre-
sented in Tab. 19.

Table 19 — Indirect measured parameters of the conventional characterization tests.

Parameter Unit System
UA [W/K]
Energy consumption [kWh/year]
Average cabinet temperature [°C]
Average ambient temperature [°C]
Cooling capacity [W]
cor [-]
Second-law efficiency [%]

The type B uncertainties of the conventional characterization tests were only due to the
thermocouples and the wattmeter, and are presented in Tab. 20.

Table 20 — Type B uncertainties of the conventional wine cooler tests.

Parameter Uncertainty
Thermocouples 0.2°C
Wattmeter 0.5W

The expanded uncertainties were calculated as described in the previous section, as
a combination of type A and B uncertainties, for the two test points of 8 and 12°C. The
energy consumption tests were acquired over a 5-hour sampling time and the RHL tests
over a 5-minute sampling time, both with a sampling frequency of 0.1 Hz. The maximum
expanded uncertainties of the two tests are presented in Tab. 21.

Table 21 — Maximum expanded uncertainties associated with the experimentally determined
variables (98% confidence interval).

Parameters Uncertainty
UA [W/°C] 0.08
Energy consumption [kWh/year] 46
Average cabinet temperature [°C] 0.1
Average ambient temperature [°C] 0.1
Average evaporator temperature [°C] 0.8
Average condenser temperature [°C] 1.0
Cooling capacity [W] 1.2
Coefficient of performance [-] 0.1
Second-law efficiency [%] 0.9

A.3 Uncertainties of the Magnetic Wine Cooler Tests

The direct measured parameters of the magnetic characterization tests are presented
in Tab. 22. All parameters were in steady-state condition during the sampling time, and
therefore the type A uncertainties were calculated by Eq. A.5.
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Table 22 — Direct measured parameters of the magnetic characterization tests.

Parameter Unit System
Volumetric flow rate [L/h]
Pressure [bar]
Torque [Nm]
Power of the fans W]
Power of the valves [W]
Pump inlet temperature [°C]
Pump outlet temperature [°C]
HHEX inlet temperature [°C]
HHEX outlet temperature [°C]
CHEX intlet temperature [°C]
CHEX outlet temperature [°C]
Cabinet temperatures (superior, middle and bottom) [°C]
Ambient temperatures (left, front and right) [°C]

The indirect measured parameters of the magnetic characterization tests are presented
in Tab. 23.

Table 23 — Indirect measured parameters of the magnetic characterization tests.

Parameter Unit System
Power of the pump [W]
Power of the magnet motor [W]
Total power [W]

Energy consumption [kWh/year]
Average cabinet temperature [°C]
Average ambient temperature [°C]
Cooling capacity [W]

COP [-]

Second-law efficiency [%]

The type B uncertainties of the magnetic characterization are presented in Tab. 24. The
thermocouples and the pressure transducers uncertainties are the maximum uncertainties
obtained during the calibration of those sensors, carried out internally in the Polo laboratory.
The flow meter uncertainty was also obtained with calibration, with a Coriolis flow meter

as reference (U = 10%).

Table 24 — Type B uncertainties of the magnetic wine cooler tests.

Parameter Uncertainty
Flow meter 11 L/h
Thermocouples 0.1°C
Pressure transducers 0.5 bar
Torquimeter 0.5%
Wattmeter 0.3 W

The expanded uncertainties were calculated as described in the previous section, as
a combination of type A and B uncertainties, for all the performance tests of the magnetic
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wine cooler. Each data point was acquired over a 2-minute sampling time, with a sampling
frequency of 150 Hz for each test condition. The maximum expanded uncertainties of the
two tests are presented in Tab. 24.

Table 25 — Maximum expanded uncertainties associated with the experimentally determined
variables (98% confidence interval).

Parameter Uncertainty
Volumetric flow rate [L/h] 12
Temperature [°C] 0.1
Pressure [bar] 0.5
Torque [Nm] 0.2
Pump power [W] 2
Motor Power [W] 1
Fan power [W] 0.3
Valve power [W] 1
Cooling capacity [W] 1
Energy consumption [kWh/year] 22
COP [-] 0.04

T]an [0/0] 0.2
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APPENDIX B — ENTROPY GENERATION OF

THE MAGNETIC WINE COOLER COMPONENTS

This appendix presents the analysis of the entropy generation of the prototype and the
components of the Hydraulic/Control subsystem. A further estimated analysis on the entropy
generation of the remaining subsystems and its components is suggested and evaluated, to
geta sense of possible additional critical points in the contribution of the system inefficiencies.

B.1 Evaluation of the Hydraulic/Control Subsystem

The total entropy generation of the magnetic wine cooler prototype was obtained
through Eq. B.1, from Hermes & Barbosa (2012), considering the temperatures of the hot and
cold ends.

WTot - 1 1

S.erss:—‘i' (___) B.1
gensy THE Qe Tue Tcg (B-1)

When evaluating the single components of the prototype, the entropy generation is
calculated considering each component as a control volume. The entropy generation in a

control volume is described by:

L e Q
Sgen = AS — Z T (B.2)
The entropy variation can usefully be evaluated through the Gibbs equation, as follows:

dh  vdP
ds = T - T (B-3)

The Hydraulic/Control system included the pump, the solenoid valves, the filter and
the flow meter. The entropy generation of the pump was obtained by Eq. B.4, where Tp is the
average between the temperatures of the working fluid on the inlet and outlet of the pump.
The heat dissipation of the pump was considered to be fully absorbed by the working fluid.

Sgenp = 1l (_— -—

Tp PTP

The solenoid valves, on the other hand, were considered to dissipate all of the heat

to the external ambient. Due to limitations on the instrumentation of the prototype, it was
not feasible to evaluate the entropy generation of the valves as isolated components, and
therefore the entropy generation was a combination of the solenoid valves and the filter

installed at the hot side. The entropy generation of the valves and the filter were obtained
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through Eq. B.5. The term Ah/Tys was omitted from Eq. B.5 as there was no temperature

measurements among the components, limiting the assessment of the working fluid enthalpy.

. ' VA
Sgen,(V+Fil) = (_W—V) + (__P) (B.5)
T .
amb/V HS /V+Fil

Lastly, the entropy generation of the flow meter was calculated as in Eq. B.6. The flow
meter was installed between the pump outlet and the HHEXx inlet, and as the pressure and
temperature measurements were not at the exact inlet and outlet of the flow meter, the

entropy generation due to heat losses (Qloss M) Of the tubing was also considered.

. A '
. [A_}ZFM _ pFM) " Qloss,FM (B6)

Sgen,FM = mg — —
Tem  pTem Trm
The heat losses of the tubing to the external environment were calculated as presented
in Eq. B.7.

Qloss,FM = UAloss,FM(TP,out - THHEx,in) (B-7)

The overall heat transfer coefficient was calculated by Eq. B.8, in terms of the internal
surface area of the tube (INCROPERA et al., 2008).

1 1  (Dyn/2\, Diex Dyn 1
+( bin/ )1 o (B.8)
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The internal heat transfer coefficient (/i) was calculated through the equations below
(INCROPERA et al., 2008).

usD in
Rep = P (B.9)
e
Nup = 3.66 (B.10)
NL[D kf
Ring = B.11
! Dt,in ( )

The external heat transfer coefficient (hex) was calculated through the equations below
(NELLIS; KLEIN, 2009; CHURCHILL; CHU, 1975).

_ gIBD t,ex(Tres - Tamb)

Rap = = (B.12)
_ 0.387Ra/® ’
Nitew = 0.6 + e o oo (B.13)
Nitext kam
oy = ot (B.14)
t,ex

Applying the experimental data of the F50V125 test condition into the equations de-
scribed above, the result of the entropy generation of the Hydraulic/Control subsystem
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is presented in Fig. 56, in reference to the total entropy generation of the system. The Hy-
draulic/Control subsystem contributes to 69% of the total entropy generation of the magnetic
wine cooler, where 45% is due to the pump, 16% is due to the valves and the filter and 8% is

due to the flow meter. The remaining portion was attributed to the sum of the contributions
of the AMR/Magnet and Cabinet/HEx subsystems.

B Hydraulic/Control
Other Subsystems

31 %

Figure 56 — Percentage of entropy generation of the magnetic prototype subsystems.

B.2 Estimation of the Entropy Generation of other Subsys-

tems

The entropy generation of other components of the prototype was also estimated, with
several approximations, so as to get a sense of possible additional critical points in the
contribution of the system inefficiencies. The estimation of each component of the remaining
subsystems, AMR/Magnet and Cabinet/HEX, is presented below.

B.2.1 AMR/Magnet

The AMR/Magnet subsystem included the AMR and the system to drive the rotation
of the magnet. The entropy generation of the AMR was calculated as the sum of the entropy
generations in the cold and hot blows, presented in the Eqs B.15, B.16 and B.17. As the pressure
and temperature measurements were not at the exact inlet and outlets of the cold and hot
blows, the entropy generation due to heat losses (Qloss) in the tubing, either by absorption
or release, was also considered. The Qjossc and Qioss 11 Were calculated following the same
procedure used to calculate the Qloss pm, from Eq. B.7 to B.14.

Sgen AMR = Sgen AMR,CB + Sgen AMR HB (B.15)
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- Ah A Dioss

Sgen AMR,CB = Mt | —= S ECB - Ql_o £ (B.16)
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Sgen AMRHB = Tl | — ZU BHB + Ql_ il (B.17)
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The entropy generation of the magnet is due to the mechanical losses of its drive system
to the external ambient. The power consumption of the drive system is due to the magnetic
interaction and transmission losses. To characterize the entropy generation of the drive
system, the transmission losses power (Wr,) must be separated from the magnetic interaction
power (W), by Eq. B.18. The magnetic interaction power consumption is calculated as in
Eq. B.19, and is dependent on the mass of magnetocaloric material (MCM), its temperature
and entropy variation and the magnet frequency. Due to limitations in the instrumentation of
the prototype, the temperature and entropy variation of the magnetocaloric material could
not be assessed. The magnetic interaction power consumption was approximated based on
results of Capovilla et al. (2016), that presented the variation of the power losses as a function
of the magnet frequency, in a transmission system very similar to that of the magnetic wine
cooler prototype. The losses vary linearly with the magnet frequency, being around 5 W for
a magnet frequency of 0.5 Hz and 10 W for a magnet frequency of 1.0 Hz. Considering all
the transmission losses as a heat rejection to the external ambient, the entropy generation of
the magnet was calculated by Eq. B.20.

WTr = WMO - WMag (818)
Witag = f(mggTds) (B.19)
MCM
| Wy,
Sgen,Mag == L (BZO)
Tamb

B.2.2 Cabinet/HEx

The Cabinet/HEx subsystem included the CHEX, the HHEx and the cold and hot fans.
As there were no measurements on the air velocities, air pressure drop and air temperatures
in the fans and heat exchangers, the portions of entropy variation of the air currents were not
considered in the equations, and the entropy generation of this subsystem was calculated as
an underestimated approximation.

The entropy generation of the CHEx was calculated considering a control volume
around the boundaries of the CHEXx itself, separated from the cold fan, and immersed into
the cabinet air as exchanging environment. The entropy variation of the air current could
not be assessed and was disregarded. Thus, only the entropy variation of the working
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fluid current and the heat absorbed from the environment was considered, and the entropy
generation in the CHEx was obtained by Eq. B.21.

) A « '
Sgen,CHEx = mf (A—hCHEX - ECHE ] - _QC (321)
TchEx pTchEx £ Tcab
Similarly, the entropy generation in the HHEx was calculated by Eq. B.22.
. Ahppee A . '
SgenHHEx = mf[ — T EHHE ) + _QH (B.22)
THHEx P THHEx £ Tamb

The entropy generation of the fans was calculated considering only the heat exchange
with their respective environments, disregarding the entropy variation of the air currents.
As there were no characterization of the fans, the efficiencies could not be assessed, and were
both considered to be 20%. The entropy generation of the cold and hot fans were obtained
by Eq. B.23 and Eq. B.24, respectively.

. Wer (1 -

Sgen,CF = < (— T]CF_) (B23)
Tcab

: Wi (1 -

Sgentir = Wi (1 = ) (B.24)
Tamb

B.3 Overall Evaluation of the Entropy Generation

With the approximations of the entropy generation of single components from the
AMR/Magnet and Cabinet/HEx subsystems, all the subsystems and its components of the
prototype were evaluated individually. Fig. 57 presents the evaluation of the contribution of
each subsystem to the total entropy generation of the prototype. The Cabinet/HEx subsystem
contributes with 20% of the total entropy generation of the magnetic wine cooler, being the
second highest contribution. The AMR/Magnet subsystem contributes with 11% of the total
entropy generation, representing the subsystem with the least contribution.

In a deeper examination of the entropy generation, Fig. 58 presents the contributions of
each component. As it can be seen, the pump contributes with around 45% of the total entropy
generation of the prototype, representing a very critical point into the system inefficiency.
The fans, although positively contributing to the external second-law efficiency — as they
increase the UA of the HEXx, represent the second highest contribution, totalling around 17%.
The valves contribute almost as much as the fans, but as it also carry the entropy generation
due to the filter, it cannot be confirmed that the valves represent a third critical contribution
to the system inefficiencies, as the filter could represent a high restriction to the fluid flow and
therefore a high pressure drop. The driving system of the magnet and the AMR, intrinsically
the core of magnetic refrigeration, contribute together in around 12%. The contribution of
the auxiliary flow meter is around 8.5%, a high contribution for an auxiliary component but
a loss that could be avoided in a final product version of the magnetic wine cooler. Lastly,



114 APPENDIX B. Entropy Generation of the Magnetic Wine Cooler Components

70 %
B Hydraulic/Control

AMR/Magnet
Hex/Fan

18 %

12 %

Figure 57 — Percentage of entropy generation of the magnetic prototype subsystems.

the cold and hot HExs contribute very little to the total entropy generation, setting both as
optimized points in the prototype in terms of inefficiencies.

40 1

30 1

Sger [%]
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Pump Fans V+Fil Magnet FM HEx/Cab AMR

Figure 58 — Percentage of entropy generation of each component of the magnetic prototype.

The pump, the fans and the valves should be addressed first when considering the
improvement of the inefficiencies of the magnetic wine cooler, as together they represent
78% of the total entropy generation of the prototype. However, with a sized and more efficient
pump, the need of a high heat transfer coefficient in the hot side — currently supplying three
fans, would naturally decrease, as the heat dissipation in the pump would be lower and the
power of the fans could be decreased. Also, the entropy generation of the valves should be
evaluated without the influence of the filter, to identify if the valves are indeed one of the
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critical points in terms of inefficiencies.

The total entropy generation of the system was then calculated by the sum of the
entropy generation of each component and further compared to the entropy generation of
the system obtained by Eq. B.1. The result calculated by the sum of the single components
underestimated the total entropy generation in around 2.5%, representing a good error given
the approximations made. However, the shares of entropy generation of the components and
the subsystems could change if the entropy generation evaluation were more accurate. So
as to improve the entropy generation calculations, some modifications could be made in the
current prototype.

The entropy generation of the magnet could be improved by a better approximation of
the magnetic interaction power consumption, with measurements of temperature inside the
layers of magnetocaloric material, so as to assess the average temperature of the regenerative
matrix in each blow and the respective entropy variation. The entropy generation of the
CHEx, HHEx and the fans could be improved with a characterization in a wind tunnel, to
assess the air flow rates of the fans and the pressure drops in the fans and the HExs. With
the pressure drop and air flow rates, the efficiencies of the fans could also be calculated.
Nevertheless, it is necessary to measure the temperatures in the inlet and outlet of the fans
and in the inlet and outlets of the HEx in the air currents, so as to assess the enthalpy and
entropy variation.

Besides the changes proposed above, the prototype could be instrumented with ther-
mocouples and pressure transducers in the inlet and outlet of each component, so as to
separate the entropy generation of the main components from the auxiliary components and

from the heat losses due to the tubing.
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APPENDIX C — EXPERIMENTAL RESULTS OF

THE CONVENTIONAL CHARACTERIZATION

TEsTs

Table 26 — Experimental results of the characterization tests of the conventional wine cooler.
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APPENDIX D — EXPERIMENTAL RESULTS OF

THE MAGNETIC WINE COOLER

CHARACTERIZATION TESTS

Table 27 — Experimental results of the performance tests of the magnetic wine cooler proto-

type.

: Vf Tcab Tamb TCHEx,in THHEx,in 144 QC cor MNand
Testpoint ) ] pc] pC] [C] (W] [WI [ [%]
F50V125 1247 125 24.2 11.5 26.9 585 243 041 1.7
F50V150 1496 119 248 11.0 27.3 84.8 264 031 14
F50V175 176.1 11.8 24.0 10.7 27.4 1153 253 022 0.9
F50V200 1993 13.0 24.6 12.1 28.0 1484 240 0.16 0.6
F50V225 2253 15.0 24.3 14.4 29.0 1929 20.1 0.10 0.3
F75V125 126.0 135 254 12.7 27.6 634 247 039 1.6
F75V150 1498 11.6 244 10.7 27.2 8.5 262 0.31 14
F75V175 1749 112 24.3 10.3 27.5 1173 26.7 023 1.0
F75V200 2009 11.6 24.3 10.7 28.0 1559 26.1 0.17 0.7
F75V225 2247 124 24.2 11.7 28.6 199.0 245 012 0.5
F100V125 125.2 13.0 25.3 12.1 27.5 65.6 242 038 1.6
F100V150 1493 11.6 24.7 10.7 271 88.8 267 030 14
F100V175 1740 10.8 24.6 9.8 27.7 1199 279 023 1.1
F100V200 201.0 11.3 24.7 10.3 28.1 160.6 274 017 0.8
F100V225 2248 121 24.8 11.3 28.7 200.2 259 013 0.6
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ANNEX A — HeAT EXCHANGER TECHNICAL

DRrRAWING

The CHEx and HHEX are identical to the model of heat exchanger presented in Fig. 59,
in terms of external dimensions and pipe diameter. They differ only in the number of fin
density, the CHEx having 10 fins/pol and the HHEx having 12 fins/pol.
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Figure 59 — Technical drawing of the heat exchangers assembled in the magnetic wine cooler
prototype.
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