
ABSTRACT

Ever growing demand of the refrigeration and air conditioning systems in different disciplines expects major modifications in the working mechanisms, which ultimately influences the Environment. The alternate eco-friendly systems are to be designed to overcome the hazards such as ODP, GWP caused by the mechanical refrigeration systems.

         This paper discusses about ‘Magnetic Refrigeration’ which is based on the principle of Magnetocaloric Effect. Magnetic refrigeration systems are an environmentally attractive space cooling and refrigeration alternative that do not use a fluorocarbon working fluid.
       The newly introduced Adiabatic Demagnetization Refrigerator which uses cyclic cooling promises a clean, pollution free environment with efficient cooling.
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1. Introduction

Man has always had a need for preserving food and it has probably been known for a long time that low temperatures allow fresh food to be kept for long periods of time. The first method that was used was to collect and store natural ice during the winter to be used later during the warmer periods of the year. This low temperature preserving is termed as’ Refrigeration’. Now a days, refrigeration applications at the domestic, commercial, industrial level are becoming an integral part. Our changing lifestyle leads to more demand and supply for refrigeration systems. The entire concept of refrigeration is based upon Thermodynamic theory.
1.1 Mechanical Refrigeration system: 

A device that transfers heat from a cold body to a warm body, with the aid of an external energy source is called as a Refrigerator. The invention of Joule-Thomson’s cooling effect (i.e. when a fluid is allowed to expand through a nozzle, it gets cooled) and its combination with compression gave rise to the Mechanical/Vapour compression Refrigeration technology. 
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In such a system, the low temperature (evaporator) reservoir is the cold body and from where the stored substances get cooled and the high temperature reservoir(condenser) is the hot body ,from where the heat is given off to surroundings. The two main types of refrigeration cycles are the refrigerant absorption process and the vapour compressor refrigeration cycle. The compressor cycle absorbs heat in an evaporator when the refrigerant vaporizes. This vapour is then compressed by a compressor and then condensed at the higher pressure in a condenser while emitting heat. The liquefied refrigerant is then returned to the low pressure evaporator via a pressure reducing expansion device. The refrigerant that was initially used was ammonia and this and other refrigerants such as sulphur dioxide, methyl chloride and carbon dioxide were in common use. The introduction of CFC-compounds (halogenated hydrocarbons, Freon(c), etc.) refrigerants that were at that time considered to be harmless to humans, environmentally safe and incombustible .CFC-compounds where further developed and rapidly replaced the previously used refrigerants except ammonia.

2. Refrigerants and the Environment 
CFC-compounds have a significant destructive effect on the earth's Ozone layer that protects us from the sun's UV-radiation. CFCs are very stable and can disperse high in the stratosphere where they decompose and form free chlorine. The chlorine then acts as a catalyst that reacts with the Ozone. 

A replacement has been sought for R11, trichlorofluorinemethane, R12, dichlorofluoromethane and R502 (R115+R22) in refrigeration application. These compounds are considered to be the most damaging to the ozone layer and are also the refrigerants that have the most widespread use. The two main environment concerns are discussed below.
2.1 Ozone Depletion Potential (ODP)

With growing environment hazards, awareness towards a sustainable development is increasing now. One of the serious threats to the environment is the Stratospheric Ozone Layer Depletion. The stratospheric ozone layer plays a beneficial role by absorbing most of the biologically damaging ultraviolet sunlight called UV-B coming towards the earth. Ozone also plays a key role in the temperature regulation of the Earth’s atmosphere. Recent investigations have shown those human made chemicals are responsible for the observed depletion of ozone layer. The Ozone depleting compounds (CFCs and HCFC) contain reactive gaseous atoms of chlorine or bromine. These atoms when leaked from the refrigeration system cause hazard. Although, these molecules are heavier than the molecules of air, the atmospheric air circulation takes these compounds to the stratosphere over a period of time.CFCs are very stable and can disperse high in the stratosphere where they decompose and form free chlorine. The chlorine then acts as a catalyst that reacts with the ozone. Halon (i.e. chlorine and bromine) molecules of CFCs and HCFCs react very rapidly with ozone via their oxide formation and thus decrease in concentration of stratospheric ozone.

2.2 Global Warming Potential (GWP)

Current refrigerants causes global warming due to Green House Effect.Besides, the phenomenon of trapping of reflected short wave-length radiation from the surface of earth in the troposphere by various types of atmospheric constitutes gives rise to the increase in the Earths surface temperature known as Green House Effect. Thus Earths retains heat and its progressive warming is taking place. Increase of earth’s temperature by few degrees is expected to produce many unwanted environmental effects. The presence of CFCs and HCFCs in the troposphere region also plays significant role in the greenhouse effect. Thus, in the present environmentally conscious age,  it has been pointed out that production, leakage, disposal etc. of CFCs  and HCFCs refrigerants has an adverse effect on our environment by contributing towards ozone layer depletion and greenhouse effect.

3. Need for alternate system

Current systems have efficiency of 30% of Carnot cycle. The improvement rate in the efficiency of the existing systems is very slow. Also the environmental crises are, now a day, becoming main cause of concerns. Thus, due to slow improvement of efficiency and concern for the environment, efforts are now being directed to develop eco-friendly alternative refrigeration systems. In this regard, some alternatives are – magnetic refrigeration, which uses magnetic effect, thermoelectric refrigeration which uses Peltier’s effect and thermo acoustic refrigeration.

4. Magnetic Refrigeration


Magnetic refrigeration is based on the magnetocaloric effect – the ability of some materials to heat up, when magnetized and to cool, when magnetic field is removed. This change is achieved through the change of magnetization of a ferromagnetic or paramagnetic material. If a superconductor in the superconductive state (or phase) is thermally isolated, and an applied magnetic field is increased to a value above the critical magnetic field, the superconductor cools to a lower temperature. Such a process is known as an Adiabatic Magnetization. On the other hand, if a superconductor in the normal state (or phase) is thermally isolated, and an applied magnetic filed is lowered to a value below the critical magnetic field, the superconductor heats to a higher temperature.  Such a process is known as an Adiabatic Demagnetization.  Both of these described processes are known as the Magneto-caloric Effect and are the result of latent heat exhibited at the phase transition which is exchanged with the internal energy of the superconductor (the phase transition being adiabatic).   

4.1 Basics of the magnetic refrigeration system
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The system is based on the magnetocaloric effect as shown in figure. It has two rotating cylinders containing powdered Gadolinium- a dense, gray, rare earth metal and a superconducting magnet. Gadolinium has a favorable magnetocaloric coefficient. Each atom of gadolinium has seven (7) unpaired electrons in an intermediate shell, which gives the element a strong magnetic moment. This type of refrigerator is reported to work at near-room temperature, to produce substantial amount of cooling power. At a fixed temperature, the entropy of magnetic system gets lowered as the spins align with an applied magnetic field. When a ferromagnetic material like gadolinium, is placed in a magnetic field, the magnetic moments of its atoms become aligned, making the material more ordered. But, the amount of entropy in the magnet must be conserved, so the atoms vibrate more rapidly, raising the material temperature. Conversely, when gadolinium is taken out of magnetic field, the material cools.

The two(2) cylinders containing gadolinium metal can be made to rotate through magnetic field and arrangements should be made such that,  the mixture of water and ethanol is pumped into one of the cylinders of gadolinium immediately after it moves out of the magnetic field. The mixture cools, as it flows through the porous bed of demagnetized gadolinium and then through a heat exchanger. Next the mixture passes through the cylinder of gadolinium, which is inside the magnetic field. The stream of mixture heats up, and flows through another exchanger, providing ample refrigeration power by continuously heating one exchanger and cooling the other. After a preset time interval, the two cylinders of gadolinium compound switch takes place and the flow of mixture is reversed. Besides, antifreeze can be added to water to allow the machine to cool below zero degrees Celsius .The team has developed a working system that uses two beds containing spherical powder of Gadolinium with water being used as the heat transfer fluid. The magnetic field for this system

is 5 Tesla, providing a temperature span of 38 K. The maximum values obtained from this unit

include a cooling power of 600 Watts, Coefficients of Performance near 15, and efficiency of

Approximately 60% of Carnot efficiency.
5. Systems in use:
   The system hereby discussed is an adiabatic demagnetization refrigerator used  to cool X–Ray Detectors. 

  5.1  A Cyclic Magnetic Cooler
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5.2 Elements of ADR
5.2.1 Salt Pill 
This is the block of paramagnetic substance. The XRS ADR uses Ferric Ammonium Alum (FAA, also called Ferric Ammonium Sulfate.) However, chemicals other than salts have been proposed, such as Gadolinium Gallium Garnet (GGG.) 
5.2.2 Magnet 

The magnet provides the magnetic field that controls the flow of entropy and energy into and out of the molecular magnetic moments. 

5.2.3 Thermal Sink 

The thermal sink is where the heat is dumped after it leaves the salt pill. In the XRS ADR, the thermal sink is a bath of liquid helium coolant. For other ADR's, the thermal sink could be some other cryogen, or even another cooler. 

5.2.4 Heat Switch 

The heat switch allows the salt pill to make or break contact with the thermal sink. When the switch is turned on, heat can flow. When it's turned off, heat cannot flow.

5.3 Working
 An Adiabatic Demagnetization Refrigerator (ADR) works by using the properties of heat and the magnetic properties of certain molecules. 

Some molecules have large internal magnetic fields, or "moments". Just like a tiny bar magnet, these molecules will align themselves with an external magnetic field. The random thermal motions of the molecules, on the other hand, tend to de-align them. The higher the temperature, the more they de-align. ADRs generally use certain types of salts for the molecules, because they have particularly large magnetic moments. An ADR works by first using a large magnet to align the magnetic poles (spins) of all the molecules in a block of salt (called the salt pill). The salt pill is then connected to a liquid helium bath via a "heat switch", allowing it to cool to the temperature of the liquid helium (about 1.5 Kelvin). Once it has reached equilibrium with the helium, the heat switch is opened, so that heat can no longer flow between the salt pill and the helium.

Once the heat switch is open, the magnetic field is slowly reduced nearly to zero, allowing the spins of the salt molecules to flop around in random directions. This absorbs heat from the salt pill, cooling it.

By carefully adjusting the strength of the magnetic field, the temperature of the salt pill can be kept constant for many hours. In the case of the ADR used in XRS, the temperature can be maintained for over 30 hours. Eventually the spins are all completely random and no more heat can be absorbed. Then the magnetic field is increased, heating up the salt pill, and the cycle is repeated.

The ADR does not run continuously. It stores the heat that it absorbs, both heat from cooling warm objects and heat that leaks in. The part of the ADR that stores the heat is called the "salt pill". It's a block of a paramagnetic (i.e. weakly magnetic) substance. Often, the material is one of the general classes of materials called "salts", which includes table salt as well as many other chemicals. They need a much colder heat sink to dump the heat. For example, the XRS ADR dumps its heat into a liquid helium bath at 1.3 Kelvin (1.3 degrees above absolute zero.) 

6.  Technological Developments

   
This type of refrigeration system will prove remarkably efficient because very little energy is lost during the warming and cooling. The experimental prototype system based on this principle has run at 30% efficiency of Carnot Limit, which is comparable with the efficiency of most household units. It is expected that, a larger magnetic refrigeration system can be built, which could operate at 70% of the Limit, making it competitive with the best industrial scaled refrigerators. Recently synthesized class of gadolinium alloys, mixed with Silicon and Germanium- exhibited an even greater magneto-caloric effect. The only major obstacle to the development of magnetic refrigerators is the cost of superconducting magnet. Hence, if the magnetocaloric effect can be sufficiently enhanced, the device may run efficiently even with a weaker field generated by a permanent magnet. Moreover, with the help of recent developments and future prospects in superconducting magnetic materials as well as the materials exhibiting high level of magnetocaloric coefficient. The refrigerators that we use in our kitchens cool continuously. No matter when we put anything warm inside, the refrigerator will immediately start cooling it down. All the heat that the refrigerator absorbs from the object it's cooling is dumped straight into the room. Likewise, any heat that leaks in through the insulation goes right back out. (Normally we don't think about the heat being dumped into the room, because there's not that much of it. But into the room it goes, because energy cannot be destroyed.) 

7. Advantages and disadvantages of Magnetic Refrigeration System

7.1Advantages

1. This system, unlike the existing system, does not run continuously. Hence, it is power efficient.
2. The system dose not use any kind of harmful refrigerants (like CFCs, HCFCs), which causes the effects like GWP and  ODP.

3. The system also eliminates the use of Ammonia and Methane which are considered as harmful to human beings because of their toxic and combustible nature.
4. The system completely eliminates the devices like compressor and throttle valve, i.e. reduction in cost and also complexity   of  the assembly.
5. Coefficient of performance (COP) can be achieved as high as 15.
7.2 Disadvantages 

1. Due to high magnetic field, the system can not be used for domestic applications.

2. The cost of magnets for such a high strength is more.
8. Future developments in magnetic materials

Magnetic refrigeration and liquefaction have benefited from several recent advancements. For example, the discovery of new ordered magnetic intermetallic compounds with much larger adiabatic temperature changes at lower applied magnetic field changes has increased the potential efficiency simultaneously with reduction of engineering design complexity and cost. The progress in successful fabrication of useful sizes of high temperature superconducting magnets offers future promise of simpler cooling logistics. In the meantime, advances in conduction cooling of low temperature superconducting magnets by two different cryocooler technologies eliminates the need for liquid helium and nitrogen in commercial scale systems. Magnetic refrigeration has been predicted to be an efficient cooling technology because of the highly reversible nature of the magnetocaloric effect for some materials. However, cooling power and efficiency of past devices has been limited because of the difficulties in exchanging heat with the solid magnetic refrigerant. Astronauts in a joint project with Ames DOE Laboratory has constructed a regenerative magnetic refrigerator that provides cooling near room temperature using gadolinium as a refrigerant and water as a heat transfer fluid. The main losses in the present device are magnet AC losses and seal friction, although limits on temperature span may also be imposed by magnetic material properties. We have identified design, magnet, and magnetic material improvements that should reduce such losses, allowing the construction of devices whose efficiency well exceeds that obtainable from conventional technology. The fluid used in such magnetic refrigerators presents no toxicity, ozone depletion or global warming hazard. This new material possesses the potential for both increasing the operating temperature of magnetic refrigerators and lowering the magnetic fields required for their operation. Magnetic refrigerators could then be substantially reduced in size, made much more efficient, and enable cooling too much higher temperatures.
9. Conclusion

The eco friendly alternate refrigeration technology is still in the stage of infancy. Bur there is a strong support of the principle used in these technologies. Moreover, rapid developments are taking place in various fields of science and technology. Therefore, scientists and technologist are confident that the eco friendly, reliable, simple and convenient technologies of refrigeration described in this article will be used for the domestic and commercial purpose in near future. Although at present these technologies look very eco friendly, same as mechanical refrigeration systems were before the development of CFCs and HCFCs as refrigerant, further developmental efforts should always be checked from the environmental point of view before they are implied.

10. References: 

1. Refrigeration and air-conditioning system by C. P. Arora
2. Refrigeration and air-conditioning system by Domkundwar and Arora
3. Principles of refrigeration by Dosat
4. a paper on eco friendly refrigeration system by Prof. S. S. Verma

5.  Long, Robert A. Lange’s Handbook of Chemistry McGraw Hill, New York

6.  www.eps.org
7. www.ari.org
8. www.ameslad.gov
9. www.keefengine.com
10. www.cryowwebber.gsfc.nasa.gov

