IJSRD - International Journal for Scientific Research & Development| Vol. 11, Issue 6, 2023 | ISSN (online): 2321-0613

Magnetocaloric Effect: A Revolutionary Pathway for Advanced
Refrigeration Technology

Soham Nadkarni
Undergraduate Student
Department of Chemical Engineering
Institute of Chemical Technology, Mumbai, India

Abstract — This study focuses on Magnetic Refrigeration, a
solid-material-based cooling technique employing the
magneto-caloric  effect. The paper explains this
phenomenon's mechanism, contrasts it with conventional
methods, assesses diverse magneto-caloric materials, and
highlights  magnetic  refrigeration’s advantages and
applications. This method offers cost-effectiveness,
durability, reduced weight, and enhanced efficiency, utilizing
a solitary moving part: a rotating disc with magneto-caloric
material. Unlike traditional systems, it avoids compressors,
pumps, working fluids, and harmful substances. Potential
applications span electronics, superconducting components,
residential/commercial refrigerators, and air conditioning for
various settings, promising a breakthrough in cooling
technology.
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I. INTRODUCTION

Magnetic Refrigeration is an emerging technology which
achieves refrigeration without relying on conventional
vapour cycle. It does not use vapour as a refrigerant.
Magnetic refrigeration works on the ‘magnetocaloric effect’.
It uses solid material as a refrigerant. These materials
demonstrate the unique property known as magneto caloric
effect, which means that they increase and decrease in
temperature upon applying/removing external magnetic field.
With this effect, we can create a highly efficient and
environmentally friendly refrigeration system that has the
potential to replace traditional vapor compression
refrigeration in certain applications.

Il. WORKING PRINCIPLE

The application of a magnetic field to a magnetic substance
leads to the alignment of its unpaired spins parallel to the
field's direction. This alignment induces an increase in
orderliness and a subsequent reduction in the system's
entropy. In response, the material's atoms start vibrating,
potentially aiming to restore randomness to the spins and
elevate the entropy once more. This vibrational activity
results in a rise in the material's temperature.

Conversely, the removal of the magnetic field
prompts the electron spins to return to a state of randomness,
causing the material's temperature to drop below that of its
surroundings. This cooling effect allows the material to
absorb excess heat from its environment, initiating the cycle
anew.
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This thermal oscillation can be compared to the
functioning of a conventional refrigerator, wherein the
manipulation of gas compression and expansion produces
variations in heat exchange and the surrounding temperature.

This  phenomenon, known as adiabatic
demagnetization, underpins the behavior of ferromagnetic
materials. When a magnetic field is applied to these materials,
their magnetic moments align, leading to an increase in
temperature. Conversely, the removal of the magnetic field
results in the cooling down of the material as its magnetic
moments become randomly oriented again. This cooling
process is central to the magnetocaloric effect, a principle
explored in developing advanced cooling technologies.

A. Magnetocaloric Effect

The refrigeration process is related to the magnetocaloric
effect. Notably, the magnet's magnetic field dissipates when
its temperature shifts from a lower to a higher range, a
phenomenon termed the 'Curie effect.’ The Magneto-caloric
effect (MCE), stemming from magnet and calorie, represents
a magneto-thermodynamic occurrence. It prompts a
reversible temperature alteration in a material exposed to a
varying magnetic field, primarily observed near the material's
transition temperature. The MCE reaches its zenith at the
Curie temperature, the point at which ferromagnetic
substances transition to paramagnetic due to atomic
vibrations. The potency of the magneto-caloric effect
diminishes as we move away from this juncture. Magnetic
materials usually display pronounced MCE and adiabatic
temperature fluctuations within roughly +20°C around their
Curie temperature. This phenomenon is evident in transition
metals and lanthanide series elements. Gadolinium and its
alloys, as rare earth elements, distinctly embody this effect.
Gadolinium was an initial preference for refrigeration in
magnetic systems, harnessing the magnetocaloric effect's
ability to induce temperature variations during magnetization
and demagnetization.
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B. Components

— Magnets — Magnets are the main functioning element of
the magnetic refrigeration. Magnets provide the
magnetic field to the material so that they can lose heat
to the surrounding and gain the heat from the space to be
cooled respectively.

— Hot Heat Exchanger — The hot heat exchanger absorbs
the heat from the material used and gives off to the
surrounding. It makes the transfer of heat much effective.

— Cold Heat Exchanger — The cold heat exchanger absorbs
the heat from the space to be cooled and gives it to the
magnetic material. It helps to make the absorption of heat
effective.

— Drive — Drive provides the right rotation to the heat to
rightly handle it. Due to this heat flows in the right
desired direction.

— Magneto Caloric Wheel — It forms the structure of the
whole device. It joins both the two magnets to work
properly.

C. Thermodynamic Cycle

The thermodynamic cycle for magnetocaloric refrigeration
involves a series of steps that utilize the magnetocaloric effect
(MCE) to achieve cooling. This cycle is similar in concept to
the Carnot cycle used in traditional vapor compression
refrigeration, but it takes advantage of the temperature
changes associated with the MCE.

The cycle consists of several stages:

1) Adiabatic Magnetization:

— At the initial state, the magnetocaloric material is in
thermal equilibrium with its  surroundings.

— The material is exposed to an external magnetic
field, causing its spins to align and its temperature to
rise. The increasing external magnetic field (+H)
causes the magnetic dipoles of the atoms to align,
thereby decreasing the material's magnetic entropy
and heat capacity. Since overall energy is not lost
(yet) and therefore total entropy is not reduced
(according to thermodynamic laws), the net result is
that the item heats up (T + ATad)

— This step is called adiabatic magnetization because
the material remains thermally isolated from its
surroundings.

2) Isomagnetic Enthalpy Transfer :

—  This added heat can then be removed by a fluid like

water or helium for example (-Q).

— The magnetic field is held constant to prevent the
dipoles from reabsorbing the heat. Hence this step is
also reffered to as isomagnetic enthalpy transfer.

— Once, the magneto caloric material is sufficiently
cooled, the coolants are separated.

3) Adiabatic Demagnetization
Demagnetization):

— The magnetic field is slowly decreased while the
material remains thermally isolated.

—  The material's spins become disordered, causing its
temperature to decrease.

— Heat is released from the material to its
surroundings, further lowering its temperature.

— Energy and entropy transfers from thermal entropy
to magnetic entropy (disorder of the magnetic
dipoles).

4) Isomagnetic Cooling (Adiabatic Remagnetization):

— The magnetic field is held constant to prevent the
material from heating back up.

— The material is placed in thermal contact with the
environment being refrigerated.

— Because the working material is cooler than the
refrigerated environment (by design), heat energy
migrates into the working material (+Q).

The complete cycle involves alternating stages of
magnetization and demagnetization while keeping the
material thermally isolated from the surroundings. This
results in temperature changes that lead to cooling effects.

The key principle underlying this cycle is that the
magnetocaloric material absorbs heat during magnetization
and releases heat during demagnetization. By efficiently
transferring this heat to or from the surrounding environment,
the magnetocaloric material can provide cooling.

(Isothermal

I1l. MAGNETIC MATERIALS

Magnetocaloric effect was first observed in pure Iron in 1881
by E. Warburg. As traditional vapour cycles operate near
boiling point of refrigerant, magnetic refrigeration operate
near Curie Point.

Today, the working substance is often a
paramagnetic salt, such as Cerium Magnesium Nitrate.

It is to be noted that Magnetocaloric effect is an
intrinsic property of a magnetic solid. We are interested in
materials with ease of applying and removal of magnetic
effect.

Alloys of gadolinium producing 3 to 4 K per tesla of
change in magnetic field are used for magnetic refrigeration.
Ferrimagnet, antiferromagnet or spin glass system are not
used here as the magnitudes of the magnetic entropy and the
adiabatic temperature changes are small in them. However, it
can be substantial for normal ferromagnets which undergo a
second order magnetic transition (SOMT); and it is generally
the largest for a ferromagnet which undergoes a first order
magnetic transition (FOMT).

Crystalline electric fields and pressure can have a
substantial influence on magnetic entropy and adiabatic
temperature changes as well.

Gds(SixGe1x)s , La(FexSiix)1sHx and MnFeP1xAsx
allays are some of the most promising substitutes for
Gadolinium and its alloys.
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A specific set of magnetic materials demonstrates
the necessary magneto-caloric effect for practical
refrigeration applications. Among these, rare-earth metals,
often combined in alloys or compounds, exhibit substantial
entropy changes. Gadolinium (Gd), a rare-earth metal, stands
out with one of the most significant magneto-caloric effects.
Initially used as a refrigerant in magnetic cooling systems,
pure Gd's weak effect at room temperature posed a challenge.
However, recent alloy research involving gadolinium,
silicon, and germanium has shown promising outcomes,
offering better efficiency around room temperature. These
alloys, generating 3-4 Kelvin per tesla, hold potential for
magnetic refrigeration and power generation. Gadolinium'’s
suitability stems from its second-order phase transitions,
making it a prime candidate for efficient, eco-friendly cooling
technologies

IV. CLASSIFICATION
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V. PRACTICAL APPLICATION

A. Active Magnetic Regenerator Refrigeration (AMRR):

Active Magnetic Regenerator Refrigeration (AMRR) is based
on a cyclic heat transfer process coupled with the
magnetocaloric effect.

An Active Magnetic Regenerator (AMR) is a
regenerator that experiences such cycles. The AMRR system
comprises regenerator beds, magnets, pumps, and heat
exchangers. These regenerator beds contain magnetic
particles and are exposed to changing magnetic fields through
external magnets. The working fluid moves back and forth
between the hot and cold ends in sync with the altering
external magnetic field. Through this repetitive process, the
regenerator functions as a refrigerator, forming the AMR
cycle.

The AMRR cycle involves four steps:
1) Magnetizing — The magnetic particles in the regenerator
bed align with the external magnetic field.
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2) Flow from Cold to Hot — The working fluid moves from
the cold end to the hot end, absorbing heat.

3) Demagnetizing — The external magnetic field weakens,
and the magnetic particles' alignment disintegrates.

4) Flow from Hot to Cold — The working fluid returns from
the hot end to the cold end, releasing heat.

B. A Rotary AMR Liquefier

The Cryofuel Systems Group at UVic is in the process of
developing an Active Magnetic Regeneration (AMR)
refrigerator designed specifically for liquefying natural gas.
This technology utilizes a rotary setup to move magnetic
material in and out of a superconducting magnet. This
advancement holds potential for extending its application to
the liquefaction of hydrogen as well.

The refrigeration process involves several distinct stages:

— Process 1-2 - Adiabatic Magnetization: The magnetic
material is placed in an adiabatic environment, with the
heat transfer fluid remaining stationary. During
magnetization, the magnetocaloric effect (MCE) causes
the temperature to rise to (T + ATad).

—  Process 2-3 - Heat Absorption: The fluid flows from the
magnetic material, absorbing heat and subsequently
raising its temperature to T. Simultaneously, the fluid
releases heat to a hot reservoir.

—  Process 3-4 - Adiabatic Demagnetization: The magnetic
material undergoes adiabatic demagnetization as the
magnetic field changes from Bmax to Bmin=0. The fluid
remains static, resulting in a temperature drop to (T -
ATad).

— Process 4-1 - Heat Rejection: The fluid flows from the
hot to the cold end while the magnetic field remains at
Bmin. This action causes the fluid's temperature to return
to T, while absorbing heat from a cold reservoir.

This innovative AMR refrigerator concept,
especially relevant for liquefying natural gas, showcases a
cyclic process that efficiently leverages the magnetocaloric
effect to facilitate cooling. Additionally, the possibility of
adapting this technology for hydrogen liquefaction offers
further prospects for advanced cryogenic applications.

VI. CRITERIA FOR SELECTION OF MATERIALS FOR MAGNETIC
REFRIGERATION

A. Thermodynamic Properties

— Magnetocaloric Effect — It is the most critical property
for a material in magnetic refrigeration. The
Magnetocaloric effect quantifies how much a material's
temperature changes in response to a magnetic field
variation. Materials with a large and tunable MCE over
the desired temperature range are preferred.
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Adiabatic Temperature Change (ATag) — The adiabatic
temperature change (ATad) for magnetocaloric materials
refers to the temperature variation experienced by the
material when it undergoes a magnetic field-induced
phase transition in an adiabatic (isolated) environment .A
high ATaq indicates efficient cooling performance.

Curie Temperature (Tcy) — The Curie temperature is the
temperature at which a material's magnetic properties
change. The operation temperature of the cycle muct be
much much less then Tcy

Thermal Conductivity — Material should have good
thermal conductivity for enhanced heat transfer

Safe Working

Stability — Selected materials should exhibit stability and
consistency in their magnetocaloric properties over the
desired temperature range and throughout repeated
cycles of magnetization and demagnetization.
Durability — Materials must be durable enough to
withstand the mechanical stress and thermal cycling
inherent in refrigeration systems.

Non-Toxicity — To ensure safe operation, the selected
materials should be non-toxic and non-hazardous to
human health.

Chemically Inert — Material must be non reactive & Non
Corrosive

Environmental Impact

Avoidance of Rare or Hazardous Elements — The
selection of materials should avoid rare or hazardous
elements that might have negative environmental
implications or limited availability.

VII. ADVANTAGES OF MAGNETIC REFRIGERATION

Efficient than Vapour Cycle
Environmentally friendly, does not use Chlorofluoro
carbons/hydro chlorofluorocarbons.
Quiet and Vibration Free
Longer life. Less Moving parts, hence less chances of
them getting damaged.
Less Maintenance
Compact Design
Rapid Temperature changes possible
No chances of refrigerant leakage
Less affected by variations in external conditions like
ambient temperature.
VIIl. CHALLENGES/DRAWBACKS OF MAGNETIC
REFRIGERATION

Material selection and Availability

Energy consumption may be high for generating
magnetic field.

Materials may have cooling effect over a relatively
narrow temperature range.

High initial cost/investment

Sophisticated equipment & Control Systems

Designing suitable heat exchanger

IX. CONCLUSION

Magnetic refrigeration has emerged as a promising
technology, showcasing its environmental safety and
demonstrating a 25% efficiency enhancement compared to
vapor compression systems. This advancement offers two
key benefits over vapor compressed systems: the absence of

hazardous chemicals and the potential for up to 60%

efficiency. However, certain challenges remain, particularly

pertaining to thermal and magnetic hysteresis in first-order
phase transition materials exhibiting the Giant

Magnetocaloric Effect (GMCE). These issues are the focus of

ongoing research, aiming to enhance the practical utility of

these materials.

Currently, this technique is applied successfully in
laboratory settings to achieve cryogenic temperatures,
reaching below 10 Kelvin. From the study's conclusion,
several key points emerge:

1) Investigating magnetic materials with a significant
Magneto-Caloric Effect (MCE) for room temperature
magnetic cooling necessitates a strong magnetic field.

2) Prominent magnetic materials for room temperature
magnetic refrigeration include Gd, GdSiGe alloys,
MnAs-like materials, and perovskite-like materials.

3) Materials under development for the same purpose
encompass La(FexSil-x)13 and La(Fe0.88Si0.12)13Hy.

4) The success of room temperature magnetic refrigeration
hinges upon the excellent performance of regenerators
and heat transfer mechanisms.

5) This innovation marks a new era of highly efficient
cooling, particularly at room temperature.

6) Its potential applications encompass household
refrigerators, central cooling systems, room air
conditioners, and supermarket refrigeration units.

7) Importantly, this technology aligns with environmental
protection goals, reflecting its environmentally friendly
nature.
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