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With the growing concerns about global warming, ozone depletion, and energy resources scarcity, the major challenge of the refrigeration industry is the reduction of energy consumption and direct greenhouse gas (GHG) emissions. For this purpose, a large number of regulations were adopted by the international community or under discussion. In this paper we present an innovative cooling machine based on the magnetocaloric effect (MCE). The magnetic cooling is a new promising technology in refrigeration systems presenting many advantages when compared to the standard gas compression technology, such as a decrease of energy consumption (high efficiency) and reduction of the acoustic and environmental pollution (elimination of the standard coolants). In this paper, we also present the basis and the various aspects of the magnetic cooling.

Introduction

Magnetic cooling is a refrigeration technique that utilizes magnetocaloric effect (MCE) [START_REF] Warburg | Magnetische untersuchungen[END_REF]. In addition to its high efficiency, this promising technology is an environmentally attractive space cooling and an alternative that does not use CFC and HCFC as working fluids [START_REF] Zimm | Description and performance of a near-room temperature magnetic refrigerator[END_REF]. Historically, magnetic refrigeration was first applied to achieve very low temperatures (a few degrees above absolute zero). By demagnetizing a paramagnetic salt [Gd 2 (SO 4 ) 3 8H 2 O] in the adiabatic conditions, temperatures close to 0.25 K were reached [START_REF] Giauque | Attainment of temperature below 1° absolute by demagnetization of Gd 2 (SO 4 ) 3 8H 2 O[END_REF]. This experiment led in 1949 to a Nobel price awarded to Giauque and MacDougal. The beginning of the near room temperature cooling has its origin in the seminal paper by Brown in 1976 [START_REF] Brown | Magnetic heat pumping near room temperature[END_REF]. In Brown's near room temperature reciprocating machine, the Gd plates were used as a refrigerant in an alternating 7 T field produced by an electromagnet. A solution of 80 % water and 20 % ethyl alcohol solution was used as a heat transfer fluid and a temperature span of about 46 K was attained. Although the giant magnetocaloric effect (GMCE) around room temperature was discovered in Fe 51 Rh 49 and Known since 1990 [START_REF] Annaorazov | Alloys of the Fe-Rh system as a new class of working material for magnetic refrigerators[END_REF], the interest in the commercialization of the magnetic cooling was enhanced when two major advances in this field were reported in the end of 1990s. The first is the discovery of the giant magnetocaloric effect of Gd 5 Ge 2 Si 2 in 1997 [START_REF] Pecharsky | Giant magnetocaloric effect in Gd 5 (Si 2 Ge 2 )[END_REF]. A large entropy change was attributed to the magneto-structural transformation associated with the first order character of the magnetic transition from the ferromagnetic to the paramagnetic state. The second major advance was the development by Ames Laboratory and Astronautics Corporation (ACA) of a room temperature magnetic refrigerator [START_REF] Zimm | Description and performance of a near-room temperature magnetic refrigerator[END_REF]. The device operated in a magnetic field up to 5 T using a superconducting magnet. It achieved a cooling power of 600 W, a Carnot efficiency of 60 % , a coefficient of performance approaching 15, and a maximum temperature span of 38 K [START_REF] Zimm | Description and performance of a near-room temperature magnetic refrigerator[END_REF]. These results were obtained using 3 kg of gadolinium spheres. Another important development occurred when ACA unveiled a rotating magnetic refrigerator that used permanent magnets to provide the magnetic field showing that magnetic cooling does not need superconducting magnetic which is of great interest for large scale applications [START_REF] Gschneidner | Thirty years of near room temperature magnetic cooling: Where we are today and future prospects[END_REF]. Within a few years, several materials with GMCE were described and many prototypes were reported. For more details, see Ref. [START_REF] Gschneidner | Thirty years of near room temperature magnetic cooling: Where we are today and future prospects[END_REF]. In this paper, we report on the basis and the various aspects of magnetic cooling. We present also our recent development in this field.

Magnetocaloric effect and the principle of the magnetic cooling

As outlined in section 1, magnetic cooling is a technique of refrigeration based on the magnetocaloric effect. The MCE discovered by Warburg in 1881 [START_REF] Warburg | Magnetische untersuchungen[END_REF], is defined as the response of a magnetic material to an applied magnetic field, which manifests as a change in its temperature. In the case of a ferromagnetic and a paramagnetic material, it heats up when it is magnetized and cools down when it is removed out of the magnetic field. This is the results of entropy changes arising from the coupling of the magnetic moments system of the solids with the external magnetic field. The full entropy of a magnetic solid is the sum of the electronic S E , lattice S L , and magnetic S M entropies. Usually, the electronic and the lattice entropies are magnetic field independent, while the magnetic entropy strongly depends on the magnetic field. As shown in Fig. 1, initially randomly oriented magnetic moments are aligned by a magnetic field, making the material more ordered, consequently decreasing the magnetic entropy of the system. Under adiabatic conditions, this variation of the magnetic entropy is transferred from the magnetic moments subsystem to the atoms lattice subsystem, thus leading to the temperature increase. On removing the magnetic field, the magnetic moments randomize again, the magnetic entropy increases, the lattice entropy decreases and the material cools down. The MCE of a magnetic material is characterized by the adiabatic temperature change ∆T ad and/or the isothermal entropy change ∆S. The generated MCE when the magnetocaloric refrigerant is magnetized and demagnetized is not large enough (few Kelvin) to achieve an efficient refrigeration. The challenge in this technology is to convert the obtained few Kelvin MCE to a cooling machine with a large temperature span, and sufficient cooling power. Therefore, to amplify the MCE, the AMR (Active magnetic refrigeration) thermodynamic cycle which utilizes the magnetocaloric material as refrigerant is an excellent solution [START_REF] Zimm | Description and performance of a near-room temperature magnetic refrigerator[END_REF]. The physical configuration of the AMR cycle is similar to a conventional regenerator but its heat capacity can be activated by changing the applied magnetic field, and for this reason is called active magnetic regeneration. In standard magnetic cooling machine, the AMR cycle is divided into four steps:

1. When the magnetic material enters the region of the magnetic field, it undergoes a reduction in its magnetic entropy increasing then the temperature of the material.

2. Flow of the heat carrier fluid from cold to hot source in order to evacuate calories: due to the thermal contact with the fluid, the material cools down.

3. On leaving the magnetic field region, the magnetocaloric material cool down rapidly due to the increase of the magnetic entropy.

4. Flow of the fluid in the opposite direction to recuperate cooling energy.

Consequently, at each heat source, the temperature decreases (cold source) or increases (hot source) progressively to reach a limit value after several AMR cycles (steady state).

Magnetocaloric materials and magnetic field sources

In practice, magnetic refrigeration requires the combination of a relatively strong magnetic field and a material with a large magnetocaloric effect. Nowadays, the magnetocaloric materials have become one of the critical parts for the development of magnetic cooling technology. Actually, the gadolinium metal (Gd) is the mainly used material in room temperature magnetic refrigerators. This is attributed to the large magnitude of the isothermal entropy and adiabatic temperature changes close to its ferromagnetic-paramagnetic second order transition at T C = 294 K. Under a magnetic field change of 2 and 5 T, the maximum entropy variation in Gd is estimated to be about 5 and 9.8 J/kg K, respectively. The corresponding adiabatic temperature change is about 4.8 K for 2 T and 10 K for 5 T. Gd was firstly used by Brown [START_REF] Brown | Magnetic heat pumping near room temperature[END_REF] in 1976 and then its magnetocaloric and physical properties were widely studied. However, the use of gadolinium as active material brings various disadvantages, first Gd price is very high (~ 4000 $/kg), secondly Gd has a poor resistance to corrosion and oxidation in water which compromise its magnetocaloric properties and decreases the magnetic cooling machine thermodynamic performances. Finally, the cooling range is limited close to room temperature where the magnetocaloric effect is very large, on account of 2 nd order transition occurring at 294 K. However, in 1997, the discovery of the giant magnetocaloric effect in Gd 5 Ge 2 Si 2 and its derivatives [START_REF] Pecharsky | Giant magnetocaloric effect in Gd 5 (Si 2 Ge 2 )[END_REF] with a two times larger entropy variation compared to Gd, has revolutionized the interest in the research of new magnetocaloric materials and the development of new magnetic cooling systems. At T C = 276 K and for a magnetic field variation from 0 to 5 T, the magnetic entropy change is about 18.5 J/kg K (9.8 J/kg K) for Gd. This large value is resulting from the first order magneto-structural transformation at the Curie point. Later, materials with a first-order magnetic phase transition such as MnFeP 1-x As x , MnAs 1-

x Sb x and LaFe 13-x Si x [START_REF] Tegus | Transition metal based magnetic refrigerants for room temperature applications[END_REF][START_REF] Wada | Giant magnetocaloric effect of MnAs 1-x Sb x[END_REF][START_REF] Fujita | Itinerant-electron metamagnetic transition and large magnetocaloric effects in La(Fe x Si 1-x ) 13 compounds and their hydrides[END_REF][START_REF] Balli | Optimization of La(Fe, Co) 13-x Si x based compounds for magnetic refrigeration[END_REF] have been reported and intensively investigated. Tegus et al [START_REF] Tegus | Transition metal based magnetic refrigerants for room temperature applications[END_REF], have demonstrated that MnFeP 0.45 As 0.55 exhibits a large change of magnetic entropy at around 300 K with the similar value with Gd 5 Ge 2 Si 2 . Further, it was shown by Wada et al [START_REF] Wada | Giant magnetocaloric effect of MnAs 1-x Sb x[END_REF] that MnAs possesses a giant magnetocaloric effect close to 318 K. For a field variation from 0 to 2 T, the resulting entropy change is about 30 J/kg K, six times higher than gadolinium. In addition the substitution of 10 % Sb for As in MnAs compound reduces the thermal hysteresis and lowers the Curie temperature to 280 K, while the giant MCE is retained.

Although the cited materials present excellent magnetocaloric properties, the costs of the constituent elements (Gd, Ge) as well as the large amount of hysteresis due the first order character of the magnetic transition, remain serious obstacles for their implementation. However, for Mn-based compounds, the presence of the toxic elements As and/or P that have high vapour pressure which makes the production of these materials an additional challenge and will add additional costs in manufacturing the magnetic refrigerant. Instead, among all the reported magnetocaloric materials, the LaFe 13-x Si x [START_REF] Fujita | Itinerant-electron metamagnetic transition and large magnetocaloric effects in La(Fe x Si 1-x ) 13 compounds and their hydrides[END_REF][START_REF] Balli | Optimization of La(Fe, Co) 13-x Si x based compounds for magnetic refrigeration[END_REF] has been shown to be the most promising alternative due to their large magnetocaloric effect and low hysteresis. In addition, the low cost of the elements comprising the compounds (Fe) makes this family of materials very interesting. It has been demonstrated that LaFe 13-x Si x exhibit a thermally induced first order magnetic transition from the ferromagnetic to the paramagnetic state at low temperatures (at around 200 K). The field induced itinerant electron metamagnetism (IEM) transition occurs just above T C in the same temperature range leading to GMCE. In addition, for practical application, it is necessary to shift the Curie point toward room temperature while retaining large MCE. In this way, by studying the effect of interstitial hydrogen on the LaFe 13-x Si x , Fujita et al [START_REF] Fujita | Itinerant-electron metamagnetic transition and large magnetocaloric effects in La(Fe x Si 1-x ) 13 compounds and their hydrides[END_REF] found that the T C can be adjusted between 190 and 330 K (room temperature included) without affecting the large MCE. For example, the obtained ∆S m under 2 T is as large as about 20 J/kg K for all La(Fe 0.88 Si 0.12 ) 13 H y samples which is 4 times higher compared to gadolinium (~5 J/kg K for 2 T). On other hand, with increasing hydrogen content (y), the adiabatic temperature change was enhanced and increases by about 50 % when y = 1.5 (T C =323 K) compared with y = 0 (T C = 195 K). Later, the hydrided compounds have been tested in magnetic refrigerator with encouraging results [START_REF] Zimm | Design and performance of a permanent magnet rotary refrigerator[END_REF]. However, the chemical as well as the mechanical instability of hydrides remain a serious obstacle for a commercial use. In order to avoid this inconvenience and as underlined in Balli et al [START_REF] Balli | Optimization of La(Fe, Co) 13-x Si x based compounds for magnetic refrigeration[END_REF], La(Fe, Co) 13-x Si x with a small amount of cobalt appears as the most attractive alternative. Figure 2 displays temperature dependences of -∆S of LaFe 11.1 Co 0.8 Si 1.1 compound prepared by arc-melting technique and given as example under various magnetic fields. This sample shows a large entropy change around the room temperature (T C = 282 K). Under a magnetic field change of 2 and 5 T, the maximum -∆S is about 8 and 15 J/kg K, respectively, which is much higher compared to Gd (9.8 J/kg K for 5 T) and comparable with that of giant magnetocaloric materials such as Gd 5 Ge 2 Si 2 and MnFeP 1-x As x when taking into account the hysteresis effect. The maximum normalized temperature change in La(Fe, Co) 13-x Si x at the room temperature is about 2 K/T (2.5 K for Gd) which is enough for a magnetic cooling system. However, the reversibility character of the second order magnetic transition, observed in La(Fe, Co) 13-x Si x close to room temperature, makes the cooling machine operating with these materials more efficient. These kinds of refrigerants are actually under test in our cooling machine described in section 4.

In addition to magnetocaloric materials, the external magnetic field strength is a key parameter of the magnetic cooling machine since the efficiency scales directly with magnetic field. The magnetic field generates the entropy change in the magnetocaloric refrigerant. It is equivalent to the compressor in conventional systems. The higher the external field is, the higher is the entropy and adiabatic temperature change of the functional materials. In this way, superconducting magnets can be used to build magnetic refrigerators with high level of magnetic field as demonstrated by Zimm et al [START_REF] Zimm | Description and performance of a near-room temperature magnetic refrigerator[END_REF]. However, as outlined by Gshneidner et al [START_REF] Gschneidner | Thirty years of near room temperature magnetic cooling: Where we are today and future prospects[END_REF], the superconducting magnets can be utilized for industrial application, i.e., supermarket chillers, refrigeration plants and building climate control. On the other hand, the implementation of this kind of magnetic sources in domestic refrigerators is out of question since the superconducting magnets need liquid helium or a cryocooler to maintain the superconducting coil efficient i.e. around 4 K [START_REF] Gschneidner | Thirty years of near room temperature magnetic cooling: Where we are today and future prospects[END_REF]. For the commercialisation of domestic and automotive devices, the development of performant magnetic sources based on permanent magnets is a crucial step. Besides, configurations of permanent magnets that produce a strong homogeneous field in a confined region of space and a very weak field elsewhere are also useful in many applications such as nuclear magnetic resonance (NMR) apparatus and particle accelerators. For this purpose and encouraged by the discovery of the high polarization permanent magnet in Nd-Fe-B, several recent works have addressed this problem. Generally, the reported magnetic flux sources are based on noncolinear configuration of permanent magnets, where a number of magnets are located all around a central volume in which the field is generated. A simple configuration like a C-shaped yoke with PMs was proposed by Tang et al [START_REF] Tang | Design of a permanent magnetic circuit with air gap in magnetic refrigerator[END_REF], but the magnetic field in the air gap is not sufficient for a conventional magnetic circuit. Their design generated a magnetic field of about 0.82 T in 15 mm gap. On other hand, Lee et al [START_REF] Lee | Design of permanent-magnet field source for rotarymagnetic refrigeration[END_REF] have described a new design of PMs field source for rotary-magnetic refrigeration system. Using Halbach structure and soft magnetic materials, a field strengths greater than 3 T can be generated. For our application, an innovative magnetic source was developed in the University of Applied Sciences of Western Switzerland (HEIG-VD). For building this source, Nd-Fe-B permanent magnets were arranged following a special configuration. The structure of the magnetic circuit is optimized by calculating magnetic field distribution of a specific permanent magnetic circuit and comparing field strengths for different structural parameters. For this study, the finite element Flux 3D was used to determine the required magnetic quantities. Based on Maxwell equations, this program firstly calculates the magnetic potential as unknown degree of freedom, which allows then the calculation of the magnetic field. Fig. 3 shows a general view and the magnetic field distribution in the air gap of the source. As shown in Fig. 3, the magnetic induction inside the magnetic source is homogenous (about 1.45 T).

HEIG-Vd magnetic cooling machine

Over the last decade, a number of prototype magnetic cooling devices operating with the active magnetic refrigeration principle have been built and presented [START_REF] Gschneidner | Thirty years of near room temperature magnetic cooling: Where we are today and future prospects[END_REF]. Among the different reported systems, the third generation rotating magnet magnetic refrigeration, developed by Zimm et al [START_REF] Zimm | Design and initial performances of a magnetic refrigerator with a rotating permanent magnet[END_REF], has attracted more attention. The rotary system is constituted of two 1.5 T modified Halbach magnets which rotate while 12 magnetocaloric beds remain fixed. The cooling machine reaches a maximum temperature span of 11 K and produces a cooling power of 220 W. In this refrigerator, the two magnetic sources are arranged so that the moment of inertia of the magnet is minimized and inertial forces are balanced. The heat transfer fluid flow is driven by a continuously running pump, as is switched by four rotary valves to the appropriate beds as the magnet rotates. Another interesting system is the prototype built and presented by Tura and Rowe at Thermag II conference [START_REF] Tura | Design and testing of a permanent magnet magnetic refrigerator[END_REF]. The reported rotary permanent magnet refrigerator utilizes two pairs of concentric Halbach arrays which are synchronized such that one magnetocaloric bed is being demagnetized while the second one is being magnetized. The generated magnetic induction of a 20 cm 3 cylindrical volume is about 1.4 T. The maximum obtained temperature span is approximately 13 K. The system is designed to operate at a frequency as high as 5 Hz. A detailed review on the recent reported magnetic cooling systems can be found in Yu et al [START_REF] Yu | A review of magnetic refrigerator and heat pump prototypes built before the year 2010[END_REF]. Among all the reported prototypes, the pre-industrial magnetic cooling system developed more recently at HEIG-VD [START_REF] Sari | Initial results of A test-bed magnetic refrigeration machine with practical running conditions[END_REF][START_REF] Balli | A preindustrial magnetic cooling system for room temperature application[END_REF][START_REF] Sari | A magnetic cooling machine for domestic application[END_REF], Yverdon-Les-Bains, is one of the most innovative machine. Based on the permanent magnets array described in section 3, the device was built, taking into account the compactness, the market and the thermodynamic performances requirements. It is designed to produce a cooling power of about 100 Watt with a temperature span larger than 10 K. Plates of gadolinium metal were used as the first active magnetic refrigerant. This is mainly attributed to the ability of Gd to answer the engineering requirements (ductile), its availability in the market and its room temperature magnetocaloric performances. However, other materials, in particular NaZn 13 based compounds are actually under test. Aiming to increase the magnetic systems efficiency, many efforts were made to reduce the magnetic forces in the machine. For this purpose, a new design in which the active material is divided into two separated parts was proposed. Therefore, when the first block is magnetized the rest of the magnetocaloric refrigerant is simultaneously demagnetized, leading then to the compensation of the magnetic forces. The numerical calculations have demonstrated that with the new configuration of the magnetocaloric materials, the resulting force in the cooling machine can be markedly reduced. The experimental measurements of the magnetic force performed on our developed machine have confirmed the simulation results. The calculations demonstrate that more than 90 % of the needed mechanical energy can be saved which increases the machine coefficient of performance (COP). Besides, to reach a large temperature span between the hot and the cold sources, a modified Active Magnetic Refrigeration (AMR) cycle was adopted and adapted to the new configuration of the regenerator. Fig. 4, shows a general view of the developed device. This latter is constituted of two magnetic sources to double cooling power, four heat exchangers and two regenerators with Gd plates. The magnetocaloric blocks movement is driven by a linear actuator. In Fig. 4, we present an example of the obtained temperature span between hot and cold sources, after a number of AMR cycles. Using the silicon oil as a heat transfer fluid, the temperature span for a frequency cycle equal to 0.5 Hz is about 10 K. A low temperature span attributed essentially to the bad thermal properties of silicon oil which has the specific heat of 1.6 kJ/kg K. However, by using heat transfer fluids with large specific heat such as water, a temperature span larger than 14 K can be reached. The silicon oil was used firstly to optimize the cooling machine and to protect the materials from corrosion and oxidation. Actually, several carrier fluids are under test to select the best one, with respect to chemical and thermal properties.

Conclusions

In this paper, a detailed analysis of the different aspects of magnetic cooling technology i.e. principle, magnetocaloric materials, magnetic sources and systems design was pointed out. Using magnetocaloric effect principle, an innovative magnetic cooling machine has been developed in the University of Applied Sciences of Western Switzerland, Yverdon-Les-Bains. The magnetic system, is environment friendly (free from CFC and HCFC gas) with high efficiency. Based on the obtained results, magnetic refrigeration is a very promising technology to replace conventional refrigerators. However, although the future of magnetic cooling is bright, there are still a number of challenges. The gap to be bridged in going from MCE principle to a competitive device that meets the user's needs is then demanding but constitute a rich and exiting experience for both, scientists and engineers.
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 1 Figure 1: Principle of the magnetocaloric effect It is worth noting that the magnetic entropy change ∆S as well as the adiabatic temperature change ∆T ad , attain their maximum values at the temperature corresponding to the magnetic phase change, generally the Curie point (T C ). Consequently, for practical applications close to room temperature, magnetocaloric materials with T C close to 294 K should be selected.
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 2 Figure 2: Entropy change as a function of temperature under different magnetic fields for LaFe 11.1 Co 0.8 Si 1.1 compound.

Figure 3 :

 3 Figure 3: Magnetic field distribution inside the developed magnetic field source.
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 4 Figure 4: A general view of the HEIG-VD magnetic cooling systems with an example of the temperature span obtained with silicon oil as the heat transfer fluid.
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