Abstract
Magnetic refrigeration is an emerging technology that exploits the magnetocaloric effect found in solid state refrigerants. The combination of solid-state refrigerants, water-based heat transfer fluids and high efficiency leads to environmentally desirable products with minimal contribution to global warming. Among the numerous application of refrigeration technology air conditioning applications provide the largest aggregate cooling power and use of the greatest quantity of electric energy.

Recent achievements in the design of robust near room temperature magnetic cooling devices signify paradigm shift in refrigeration, liquefaction and freezing technologies and call for much broader base of advanced magnetocaloric materials to support quick materialization of this environmentally friendly energy technology in a variety of markets. The latest material discoveries are reviewed and current trends in engineering of advanced magnetocaloric compounds have been identified. The magnetic field source system constitutes an important component of Magnetic refrigeration. A specific methodology for its dimensioning is proposed. It is based upon analytical calculation models and takes into account the geometry of the system, the magnetic properties of the magnetocaloric material and the magneto thermal cycle.
1. Introduction
Our society is highly dependent on reliable cooling technology. Refrigeration is critical to our health and the global economy. Consumer application includes air-conditioning, food preservation, air dehumidification, beverage dispensing and ice making without refrigeration the food supply wood still be seasonal and limited to locally produced non-perishable items.


Modern refrigeration is almost entirely based on a compression/ expansion refrigeration cycle. It is a mature, reliable & relatively low cost technology. Over the years, all parts of a conventional refrigerator were considerably improved due to extended research and development efforts. Further more, some liquids used as refrigerants are hazardous chemicals, while other eventually escape into the environment contributing towards ozone layer depletion and global warming and therefore, conventional refrigeration ultimately promotes deleterious trends in the global climate. 

Magnetic refrigeration is an emerging technology that has the potential for high energy efficiency. The high efficiency arises because the analogues to the compression and expansion parts of the vapour cycle are accomplished by the magnetization and demagnetization, respectively of magnetic material. Magnetic refrigeration is commonly cooling technology based on the magnetocaloric effect. This technique can be used to attain extremely low temp. (Well below 1 Kelvin) as the ranges used in common refrigerators depending on the design of the system.

OBJECTIVES

       To develop more efficient and cost effective small scale H2 liquefiers as an alternative to vapor-compression cycles using magnetic refrigeration. 



With the help of magnetic refrigeration our objective is to solve the problem of hydrogen storage as it ignites on a very low temperature. Hydrogen Research Institute (HRI) is studying it with the help of magnetic refrigeration. We provide the cooling for the hydrogen storage by liquefying it.



The hydrogen can be liquefied at a low temperature and the low temperature is achieved with the help of magnetic refrigeration.



Thus, the magnetic refrigeration also provides a method to store hydrogen by liquefying it. The term used for such a device is magnetic liquefier.

2. Literature review
Although the magnetocaloric effect has been known for 118 years, research on this phenomenon and its appln as a means of cooling has practically been non-existent until the 1990's, except for the use of adiabatic demagnetization to attain very low temperatures. However, two major breakthroughs announced in 1997 have greatly changed the situation.

The first was the announcement on February 20, 1997 that the Astronautics/Ames Laboratory proof-of-principle laboratory demonstration unit had been operational for two months and had attained record cooling power for a magnetic refrigerator (MR). Since then the unit has been operated nearly every working day, logging in over 1500 "maintenance free" hours. Prior Mrs. ran for a few hours or a day or two at the most. The apparatus consists of two beds each containing 1.5 kg of gadolinium spheres. These beds reciprocate in and out of a magnetic field in such a manner that the magnetic forces cancel each other. The heat transfer medium is water, but automotive antifreeze can be added if cooling below 273K (00C) is required. The notable achievements attained with this proof-of-principle apparatus are: (1) a cooling power of 600 watts (which is about 100 times greater than that obtained by previous near room temperature MRs; (2) a maximum COP (coefficient of performance, i.e. cooling power divided by input work) of 15 (typical vapor cycle refrigerators have COPs between 2 and 6).

The second milestone was the announcement of the discovery of the giant magnetocaloric effect material Gd5(Si2Ge2) on June 9, 1997 in Physical Review Letters. The outstanding magnetocaloric properties are due to a first order ferromagnetic (F) to ferromagnetic (F) transition at 276K, which lies ~25K below a second order paramagnetic (P) to F transition. The F to F transition is maintained in magnetic fields up to at least 7.5T. The discovery of the giant magnetocaloric effect materials will not only lead to improved performance and efficiencies of MRs, but will open the door to applications previously considered inaccessible to magnetic refrigeration technology. These include automotive and aircraft climate control, home air conditioning and home refrigerator/freezers, cooling the next generation computers and other electronic devices. These applications require permanent magnets which can generate a 1.5 to 2T field in a 5mm gap and we believe this will open a large commercial market for rare earth based permanent magnet materials as magnetic refrigeration becomes an established commercial technology.
3. Basic Principle of Refrigeration 
Refrigeration is defined as the process to cool a body to a temperature below that of the surroundings. 
3.1. Conventional Refrigeration Systems 

         The conventional refrigeration systems are as follows:
 3.1.1. Vapour Compression System

A vapor compression system consists of the following components: 
         a) Evaporator   b) Compressor c) Condenser d) Expansion device 

  

The evaporator is located in the freezer compartment of the refrigerator and forms the coldest part of the arrangement. The refrigerant (R12, R22) evaporates inside the evaporator at a very low temperature and carries away the heat from the freezer compartment. The refrigerant in the vapor form is compressed in the compressor to raise its pressure. The high-pressure vapor enters the condenser, which is a wire and tube or plate and tube mounted on the back of the refrigerator, and is cooled by the atmospheric air. After condensation, the high-pressure liquid refrigerant is reduced to the low pressure of the evaporator by passing it through the expansion device. This completes one cycle of refrigeration.
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Fig.3.1 (a) Vapor Compression Refrigeration System      (b) T-S Diagram
3.1.2. Vapor Absorption System 
Anhydrous Ammonia (NH3) has been used for many years in refrigeration and air conditioning systems. Anhydrous Ammonia is ammonia without water; Aqua Ammonia is a solution of ammonia and water and is used in refrigerators and air conditioners that are not of vapour compression type. 

            Vapour compression systems use compressors to compress the ammonia vapour. Absorption type systems do not use a compressor but instead use a generator. A few household units, called gas refrigerators operate on the absorption principle. In these gas refrigerators, a strong solution of ammonia in water is heated using a gas flame in a container called a generator. The ammonia is carried off as a vapour into a condenser. The liquid ammonia in the condenser flows to the evaporator as in the compression system. Instead of the gas being inducted into a compressor on exit from the evaporator, the ammonia gas is reabsorbed in the partially cooled, weak solution of ammonia returning from the generator to form the strong ammonia solution. This process of reabsorption occurs in a container called the absorber, from which the enriched liquid flows back to the generator to complete the cycle.  Instead of ammonia, Lithium bromide can also be used as working fluid.
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Fig 3.2 Vapour Absorption System -- Ammonia & Lithium Bromide Type
3.1.3. Gas Cycle Refrigeration System 
A schematic diagram of an air refrigeration system working on a simple gas cycle is shown below. In this arrangement, the compressor and the expander are shown coupled together since the expander work is utilized to provide a part of the compressor work. Point 4 in the figure represents the state of the refrigerated air, which would absorb heat at a constant pressure until it attains the temperature corresponding to point 1. At 1, the air is isentropically compressed to 2, after which it is cooled at constant pressure to 3. The cooling medium is invariably the surrounding atmospheric air as the cycle is presently employed only in aircraft refrigeration. The air is finally expanded isentropically to 4 whereby it gets cooled. In this system other gases like Hydrogen, Carbon-di-oxide and Hydrocarbon gases can also be used, instead of air.
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Fig 3.3 (a) schematic diagram of simple gas cycle           (b) T-S diagram
3.2. Refrigerants   
          Inorganic: CO2, H2O, SO2, N2O, NH3.
        Organic: CFC – CFCl3, CF2Cl2, CF3Cl, Freon12, Freon22 [Ozone depletion]
        Hydrocarbons: C2H4, C3H8, C4H10.
4. Ozone layer depletion
1.  The earth’s Ozone layer in the upper atmosphere (Stratosphere) is essential for the absorption of harmful UV rays from the sun. These rays can cause skin diseases including cancer. CFC’s have been linked to the depletion of this Ozone layer. They have varying degrees of Ozone depletion potential (ODP). In addition, they act as Greenhouse gases. An international agreement – Montreal Protocol was signed by all countries in order to prevent further depletion of the Ozone layer. According to this international agreement, the use of fully halogenated CFC’s, like R11, R12, R13, R14 and R5O2, was phased out by 2000 AD.
2.  As CFC’s are stable, they migrate into the Stratosphere by molecular diffusion. It was hypothesized that in the stratosphere, the free chlorine will react with ozone according to the following reactions in the presence of UV rays and results in the depletion of Ozone. [4]                 
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Fig 4.1 Ozone layer depletion.
5. Ozone - Friendly Refrigeration Systems
5.1   Stirling refrigeration systems: Helium, and Hydrogen.

The Stirling cycle has the same efficiency as the Carnot cycle under equivalent conditions but it provides a better basis for a practical design. However, practical devices operate only approximately as Stirling cycles and their implementation has been disappointing. 
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Fig no 5.1 Process Flow Diagram.
The working fluid is usually helium – no problems with refrigerants

5.2 Magnetic Refrigeration Systems: Magnetocaloric materials like Lanthanides (Gadolinium) and Ferric Alum.        
6. Magnetic Refrigeration

6.1 History 
The effect was discovered in pure iron in 1881 by E. Warburg. Originally, the cooling effect varied between 0.5 to 2 K/T.

Major advances first appeared in the late 1920s when cooling via adiabatic demagnetization was independently proposed by two scientists: Debye (1926) and Giauque (1927).

The process was demonstrated a few years later when Giauque and MacDougall in 1933 used it to reach a temperature of 0.25 K. Between 1933 and 1997, a number of advances in utilization of the MCE for cooling occurred.

This cooling technology was first demonstrated experimentally by chemist Nobel Laureate William F. Giauque and his colleague Dr. D.P. MacDougall in 1933 for cryogenic purposes (they reached 0.25 K)

Between 1933 and 1997, a number of advances occurred which have been described in some reviews.

In 1997, the first near room temperature proof of concept magnetic refrigerator was demonstrated by Prof. Karl A. Gschneidner, Jr. by the Iowa State University at Ames Laboratory. This event attracted interest from scientists and companies worldwide who started developing new kinds of room temperature materials and magnetic refrigerator designs.

Refrigerators based on the magnetocaloric effect have been demonstrated in laboratories, using magnetic fields starting at 0.6 T up to 10 teslas. Magnetic fields above 2 T are difficult to produce with permanent magnets and are produced by a superconducting magnet (1 tesla is about 20,000 times the Earth's magnetic field).
6.2 Principle 

Magnetocaloric effect is the remarkable ability of some metals to get heated up when magnetized and to cool down when demagnetized. This effect causes a temperature change when a certain metal is exposed to a magnetic field. All transition metals and lanthanide series elements obey this effect. These metals, known as Ferro magnets, tend to heat up as a magnetic field is applied. As the magnetic field (B) is applied, the magnetic moments of the atom align. When the field is removed, the Ferro magnets cool down as the magnetic moments become randomly oriented. Soft Ferro magnets are the most efficient and have very low heat loss due to heating and cooling processes. Gadolinium, a rare-earth metal, exhibits the largest magnetocaloric effects.[3]
     [image: image7.png]|

&

Magnetocaloric Effect

Apply magnetic field
spins align
temperature increases

B~0 B>0

Remove magnetic field
spins randomize
temperature decreases





   
    [image: image8.png]Heat rejection

v

by magnetic
material to Regenerative
surroundinas heattransfer
Magnetic
field applied
Adia atic Adiabatic
Magr etisation Demagnetisation
pa
e
Magnetic
feld
removed
Heat transfer

from cold space
tothe magnetic
materialto
surroundings







Fig 6.1 Basic Principle of working & Magnetocaloric Effect.
6.3 Magnetocaloric materials
Materials, which exhibit the magnetocaloric effect and metamagnetism, are termed as magnetocaloric materials. [1,3] 
La (Fe100-xSix) 13 compounds: 
Gadolinium gallium garnet (GGG), 
(Gd) 3(Ga) 5-x (Fe) x (O) 12 (GGIG),

Gd5 (Si0.455Ge0.545), Ferric Alum,  
are some examples of magnetocaloric materials. Gadolinium exhibits a giant magnetocaloric effect by combining with silicon and germanium forming [Gd5 (Si2Ge2)] alloy. 
Gadolinium, a rare-earth ferromagnetic metal, plays the role of coolant, staying solid throughout the cycle, while a strong magnet replaces the compressor. The gadolinium concentrates heat when a magnetic field is present, then quickly cools down when the field is removed. Normally, as the gadolinium absorbs heat, it stores some of the energy in the form of increasingly random electron spins. But when a magnetic field is applied, the atoms' magnetic moments align themselves in parallel with the magnetic field, regularizing electron spin. Energy is squeezed out of the system, and can be removed by means of a heat transfer fluid. All ferromagnetic compounds exhibit this magnetocaloric effect to some degree, but most do so only within a narrow temperature range. The temperature ranges are –12°F to 80°F. 
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Fig 6.2 Magnetocaloric material wheel
6.4. Working of Magnetic Refrigeration System
6.4.1 Magnetic Refrigeration system
 Consists of two beds containing spherical powder of Gadolinium with water being used as the heat transfer fluid. The magnetic field for this system is 5 Wb/m2,  providing a temperature span of 38 K. The process flow diagram for the magnetic refrigeration system is shown in Figure-6.3.
A mixture of water and ethanol serves as the heat transfer fluid for the system. The fluid first passes through the hot heat exchanger, which uses air to transfer heat to the atmosphere. The fluid then passes through the copper plates attached to the non-magnetized cooler-magnetocaloric beds and loses heat. A fan blows air over this cold fluid into the freezer to keep the freezer temperature at approximately 0°F. The heat transfer fluid then gets heated up to 80°F, as it passes through the copper plates adjoined by the magnetized warmer magnetocaloric beds, where it continues to cycle around the loop. However, the magnetocaloric beds simultaneously move up and down, into and out of the magnetic field. The second position of the beds is shown in Figure 6.4. The cold air from the freezer is blown into the refrigerator by the freezer fan shown in Figure 6.5. The temperature of the refrigerator section is kept around 39°F. [11]
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Fig 6.3 Process Flow Diagram.
6.4.2 Refrigerator Configuration
 
The typical household refrigerator has an internal volume of 165-200 litres, where the freezer represents approximately 30% of this volume. Freezers are designed to maintain a temperature of 0°F. Refrigerators maintain a temperature of 39°F. The refrigerator will be insulated with polyurethane foam, one of the most common forms of insulation available. The refrigerator is kept cool by forcing cold air from the freezer into the refrigerator by using a small fan. 
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Fig 6.4 Process Flow Diagram
The control system for maintaining the desired internal temperatures consists of two thermostats with on/off switches. The freezer thermostat regulates the temperature by turning the compressor off when the temperature gets below 0°F. A second thermostat regulates the fan that cools the refrigerator to 39°F. To maintain a frost-free environment in the freezer, a defrost timer will send power to a defrost heater on the coils for a fifteen minute time period every eight hours. In the first six minutes, the walls of the freezer will be defrosted. The water will then drain into a pan at the base of the refrigerator. The next nine minutes involve the safety factor of not reaching a temperature in the freezer that is too high. Also, a safety thermostat keeps the liquid water from freezing as it drains. 
The heat transfer fluid for the magnetic refrigeration system is a liquid alcohol-water mixture. The mixture used in the design consists of 60 % ethanol and 40 % water. This mixture has a freezing point of –40°F, assuring that the mixture does not freeze at operating temperatures. This heat transfer fluid is cheaper than traditional refrigerants and also eliminates the environmental damage produced from these refrigerants.
The temperature of the fluid in the cycle is in the range of –12°F to 80°F. The heat transfer fluid, at approximately 70°F, gets cooled to –12°F by the non-magnetized cold set of beds. This cooled fluid is then sent to the cold heat exchanger, where it absorbs the excess heat from the freezer. This fluid leaves the freezer at 0°F. The warm fluid then flows through the opposite magnetized set of beds, where it is heated up to 80°F. This hot stream is now cooled by air at room temperature in the hot heat exchanger to 70°F. The cycle then repeats itself every three seconds after the beds have switched positions. Copper tubing is used throughout the loop and in the two heat exchangers. The two sets of beds contain the small spheres of magnetocaloric material. The beds are alternated in and out of the magnetic field using a chain and sprocket drive shaft. The drive shaft rotates the beds back and forth while still keeping them in contact with the heat transfer plates.[image: image12.png]
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Fig 6.5 Magnetic Refrigeration System Configuration
A Rotary AMR Liquefier

The Cryofuel Systems Group at UVic is developing an AMR refrigerator for the purpose of liquefying natural gas. A rotary configuration is used to move magnetic material into and out of a superconducting magnet.

           This technology can also be extended to the liquefaction of hydrogen.
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Active Magnetic Regenerators (AMR's)

A regenerator that undergoes cyclic heat transfer operations and the magneto caloric effect is called an Active Magnetic Regenerator (AMR).An AMR should be designed to possess the following attributes: 

                     These requirements are often contradictory, making AMR's difficult to design and fabricate.

1. High heat transfer rate

2. Low pressure drop of the heat transfer fluid

3. High magneto caloric effect

4. Sufficient structural integrity

5. Low thermal conduction in the direction of fluid flow

6. Low porosity

7. Affordable materials

8. Ease of manufacture

Super Conducting Magnets
Most practical magnetic refrigerators are based on superconducting magnets operating at cryogenic temperatures (i.e., at -269 C or 4 K).These devices are electromagnets that conduct electricity with essentially no resistive losses. The superconducting wire most commonly used is made of a Niobium-Titanium alloy.

             Only superconducting magnets can provide sufficiently strong magnetic fields for most refrigeration applications.

A typical field strength is 8 Tesla (approximately 150,000 times the Earth's magnetic field).An 8 Tesla field can produce a magneto caloric temperature change of up to 15 C in some rare-earth materials.
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Regenerators
Magnetic refrigeration requires excellent heat transfer to and from the solid magnetic material. Efficient heat transfer requires the large surface areas offered by porous materials. When these porous solids are used in refrigerators, they are referred to as "regenerators”. Typical regenerator geometries include:

(a) Tubes

(b) Perforated plates

(c) Wire screens

(d) Particle beds
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6.4.3. Process Parameters 
  

	Magnetocaloric Material
	Gd5 (Si2Ge2)  (Gadolinium Alloy)

	Heat Transfer Fluid
	Anti-freeze Mixture (60% Ethanol + 40%Water)

	Cooling power 
	600 Watts

	Coefficient of Performance
	15

	Efficiency
	60% of Carnot efficiency

	Magnetic Field
	05 Wb/m2

	Temperature range
	–12°F to 80°F 


7. Analogy with Conventional Systems
Magnetic Refrigeration system is analogous with conventional systems as follows:
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	Conventional Refrigeration
	Magnetic Refrigeration

	Compression of refrigerant to high pressure, temperature state in the compressor.
	Magnetization of magnetocaloric material to high temperature state.

	Refrigerant is reduced to low temperature but high-pressure state due to cooling in condenser.
	Heat transfer fluid, e.g. Water, removes heat from the magnetized magnetocaloric material.

	The high-pressure refrigerant expands in the expander to a very low temperature & low-pressure state.
	The magnetocaloric material is demagnetized which results in great reduction in temperature.

	Refrigerant in this state absorbs heat in the evaporator to get vaporized, thereby removing heat from the evaporator.
	The magnetocaloric material takes up heat from an antifreeze mixture cooling effect is achieved by blowing air on the antifreeze mixture.






Magnetic Refrigeration 
Vapour Compression analogy
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8. Applications, Advantages & Dis-advantages of Magnetic Refrigeration
8.1 Applications

Magnetic Refrigeration systems are proposed to be used in the following applications: 
1.  Large-scale refrigeration, 

2. Food processing, 
3.  Heating, 
4. Air conditioning and cool air blowers  

5. Liquor distilling and grain drying, 
6. Waste separation and treatment systems. 
7. Automotive seat coolers: Seat coolers provide more comfort then cabin air-cooling systems.   
8. Further development of magnetic refrigeration could lead to the production of cheap liquid hydrogen and high energy saving operations. 
  
8.2. Advantages 

The major advantages of Magnetic Refrigeration Systems over Compressor-Based Refrigeration Systems are
1. The design technology: Use of a new phenomenon with metals. 

2. Environmental impact [CFC - Free], 
3. Operating cost savings 
· Need of a magnetic field, circulating pump only, instead of the use of compressors, evaporators, absorbers, generators.

· As there is no use of compressors and generators power consumption is low. 

 Magnetic material in the regenerator bed will only need to be replaced when changing refrigerant to achieve a different temperature range. Also, when a better magnetic material is developed, the refrigerator will need not be redesigned. 
Ames laboratories designed a refrigerator based on the principle of magnetic refrigeration and it is under research. 

8.3. Disadvantages
1. For magnetic refrigeration to attain widespread acceptance its costs must be made                                                                                                 competitive with vapor cycle technology.
9. Future Research Prospects
  
  1.      Due to the high magnetic field, this system is not applicable for use at home and to

find a common metal for Magnetic Refrigeration instead of the rare Earth metals.

   2.     The ultimate goal of this technology would be to develop a standard refrigerator for           domestic purposes.

    3.    By eliminating the high capital cost of the compressor and the high cost of electricity   to operate the compressor, magnetic refrigeration can efficiently and economically replace compressor-based refrigeration.

10. Conclusion
1. Magnetic refrigeration is a green technology with environmentally desirable characteristics and the potential for minimal contributions to global warming.
2. Magnetic refrigeration is an emerging technology that has the potential for high energy efficiency.
3. For magnetic refrigeration to attain widespread acceptance its costs must be made competitive with vapor cycle technology.
4. A preliminary assessment of cost for the residential air conditioning application shows that the permanent magnet cost is of great importance. The cost of the permanent magnet is proportional to the volume of the magnetocaloric material matrix and exponentially proportional to the magnetic flux density. 
5. Vapour compression systems are well established but there are niche markets for absorption cycles, air cycles and Stirling cycle devices & Magnetic refrigeration.
6. Difficulties over the long term availability of working fluids for vapour compression systems might stimulate interest in other systems. 

7. There is wide ranging research into refrigeration systems. The available evidence suggests that the Magnetic refrigeration should be attractive in the near future. 
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