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     Introduction:         
Magnetic refrigeration technology could provide a 'green' alternative to traditional energy-guzzling gas-compression fridges and air conditioners. They would require 20-30% less energy to run than the best systems currently available, and would not rely on ozone-depleting chemicals or greenhouse gases. Refrigeration and air conditioning units make a major contribution to the planet's energy consumption - in the USA in the summer months they account for approximately 50% of the country's energy use.

Current refrigerator:

A refrigerator  is a cooling appliance comprising a thermally insulated compartment and a heat pump -chemical or mechanical means—to transfer heat from it to the external environment, cooling the contents to a temperature below ambient. Refrigerators are extensively used to store foods which spoil from bacterial growth if not refrigerated. A device described as a "refrigerator" maintains a temperature a few degrees above the freezing point of water; a similar device which maintains a temperature below the freezing point of water is called a "freezer." The refrigerator is a relatively modern invention among kitchen appliances . It replaced the icebox, which had been a common household appliance for almost a century and a half prior. For this reason, a refrigerator is sometimes referred to as an icebox
A vapor compression cycle is used in most household refrigerators, refrigerator–freezers and freezers. In this cycle, a circulating refrigerant such as R134a enters a compressor as low-pressure vapor at or slightly above room temperature. The vapor is then compressed and exits the compressor as high-pressure superheated vapor. The superheated vapor travels under pressure through coils or tubes comprising "the condenser", which coils or tubes are passively cooled by exposure to room air. (In hot weather, the room or "ambient" air may itself have been cooled by an air conditioner. A cooler ambient temperature demands less work from the refrigerator.) The condenser first removes the superheat from the vapor. The partially-cooled but still hot vapor then travels through the remainder of the condenser. By further loss of its heat, but still being under pressure, it becomes hot liquid. Before the refrigerant leaves the condenser it will have become only slightly warmer than room temperature. This warm liquid refrigerant is pushed by its pressure through a metering or throttling device, also known as an expansion valve (essentially a constriction), just beyond which its pressure abruptly decreases. The sudden decrease in pressure results in explosive-like flash evaporation of a portion typically about half of the liquid. (Heat necessary for this flash evaporation is drawn mostly from proximitous still-liquid refrigerant, a phenomenon known as "auto-refrigeration".) The cold and partially vaporized refrigerant continues through coils or tubes of the evaporator unit. A fan blows air from the refrigerator or freezer compartment  across these coils or tubes and the refrigerant completely vaporizes, in the process drawing heat from the box air. This refrigerant's characteristic of vaporizing at low temperature and low pressure (which change of state from liquid to vapor requires heat inflow) is what extracts heat from this normally cool box air, to maintain its coldness. The re-cooled air is then returned to the refrigerator or freezer compartment. It should be understood that cool air in the refrigerator or even the freezer is "hot" relative to colder refrigerant in the evaporator. Refrigerant leaving the evaporator, now fully vaporized and slightly heated, returns to the compressor inlet to continue the cycle.

An increasingly important environmental concern is the disposal of old refrigerators - initially because of the freon coolant damaging theozone layer , but as the older generation of refrigerators disappears it is the destruction of CFC-bearing insulation which causes concern. Modern refrigerators usually use a refrigerant called HFC134a (1,2,2,2-tetrafluoroethane), which has no ozone layer depleting properties, in place of freon.

· Some refrigerators are now divided into four zones to store different types of food:

· −18 °C (−0.4 °F) (freezer) 

· 0 °C (32 °F) (Animal food ) 

· 5 °C (41 °F) (refrigerator) 

· 10 °C (50 °F) (vegetables) 

The capacity of a refrigerator is measured in either litres or cubic feet (US). Typically the volume of a combined fridge-freezer is split to 100 litres (3.53 cubic feet) for the freezer and 140 litres (4.94 cubic feet) for the refrigerator, although these values are highly variable.

Instead of ozone-depleting refrigerants and energy-consuming compressors found in conventional vapor-cycle refrigerators, this new style of refrigerator uses gadolinium metal that heats up when exposed to a magnetic field, then cools down when the magnetic field is removed. 
About Magnetic Refrigerator:

Magnetic refrigerants heat up when they are subjected to a magnetic field because the second law of thermodynamics states that the entropy – or disorder – of a closed system must increase with time. This is because the electron spins in the atoms of the material are aligned by the magnetic field, which reduces entropy. To compensate for this, the motion of the atoms becomes more random, and the material heats up. In a magnetic refrigerator, this heat would be carried away by water or by air. When the magnetic field is turned off, the electron spins become random again and the temperature of the material falls below that of its surroundings. This allows it to absorb more unwanted heat, and the cycle begins again.
Thermodynamic  diagram for magnetic cycle           
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Magnetic refrigerators have two main advantages over today's commercial devices, which extract heat from a vapour using a compressor: they do not use hazardous or environmentally damaging chemicals, such as chlorofluorocarbons, and they are up to 60% efficient. In contrast, the best gas-compression refrigerators achieve a maximum efficiency of about 40%. 

The heating and cooling that takes place in magnetic refrigeration is proportional to the size of the applied magnetic field and the magnetic moments, which are generally largest in rare-earth elements. One such material, a compound based on gadolinium, has previously been shown to work as a magnetic refrigerant, but in a modest magnetic field its entropy only changes significantly at low temperatures. Brück says that in order to operate at room temperature or above this material requires large superconducting magnets, which are expensive and require extensive servicing. 

In contrast, the material studied by the Amsterdam researchers, a manganese compound, performs best at room temperature. Although the magnetic moment of manganese is generally only about half that of heavy rare-earth elements, its Curie temperature of 300 kelvin means that it can undergo substantial changes in magnetic entropy using smaller permanent magnets. 

Vitalij Pecharsky of the Ames Laboratory in the US thinks that the manganese compound is important scientifically, but believes that its commercial potential is still unclear. Pecharsky and colleagues showed in 1997 how to improve the cooling properties of gadolinium by adding impurities. He adds that researchers at Ames and the Astronautics Corporation of America have recently demonstrated a practical gadolinium-based magnetic refrigerator that works at room temperature using a permanent magnet.

Magnetic refrigeration is a cooling technology based on the magnetocaloric effect. This technique can be used to attain extremely low temperatures (well below 1 K), as well as the ranges used in common refrigerators, depending on the design of the system
      Magnetic Cooling
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· Effect most intense at Curie  temperature (Tc)
· Increasing magnetic field intensifies effect
· Materials may be tailored to application
1T (Tesla) is about 20,000 times the Earth’s magnetic field. 
Tesla is the unit of magnetic induction (B)

                 1 Newton

1Tesla=   ------------
 =104 gauss
             ampere meter 
The Magnetocaloric effect (MCE, from magnet and calorie ) is a magneto-thermodynamic  phenomenon in which a reversible change in temperature of a suitable material is caused by exposing the material to a changing magnetic field. This is also known by low temperature physicists as adiabatic demagnetization, due to the application of the process specifically to effect a temperature drop. In that part of the overall refrigeration process, a decrease in the strength of an externally applied magnetic field allows the magnetic domains of a chosen (magnetocaloric ) material to become disoriented from the magnetic field by the agitating action of the thermal energy (phonons) present in the material. If the material is isolated so that no energy is allowed to (re)migrate into the material during this time, i.e., an adiabatic process, the temperature drops as the domains absorb the thermal energy to perform their reorientation. The randomization of the domains occurs in a similar fashion to the randomization at the Curie temperature , except that magnetic dipoles overcome a decreasing external magnetic field while energy remains constant, instead of magnetic domains being disrupted from internal ferromagnetism as energy is added.

One of the most notable examples of the magnetocaloric effect is in the chemical element gadolinium and some of its alloys. Gadolinium's temperature is observed to increase when it enters certain magnetic fields. When it leaves the magnetic field, the temperature returns to normal. The effect is considerably stronger for the gadolinium alloys (Gd5 Si2Ge2).  Praseodymium alloyed with nickel (PrNi5) has such a strong magnetocaloric effect that it has allowed scientists to approach within one thousandth of a degree of absolute zero.  
The cycle is performed a refrigeration cycle , analogous to the Carnot cycle, and can be described at a starting point whereby the chosen working substance is introduced into a magnetic field, i.e., the magnetic flux density is increased. The working material is the refrigerant, and starts in thermal equilibrium with the refrigerated environment.
Comparison of Magnetic and  Traditional Refrigerator:
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    Types of magnetization:

· Adiabatic magnetization: A magnetocaloric substance is placed in an insulated environment. 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 + ΔTad). 

· Isomagnetic enthalpic transfer: This added heat can then be removed (-Q) by a fluid or gas — gaseous or liquid helium, for example. The magnetic field is held constant to prevent the dipoles from reabsorbing the heat. Once sufficiently cooled, the magnetocaloric substance and the coolant are separated (H=0). 

· Adiabatic demagnetization: The substance is returned to another adiabatic (insulated) condition so the total entropy remains constant. However, this time the magnetic field is decreased, the thermal energy causes the magnetic moments to overcome the field, and thus the sample cools, i.e., an adiabatic temperature change. Energy (and entropy) transfers from thermal entropy to magnetic entropy (disorder of the magnetic dipoles). 

· Isomagnetic entropic transfer: 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). 

Once the refrigerant and refrigerated environment are in thermal equilibrium, the cycle begins again.
 Applied technique

The basic operating principle of an Adiabatic Demagnetization Refrigerator (ADR) is the use of a strong magnetic fields to control the entropy of a sample of material, often called the "refrigerant". Magnetic field constrains the orientation of magnetic dipoles in the refrigerant. The stronger the magnetic field, the more aligned the dipoles are, and this corresponds to lower entropy and heat capacity because the material has (effectively) lost some of its internal degree of freedom. If the refrigerant is kept at a constant temperature through thermal contact with a heat sink (usually liquid helium) while the magnetic field is switched on, the refrigerant must lose some energy because it is equilibrated with the heat sink. When the magnetic field is subsequently switched off, the heat capacity of the refrigerant rises again because the degrees of freedom associated with orientation of the dipoles are once again liberated, pulling their share of equipartitioned energy from the motion of the molecules, thereby lowering the overall temperature of a system with decreased energy. Since the system is now insulated when the magnetic field is switched off, the process is adiabatic, i.e., the system can no longer exchange energy with its surroundings (the heat sink), and its temperature decreases below its initial value, that of the heat sink. 
The operation of a standard ADR proceeds roughly as follows. First, a strong magnetic field is applied to the refrigerant, forcing its various magnetic dipoles to align and putting these degrees of freedom of the refrigerant into a state of lowered entropy. The heat sink then absorbs the heat released by the refrigerant due to its loss of entropy. Thermal contact with the heat sink is then broken so that the system is insulated, and the magnetic field is switched off, increasing the heat capacity of the refrigerant, thus decreasing its temperature below the temperature of the helium heat sink. In practice, the magnetic field is decreased slowly in order to provide continuous cooling and keep the sample at an approximately constant low temperature. Once the field falls to zero or to some low limiting value determined by the properties of the refrigerant, the cooling power of the ADR vanishes, and heat leaks will cause the refrigerant to warm up.
Working materials:
They need a material that exhibits dramatic heating and cooling when a magnetic field is applied and removed, which can operate in normal everyday conditions, and which does not lose efficiency when the cooling cycle is repeated time after time.

The magnetocaloric effect is an intrinsic property of a magnetic solid. This thermal response of a solid to the application or removal of magnetic fields is maximized when the solid is near its magnetic ordering temperature.

The magnitudes of the magnetic entropy and the adiabatic temperature changes are strongly dependent upon the magnetic order process: the magnitude is generally small in antiferromagnets, ferrimagnets and spin glass systems; it can be substantial for normal ferromagnets which undergo a second order magnetic transition; and it is generally the largest for a ferromagnet which undergoes a first order magnetic transition.

Also, crystalline electric fields and pressure can have a substantial influence on magnetic entropy and adiabatic temperature changes.

The latest discovery is a new class of alloys with significantly more cooling power than the existing materials. The new materials are based on gadolinium , an element with two or three times the  magnetocaloric effect of a typical ferromagnetic iron and a popular choice for low temperature range. Magnetic refrigeration technology takes advantage of magnetocaloric effect , that remarkable ability of a magnetic material to heat up in the presence of a magnetic field and cool when the field is removed. Magnetocaloric materials store heat energy in the way the vibrate and in the way in which electrons spin within each  atom. More  heat energy increases the vibration and also makes the spins more random. More heat energy increases the vibrations and also makes the spins more random.  In other words, when the party heats up, things get crazy and this craziness is called as entropy which is a measure of thermodynamic disorder.  When a strong magnetic field is applied to the coolant material , the magnetic moments of its atoms become aligned , making the system more ordered. The more ordered materials has a lower entropy and compensates for the loss by heating up.
         But when the strong magnetic field is removed , the material is forced to to cool down. The  magnetic moments return to their random directions , the entropy increases and material cools. Typically the temperature of the material can drop by about 10 to 150C or 52 to 590F depending on the magnetic field strength. 

The temperature at which most of the change in magnetic entropy occurs is known as the material’s ordering temperature or its Curie point . This is the point the material changes from being ferromagnetic to paramagnetic and further away from this point the weaker the magnetocaloric effect. The useful portion of the magnetocaloric effect usually spans about 250 C (770 F) on the either side of the material’s  Curie’s temperature. In order to span a wide temperature range , a refrigerator must contain several different coolants arranged according to their differing ordering temperatures.

Later it is found that gradual lowering of Curie point of a gadolinium silicide compound (Gd5 Si4) by substituting germanium (Ge)  for silicon. This resulted a new compound Gd5 Si2 GE2       which has a which has a magnetocaloric effect about twice as large as gadolinium alone
Magnetocaloric Effect 

                   500 
                   400

                    

                                                                                                                         Gd5Si2Ge2
                  300



(mJ/cm3K)

                  200

MCE -∆SM
                   100

                                                                                                                               Gd  

                                                                                                               

                     0

                           0              50       100         150         200      250    300       350        400           

                                  Transition Temperature ,Tc(K)  

GMCE – Giant Magnetocaloric Effect materials 

MCE – Magnetocaloric Effect materials 

  Additional work has revealed that      is one of  a family of compounds that exhibits a giant magnetocaloric effect (GMCE) as shown and whose ordering temperature can be tuned from 30 Kelvin (-405.4F) to near room temperature (290K or 62.6F ) by adjusting the ratio of silicon to germanium .  

Currently, alloys  of gadolinium producing 3 to 4 K per tesla (K/T) of change in a magnetic field can be used for magnetic refrigeration or power generation purposes.

Recent research on materials that exhibit a giant entropy change showed that Gd5(Six Ge1 − x)4, La(FexSi1- x)13Hx and MnFeP1 − xAsx alloys, for example, are some of the most promising substitutes for Gadolinium and its alAloys — GdDy, GdTy, etc. These materials are called giant magnetocaloric effect materials (GMCE).

Gadolinium and its alloys are the best material available today for magnetic refrigeration near room temperature since they undergo second-order phase transitions which have no magnetic or thermal hysteresis involved.

 Paramagnetic salts
The originally suggested refrigerant was a paramagnetic salt, such as cerium magnesium  nitrate. The active magnetic dipoles in this case are those of the electron shells of the paramagnetic atoms.

In a paramagnetic salt ADR, the heat sink is usually provided by a pumped He (about 1.2 K) or He (about 0.3 K) cryostat. An easily attainable 1 T magnetic field is generally required for the initial magnetization. The minimum temperature attainable is determined by the self-magnetization tendencies of the chosen refrigerant salt, but temperatures from 1 to 100 mK are accessible. Dilution refrigerator had for many years supplanted paramagnetic salt ADRs, but interest in space-based and simple to use lab-ADRs has remained, due to the complexity and unreliability of the dilution refrigerator

Eventually paramagnetic salts become either dimagnetic or ferromagnetic, limiting the lowest temperature which can be reached using this method.
Details of Countries manufacturing  the magnetic refrigerators:
	Institution/company
	Type of compressor
	Maximum cooling power (W)
	Max cooling range (K)
	Magnetic field (T)
	Solid refrigerant

	Ames lab,USA
	Reciprocating
	600
	10
	5 (S)
	Gd spheres

	Toshiba , Japan
	Reciprocating
	100
	21
	4(S) 
	Gd spheres

	Univ, of Victoria,Canada
	Reciprocating
	2
	14
	2(s)
	Gd &Gd1-xTbxL.B

	, USA
	Rotary
	95
	25
	1.5(P)
	Gd sphere

	Sichuan Inst.,China
	Reciprocating
	-
	23
	1.4(P) 
	Gd spheres , Gd5 Si.1.985 GE.1.985 Ga0,03 

	Toshiba,Japan
	Reciprocating
	40
	27
	0.6(P)
	Gd1-xDyxL.B

	D’’Electrotechnique,

France
	Reciprocating
	8.8
	4
	0.8(P)
	Gd foil

	George Washington Univ. , USA
	Reciprocating
	-
	-
	-
	Gd foil

	Astronautics, USA
	Rotary
	95
	25
	1.5 (P)
	Gd & GdEr spheres/ La(Fe0.88Si0.12)13H1.0 

	Univ.of Victoria,USA
	Reciprocating
	15
	50
	2(S)
	Gd, Gd0.74 Tb0.26 & Gd0.85 Er0.15 pucks

	Toshiba,Japan
	Rotary
	60
	10
	0.76(P)
	Gd1-xDyxL.B

	N.B.-Maximum cooling power at zero temp difference (ΔT=o) 
	Maximum temp. span at zero cooling capacity(H=0)
	L.B-layared bed 
	P=Permanent  magnet
	S=Superconducting magnet
	


Benefits of magnetic refrigeration:
 Energy Efficient 

1. Magnetization /demagnetization is more than 99% 

2. 20 to 30% more efficient than conventional refrigeration

3. Reduce use of fossil fuels

4. energy savings up to 25-30% than best available refrigerators  and in summer energy consumptions are saved by 50% in USA
Environmentally useful

1. No CFC ,so no depletion of ozone

2. No HFC ,so no green house emissions

        Less CO2 ,no effect of green house gases and chemicals
3. Solid refrigerant

4. Benign heat exchange fluids such as water, antifreeze ,air

5. Simple ,low pressure  mechanical system

When a conventional home refrigerator provides about 200W of cooling with an efficiency of 40%, in case of Gadolinium combining the metal with a silicon and germanium alloy magnet ,it sustained up to 600 W of cooling load at an efficiency      of about 60%.

COP of magnetic refrigerator:

  COP for magnetic refrigerator is the same as that of Carnot refrigeration operating between the same temperature limits. Irreversibilities reduce the thermodynamics performance of actual system . 

COP (Coefficient of performance) is the ratio of the useful energy output of a system work required to operate it. 
COP is a measure of the effectiveness of mechanical device or system at task.  

If Qc is the heat extracted from the cold  reservoir
  W is the work done by the system 

  Qh          heat deposited in the hot reservoir 

Conservation of energy in the refrigerator =  Qc +W =Qh        
       Coefficient of performance=     Qc  /W
     COP of  magnetic refrigerator using Gd5 Si2 GE2    is 15
There are some hurdles to overcome for magnetic refrigerator. When it comes to a small temperature span , such as the range of temperature in cooling a home or car ,this can withstand . Only for large temperature spans, such as those associated with liquefying gases , do small increases in efficiency make a big money saving differences. 
 Conclusion :
The new knowledge of doing research for more efficient coolant material will allow the researchers to improve existing materials and point the way to new and better ones, which will ensure the success of magnetic refrigeration as a viable energy saving and environmentally safe technology in this ensure. The limitations of magnetic refrigeration are only in the minds of scientists and engineers. Magnetic refrigeration does not use CFCs (Chloroflurocarbons ) which is a environmentally harmful substances and in some cases water is used as a heat transfer liquid . Karl A. Gschneidner, Senior Metallurgist  of Ames Lab, USA says. "Progress (in this field) is measured in small steps, and this is just another of those steps. However, we've come a long way since first announcing the giant magnetocaloric alloy five years ago." In 12th  May,2009 Gschneidner announced and exhibited the magnetic refrigerator to the world that making the magnetic refrigerator is the one of the positively clean technologies which has solid refrigerants and no  hazardous ozone depleting and green house chemical
In 15th May 2009, Dr. James & Prof . Lesley Cohen  from Imperial College, London state that the pattern of crystal inside different alloys –otherwise known as microstructures has direct effect on how well they could perform at the heart of magnetic refrigerating system.

          So let us good bye the traditional refrigerator system and welcome the magnetic refrigerating system. 
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