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Abstract

:

The paper presents research on magnetic field exciters dedicated to testing magnetocaloric materials (MCMs) as well as used in the design process of magnetic refrigeration systems. An important element of the proposed test stand is the system of magnetic field excitation. It should provide a homogeneous magnetic field with a controllable value of its intensity in the MCM testing region. Several concepts of a magnetic circuit when designing the field exciters have been proposed and evaluated. In the MCM testing region of the proposed exciters, the magnetic field is controlled by changing the structure of the magnetic circuit. A precise 3D field model of electromagnetic phenomena has been developed in the professional finite element method (FEM) package and used to design and analyze the exciters. The obtained results of the calculations of the magnetic field distribution in the working area were compared with the results of the measurements carried out on the exciter prototype. The conclusions resulting from the conducted research are presented and discussed.






Keywords:


magnetocaloric materials; magnetic refrigeration system; magnetic field exciter; permanent magnet; finite element analysis












1. Introduction


The experimental observation of the magnetocaloric effect (MCE) has usually been attributed to Emil Gabriel Warburg [1,2,3], who noticed in 1881 that the iron sample heats up by several mK when placed in the magnetic field and cools down when the sample is removed from the magnetic field. However, in 2013 A. Smith [4] indicated the key role of the experiments carried out in 1917 by P. Weiss and A. Picard [5]. The physical background for the MCE was given by P. Debye in 1926 [6] and W.F. Giauque in 1927 [7].



The magnetocaloric effect is related to the change of entropy, ∆Sm, and occurs in all magnetic materials. The MCE is most pronounced at the material-specific Curie temperature (TC). Initially, the MCE was used mainly in laboratories to obtain very low temperatures, even below 1 K [8]. The first magnetic heat pump operating at room temperature was built in 1976 [9]. In the cooling system’s MCM, gadolinium with a Curie temperature TC of 293 K was used. The change in the magnetic flux density ∆B by 7 T was achieved by superconducting electromagnets which at this temperature caused a heat emission of 4 kJ/kg under isothermal conditions or an increase in temperature by ∆Tad = 14 K under adiabatic conditions. A breakthrough event was the 1997 discovery of a giant magnetocaloric effect in the Gd5Ge2Si2 alloy [10]. This material exhibits the change in magnetic entropy that is more than twice as high as in gadolinium. The discovery of Gd5Ge2Si2 properties stimulated the search for new MCMs and led to the discovery of other alloys exhibiting giant MCEs, e.g., MnAsSb [11], NiMnGa [12], and LaFeSi [13]. However, these materials exhibit the MCE over a narrow temperature range which makes it difficult to develop functional magnetic refrigeration systems. For this reason, intensive research is being conducted to develop better and better MCMs (with higher entropy and a wider range of temperature changes) [14,15,16,17]. Currently, the hybrid MCMs are seen as a potential solution enabling the development of effective magnetic refrigeration systems [18,19,20]. The inverse MCE has been observed as well in antiferromagnets and ferrimagnets like MnBr4H2O, Yb3Fe5O12, Ni50Mn34In16, CoMnSi, and Mn1.82V0.18Sb [21]. There are also works on MCMs based on rare earth elements such as Gd, Dy, and Ho, for which the magnetocaloric effect occurs at cryogenic temperatures. The results of studies of these materials presented in [22,23] show that materials containing Gd are characterized by a relatively high magnetocaloric effect. The potential possibilities of using these materials in cryogenic magnetic cooling techniques have also been pointed out.



As already mentioned, the unique properties of MCMs can be applied for developing magnetic refrigeration systems. During a design process of such systems it is important to select the MCM properties that fit the specific technical solution of the magnetic cooling system. MCMs applied in cooling systems should have: an appropriate Curie temperature, wide range and low hysteresis of the MCE, high thermal conductivity, electric diffusivity and resistivity, corrosion resistance, invariability of magnetocaloric parameters over time, and a low production cost [24]. The magnetocaloric properties of the selected MCMs at temperatures near room temperature [24] have been summarized in Table 1.



Intensive research on technical applications of the MCE is conducted [24,25,26,27,28,29,30,31,32,33] in many scientific and industrial research centers all over the world. Most of the applications of MCMs are related to cooling systems with an Active Magnetic Regenerator (AMR) [29]. MCM in an AMR is utilized as a temperature-changing refrigerant during magnetization and demagnetization processes, as well as a regenerator for the heat carrier. A typical AMR based refrigerator (Figure 1a) consists of: a magnetic field exciter (magnet or an electromagnet), a regenerator with MCM, hot and cold heat exchangers, a piston pump or other device ensuring the movement of the heat transfer fluid in both directions (to cold and heat exchangers) through the regenerator. The AMR work cycle includes adiabatic magnetization, and the demagnetization of MCM coincides with the flow of the heat carrier through the MCM regenerator without changing the magnetic field by the cold and hot exchangers [24,32]. The AMR operation is carried out in four steps as illustrated in Figure 1b: 1—MCM magnetization (temperature increase), 2—extraction of heat (cooling), 3—MCM demagnetization (temperature decrease), 4—injection of heat (heating) [24,32,33].



The characteristics of the MCE provided by MCM manufactures describe only the maximum temperature change of MCM for a given values of temperature and magnetic flux density [34]. During the operation of an AMR the change of MCM temperature depends on both the magnetic field value and the MCM temperature. In other words, the MCM parameters and characteristics provided by the manufacturers are not sufficient for the detailed analysis and design of magnetic refrigeration systems. In order to properly design such a device, among others, the dependence of heat capacity on the value of the magnetic field and MCM temperature must be known. Some commercially available MCM datasheets show the dependence of specific heat on temperature, however, the data are limited to the behavior of the MCM at a zero magnetic field only. The reason for the lack of detailed data on the changes of specific heat under the influence of the magnetic field is the fact that the devices measuring the specific heat as a function of temperature in the presence of an adjustable magnetic field are unavailable on the market. The main methods of MCE measurements are presented and discussed in detail in Section 2.



An important advantage of magnetic refrigeration technology is the elimination of environmentally harmful refrigerants used in traditional compressor systems. Moreover, cooling systems based on MCM are much more efficient than the currently used design solutions. As a result, the implementation of magnetic refrigeration technology will reduce the emission of greenhouse gases and electricity consumption. These factors motivate, on the one hand, intensive research to develop new magnetocaloric materials and, on the other hand, to develop reliable, energy-efficient magnetic cooling systems. A key aspect of both trends in these research studies is the need for accurate methods to measure the magnetocaloric effect.



The motivation to build low-cost systems for testing room temperature MCMs is the lack of such compact and low-cost systems on the market. For these reasons, the research presented in this paper has focused on the development of a dedicated field exciter. the test rig for measuring the properties of MCM. The presented paper proposes new designs of exciters and the employment of the professional finite element method (FEM) package to develop a 3D field model of electromagnetic phenomena to analyze properties of the exciters. The obtained results of the calculations of the magnetic field distribution in the working area are compared with the results of the measurements carried out on the exciter prototype.



First, in Section 2 we briefly described the basic methods of MCE measurements to explain the requirements regarding magnetic field exciters and then Section 3 presents the results related to design process of dedicated exciters of the magnetic field of systems for testing room temperature MCMs.




2. Methods of Measurement of MCE


The MCE can be described either by the isothermal change of magnetic entropy, ∆Sm, or the adiabatic temperature change ∆Tad. In general, there are direct or indirect methods of measuring the MCE [35,36,37,38,39,40,41,42,43].



The indirect method enables the determination of the value of the change in ∆Sm, on the basis of experimentally measured magnetization as a function of temperature for selected values of the magnetic field. The commercially available devices for magnetization and specific heat measurements are most often used for indirect MCE measurements. The change in entropy of an MCM material can be determined using thermodynamic Maxwell equations as [33,44]:


  ∆  S m   (  T , ∆ H  )  =      ∫ 0 H    (    ∂ M   ∂ T    )      H  d H .  



(1)







The following formula is preferred in the experimental calculation of ∆Sm:


  ∆  S m   (  T , ∆ H  )  =  ∑     M  k + 1   −  M k     T  k + 1   −  T k      ∆  H k   



(2)




where Mk and Mk+1 are the values of the MCM magnetization of the sample in the magnetic field Hk, respectively, at the temperatures Tk and Tk+1. The accuracy of the ∆Sm estimation in this method is in the range of 20–30%.



The adiabatic temperature change ∆Tad can be determined from combined M(T,H) and specific heat Cp,H measurements, according to the equation:


  ∆  T  a d   = −      ∫ 0 H    T   C  p , H      (    ∂ M   ∂ T    )      H  d H .  



(3)







The determination of the MCE by measuring the magnetization M and the specific heat Cp,H is fairly easy. The calculation error ∆Sm(T,∆H) depends on the accuracy of the measurements of the magnetization M, specific heat Cp,H, temperature T, and magnetic field H. This method is characterized by the high sensitivity of ∆Sm(T,∆H) to changes in measurement data M(T,H) and Cp,H. For example, when measuring the magnetization (using a SQUID magnetometer) with an accuracy of 0.5%, the calculation error ∆Sm(T,∆H) is close to 7.5% [45,46].



The direct methods are based on measuring the MCM sample temperature upon the change of the external magnetic field under adiabatic conditions. The adiabatic temperature change ∆Tad = TH − T0 is the difference between the temperature of the sample placed in the magnetic field TH and outside the field T0. The advantage of the direct method is that the results are obtained directly and ∆Tad is very easy to calculate. Unfortunately, it is quite difficult to make measurements with small changes in temperature. It is also troublesome to estimate the measurement error, e.g., by performing an additional measurement of the reference sample. The accuracy of the measurement depends on how close the measurement conditions are to ideal adiabatic behavior. Good thermal isolation of the sample and excitation systems providing the fast change of the external magnetic field help to increase the accuracy of the direct measurement of the MCE. To reduce the measurement errors, temperature sensors with high resolution, high thermal conductivity (required to ensure good contact of the sensor with the sample), and a low thermal capacity should be applied. To meet these requirements, thermocouples are most often used [47,48]. The accuracy of the temperature measurement should also be independent of changes in the magnetic field strength. The measurement error significantly increases if not all of the above-mentioned conditions are met. Problems with the MCE measurement accuracy arise at small changes in ∆Tad mainly caused by the insufficient resolution of the temperature measurement. On the other hand, at high-temperature changes ∆Tad > 10 K, meeting the ideal adiabatic conditions becomes more difficult and also results in deterioration of overall MCE measurement accuracy.



An analysis of the requirements for equipment to measure MCM properties shows that it should be able to:




	
Set and stabilize MCM initial temperature with high precision;



	
Ensure thermal isolation of an MCM sample from the environment;



	
Set the magnetic field value in the sample;



	
Generate fast changes of the magnetic field applied to the MCM sample or fast movemen of the MCM sample in and out of the magnetic field;



	
Ensure high accuracy measurement and recording of the sample and ambient temperature.








The analysis of the above listed requirements shows that an important element influencing the design of the stand for testing MCM properties include the exciter generating the magnetic field. On the other hand, the design of the exciter also depends on the method used to determine the MCM parameters. In general, there are two possible variants of localization of the exciter on the measuring stand. The exciter with an MCM sample can be placed inside a thermal chamber. Alternatively, the heat-insulated calorimeter with an MCM sample can be placed in the magnetic field of the exciter [49,50]. Nevertheless, besides a general discussion about exciting the magnetic field by an electromagnet or magnets (mostly in Halbach systems) or a superconducting electromagnet, the literature sources lack detailed descriptions of the structures and operation of magnetic field exciters dedicated to MCM testing. For this reason, the authors proposed and analyzed several concepts of systems for generating the magnetic field of adjustable value in the working gap, in which the tested MCM sample is located. A detailed description and analysis of the proposed structures of field exciters are provided in Section 3.




3. Analysis of Magnetic Field Exciters


The general requirements to be met by a system for measuring MCM properties have been formulated in the introduction section. In particular, the exciter should provide the ability to control the value of the magnetic flux density in the area of an MCM sample. In addition, the system should enable the replication of MCM conditions in an AMR. There are several methods which can be used to analyze and design magnetic field exciters dedicated to MCE testing. A magnetic equivalent circuit (MEC) model along with a current sheet model (CSM) of permanent magnets can be developed to provide an easy and computationally light tool for analyzing and designing the magnetic field in the exciter. Nevertheless, considering the complexity of the magnetic circuit leads to the necessity for imposing several crucial simplifying assumptions (e.g., paths of the magnetic flux leakage and impact of saturation), the usefulness of the above-mentioned lumped parameter models to design field exciters will be questionable due to limited credibility. Therefore, the authors decided to develop a three-dimensional field model of electromagnetic phenomena by employing the finite element method (FEM) [51,52,53] to analyze and design systems that excite the magnetic field. Due to the high reliability of the obtained results, the application of the FEM to solve partial differential equations describing electromagnetic fields is one of the most common approaches for the analysis and design of electromagnetic converters and electrical machines [54,55,56,57,58].



In general, the magnetic field in an MCM sample can be generated by the current in the winding, as well as by the permanent magnet or by the hybrid system consisting of an excitation winding and permanent magnet. In terms of electrical energy needed to excite the magnetic field, active (systems with coils), passive (systems with permanent magnets), and hybrid (systems with magnets and windings) excitation systems can be distinguished. Several structures of magnetic circuits for magnetic field exciters with the field controlled by changing the current in the winding (see Figure 2a,c) and changing the structure of the magnetic circuit (see Figure 2b,d) have been considered. In all of the studied magnetic circuits, the laminated ferromagnetic core has been applied to reduce the impact of eddy currents and allow for fast changes of the magnetic field. The first exciter shown in Figure 2a is the easiest to implement. Two coils of the excitation winding generate a magnetic field with a value dependent on the value of the field current. The advantage of the system is the simplicity of its mechanical design and a simple way of controlling the magnetic field value in the working gap. Nevertheless, the current in the winding is a source of power losses, which will cause problems with temperature stabilization in the MCM sample. To eliminate this problem, the sample can be thermally insulated by placing it in a calorimeter. However, the disadvantage of placing the calorimeter with the sample inside the working gap is its increased size. To generate a strong magnetic field in such an increased size gap, a winding of large dimensions is required. The inconvenience resulting from the power losses generated by the winding is avoided in the structure shown in Figure 2b. The magnetic field in this system is generated only by the permanent magnet. The value of the magnetic flux density in the working gap can be controlled by changing the position of the movable yoke. Such an exciter together with an MCM sample, due to lack of heat sources, can be placed in a sufficiently large thermal chamber. Figure 2c shows the concept of a hybrid exciter with a permanent magnet and a filed winding. Two sources of the magnetic flux in this exciter system can be distinguished: the permanent magnet and the winding. The sense of the magnetic flux vector induced by the winding depends on the direction of the current. When it is in concordance with the sense of the magnetic flux vector induced by the magnets, the resultant flux will pass through the column with the permanent magnet and the core of the coil. Changing the direction of the current in the winding will change the sense of the excited magnetic flux vector. In consequence, the fluxes generated by the permanent magnet and the winding will pass through the working gap and the magnetic circuit with the left column. The studied system then behaves as if the flux has been shifted from the right air gap δc to the working gap δ. The magnetic flux density in the δ gap can be controlled by changing the value and direction of the current in the winding. The left part of the magnetic circuit with the permanent magnet and the air gap δ can be placed in the thermal chamber, while the magnetic circuit with the field winding can be located outside the chamber. Nevertheless, to ensure proper operation of the system, the gap length δ should be greater than twice the thickness δc of the wall of the thermal chamber. Another concept of the field exciter with a rotating permanent magnet has been shown in Figure 2d. The magnetic field of the MCM sample can be controlled by changing an angular position of the movable element consisting of a permanent magnet and magnetic field concentrators. To explain the operation principle of the proposed field exciter, a numerical 3D FEM model has been developed and employed to study the magnetic field distribution for different positions of the movable element as shown in Figure 3. For the position of the movable element as in Figure 2d and Figure 3a, the flux generated by the magnet is passing through the magnetic circuit with the lower yoke. This flux will pass through the working gap after rotating the magnetic field concentrators with a magnet by 90° as shown in Figure 3b. The flux penetrates both the working gap and the lower yoke at an intermediate position of the movable element (Figure 3c). The magnetic flux density in the working gap will vary depending on the position of the magnet with the field concentrators. The advantage of the proposed rotary motion system in contrast to the simple linear motion concept shown in Figure 2b is its ability to reduce the large reluctance force acting on the movable element by proper shaping of the pole pieces of the movable element and ferromagnetic cores.



Two structures of the exciter combining the advantages of hybrid excitation (controlling the path of the magnetic flux) and passive excitation (lack of heat sources) based on the structure shown in Figure 2c are proposed and shown in Figure 4 and Figure 5. In the exciter shown in Figure 5, additional δy gaps were introduced into the system enabling the upper part of the system to be placed inside the thermal chamber. Two and three-dimensional field models of the proposed structures have been developed in the professional FEM package Ansys Maxwell. The rotating element of the exciters shown in Figure 4 and Figure 5 is the bottom yoke with permanent magnets. The zero value of the magnetic flux density in the working gap δ (Figure 4b,c and Figure 5b,c) can be obtained at the position of the lower yoke, as shown in Figure 4a and Figure 5a, and with the appropriate selection of the magnetic circuit dimensions. The value of the magnetic flux density in the working gap δ (Figure 6b) can be controlled by changing the angular position α of the lower yoke with permanent magnets. It should be noted that, due to the presence of the magnetic forces, changing the angular position of the lower yoke with permanent magnets will require a drive system with appropriate torque. To enable the drive selection, the reluctance torque τ acting on the rotating element has been determined, the obtained characteristics of τ = f(α) have been shown in Figure 6a. The greatest value of this torque occurs at a rotation angle of approx. 50°, while the greatest torque repulsing the rotating element occurs at α equal to about 130°. The highest value of the magnetic flux density in the working gap (Figure 6b) is obtained by rotating the moving element by 180° (see magnetic field distributions shown in Figure 4d and Figure 5d).



The magnetic flux density distributions have been determined by the FEM models. In order to speed up the design process, the planar symmetry of the magnetic field distribution has been assumed at the initial stage. As a consequence of this assumption, a two-dimensional distribution of the magnetic field in the area of the core, magnets, and air-gaps in the magnetic circuit is assumed. The error due to the omission of the third field component decreases as the core thickness increases (see dimension b in Figure 2a) [59]. According to the strategy discussed in [59] the obtained results by means of a 2D model have been verified by a more precise, but also more computationally-complex 3D model of the magnetic field in the exciter. The magnetic flux density distributions in the working gap δ for different lengths of this gap have been analyzed and the results of the comparison between the 2D and 3D FEM models are shown in Figure 7. The calculations using the 3D model were performed assuming that the exciter core is made of: (a) solid ferromagnetic and (b) insulated ferromagnetic sheets (Figure 7a). The laminated core reduces the eddy current losses caused by changes of the magnetic flux related to the rotation of the moving element.



Studying the comparison shown in Figure 7 it can be seen that as the working gap length δ increases, the magnetic flux density decreases too; moreover, the difference between the obtained magnetic flux density values for the 2D and 3D models also increases. This difference is smaller than 5% for δ = 2 mm and it exceeds 40% for δ = 30 mm (Figure 7). These differences are caused by neglecting part of the leakage flux in the 2D model. In the case of the exciter with additional gaps in the walls of the thermal chamber—see Figure 5—these gaps cause additional magnetic voltage drops. In order to compensate for these voltage drops and to achieve zero magnetic flux density in the working gap, the surfaces of the permanent magnets in the movable element should be increased by approximately 40%.



As mentioned above, the change of the flux in the magnetic circuit made of ferromagnetic material generates power losses corresponding to magnetic hysteresis and eddy current phenomena, and in consequence causes a rise in the temperature of the core. To reduce the impact of those core losses, the magnetic circuit is made of a laminated core. In order to estimate a temperature increase of the ferromagnetic core, the exciter with a rotating lower yoke shown in Figure 5 was analyzed. It was assumed that the core is laminated, and the change of magnetic flux density from zero to a steady value (when the moving element is rotated by 180°) takes place during ¼ period of the sinusoidal magnetic flux wave of the frequency f. Then the power losses in the core ∆Pc resulting from the change of the magnetic flux caused by rotation of the movable element can be determined from the classical Steinmetz formula:


∆Pc = ¼ mc ∆pc50/1.5 (f/50)4/3 (B/1.5)2,



(4)




where mc is the core mass, ∆pc50/1.5 is the loss density of the core material at 50 Hz and 1.5 T, f is the frequency resulting from the rotational speed of the movable element, and B is the value of the magnetic flux density in the working gap.



After estimating the core losses, the increase of core temperature can be determined from the following equation:


∆T = ∆Pc/ (mc CFe),



(5)




where: CFe is the specific heat of the core material.



The calculated values of core losses and the core temperature increases for three different gap lengths presented as functions of frequency are summarized in Figure 8a and b, respectively. It was assumed that the core was made of M330-35A steel sheet with a thickness of 0.35 mm and maximum specific losses ∆pc50/1.5 = 3.3 W/kg. It can be stated that the determined temperature increases do not exceed 0.001 K and are insignificant for the temperature change in the vicinity of the MCM sample.



All of the studied above field exciters enable a quick change of the magnetic field in the MCM sample from near zero to about 1 T, nevertheless, the discussed field exciters are characterized either by complex mechanical design or issues related to sources of the losses in proximity of the MCM sample. Therefore, further research on the magnetic field exciter for testing the MCE was focused on the solution in which the change of the magnetic field in the sample is realized by inserting and removing the sample from the field exciter. The structure of the proposed magnetic field exciter is shown in Figure 9a. The magnetic field is generated by two neodymium magnets. The magnetic flux density in the working gap is adjusted by changing the position of the movable element, i.e., the upper yoke with a permanent magnet. The advantage of the system is its simple structure. Due to the fact that the magnetic flux does not change over time, no power losses are generated in the magnetic circuit. For this reason, this circuit can be made of solid ferromagnetic, and the entire exciter can be placed in a thermal chamber. The magnetic flux density in the gap δ is set before the exciter is inserted into the thermal chamber. The detailed three-dimensional field model of the proposed exciter was developed in the Maxwell Ansys environment. The exemplary distribution of the magnetic field lines in the exciter for the selected magnet position is shown in Figure 9b. Design and optimization calculations using the developed numerical model of the exciter were carried out to minimize the mass of the permanent magnets. In the design process, it was assumed that the exciter should provide a maximum field value of 15 mm inside the gap δ, not less than 0.75 T at the ambient temperature T, which is about 20 °C, also the overall dimensions of the exciter were limited due to the size of the thermal chamber. The literature shows that obtaining higher magnetic flux density values would require the use of a larger number of permanent magnets and arranging them in the Halbach structure [24]. As a result, the dimensions of the exciter and the size of the thermal chamber would increase. Based on the results of the conducted design and optimization calculations, a prototype exciter with a dimension of 145 × 110 × 80 mm was designed and built (see Figure 10).



In order to verify the design calculations and credibility of the developed numerical model, the magnetic flux density distribution in the gap δ (Figure 9a) of the exciter prototype was measured. A gaussmeter 9900 F.W. Bell was used to measure the magnetic flux density (Figure 10a). The test stand uses a system that allows the measuring probe to be moved on the x–y plane in the x-axis direction (along the length of the permanent magnets Lm) and in the y-axis direction (along the δ air gap)—see Figure 10b. The position of the probe in the z-axis direction was fixed—the probe was placed in the middle of the magnet width, i.e., z = bm/2. The results of the measurement of the magnetic flux density along the length Lm of the magnets (along the y-axis) in the air gap were compared with the results obtained on the basis of the 3D field model—see Figure 11. The charts show the magnetic flux density distributions obtained for the two selected lengths of the working gap δ. The obtained distributions show that the advantage of this field exciter is the relatively high homogeneity of the magnetic field in the central part of the magnets. The tested MCM sample is placed in this area. Moreover, the measurement results confirm the high reliability of the design calculations.



The magnetic flux density distributions along the y-axis in the working gap (Figure 10b), determined from the measurements and calculations carried out with the use of the 2D and 3D field models of electromagnetic phenomena, were compared in further studies. The obtained results for the selected gap lengths δ are shown in Figure 12. The comparison of these distributions shows that the calculations carried out using the 2D model are not very reliable.



The maximum percentage divergence ε = (Bc – Bm)100%/Bm between the results of the Bm measurements and the results of the Bc calculations of the magnetic flux density for the 3D model, determined in the gap between the exciter magnets in the x-axis direction, do not exceed 6% at the ends of the magnets. However, in the middle of the magnet’s length i.e. 0. 5 Lm, ε < 0.05%, and in the y-axis direction ε < 0.5%.



Characteristic features of the developed exciter are: its small size and the possibility of using permanent magnets to generate a magnetic field. The 3D field model used in the exciter design process enabled the optimization of its magnetic circuit. The comparison of the simulation results and measurements of the built exciter confirmed the high reliability of the model of the studied phenomena and the developed numerical model of the exciter. The analysis using the finite element method allows for the design and construction of an exciter with desired parameters of the generated magnetic field without the need to build many prototypes.




4. Conclusions


We have presented research on the development of a magnetic field exciter with permanent magnets to be used on a test stand for determining thermodynamic properties of MCMs, depending on the temperature and the value of magnetic flux density. The motivation for the research was the lack of information in the literature and catalogs about the properties of MCMs necessary for the design of magnetic cooling systems. Moreover, there are no devices dedicated strictly to MCM testing on the market. In summary, based on the conducted studies, it can be concluded that the developed permanent magnet exciter enables the field value to be adjusted by changing the position of the moving element of the magnetic circuit. The performed comparative analysis of the magnetic field distributions determined based on the developed 2D and 3D field models shows that the usefulness of 2D field models in the design process is limited due to the high impact of the magnetic leakage fluxes in the studied systems. The small dimensions of this exciter allow it to be placed in a small thermal chamber. An important advantage of the system is the lack of power losses in the excitation system. This makes it easier to maintain the desired temperature in the working gap of the exciter and allows the location of the magnetic field source and the tested MCM sample in the same thermal chamber. It should be emphasized that the obtained good convergence of the measurement results for the magnetic field in the exciter, with the calculations made with the use of the 3D model of magnetic phenomena (FEM), confirms the usefulness of the applied approach to the design and analysis of the field exciters for direct MCE testing. This is evidenced by a small relative error (discrepancy) ε between the results of the calculations for the 3D model and the results of magnetic flux density measurements for the system shown in Figure 10. This discrepancy did not exceed 6% at the ends of the magnets and 0.5% at the point in the center of the gap between the magnets, i.e., in an area of high magnetic field homogeneity.



The disadvantage of the developed field exciter is that the obtained value of the magnetic flux density in the working gap is relatively low. Therefore, further research should be focused on the use of permanent magnets formed in the Halbach structure to generate a field in the working gap of the exciter with values of the 1.4–1.8 T order.







Author Contributions


Conceptualization, W.L., C.J. and W.S.; methodology, W.L., C.J. and W.S.; software, W.L., C.J. and W.S.; validation, W.L., C.J., W.S. and T.T.; investigation, W.L. and C.J.; resources, W.L., C.J., and W.S.; data curation, W.L.; writing—original draft preparation, W.L.; writing—review and editing, W.L., C.J., W.S. and T.T.; visualization, W.L. and C.J.; project administration, W.L., C.J. and W.S.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Polish Government, grant number 0212/SBAD/0514.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Warburg, E. Magnetische Untersuchungen. Ann. Phys. 1881, 249, 141–164. [Google Scholar] [CrossRef]

	



Egolf, P.W.; Kitanovski, A.; Vuarnoz, D.; Diebold, M.; Besson, C. An Introduction to Magnetic Refrigeration. Int. J. Refrig. 2007, 30, 1–8. [Google Scholar]

	



Yu, B.; Liu, M.; Egolf, P.W.; Kitanovski, A. A Review of Magnetic Refrigerator and Heat Pump Prototypes Built before the Year 2010. Int. J. Refrig. 2010, 33, 1029–1060. [Google Scholar] [CrossRef]

	



Smith, A. Who Discovered the Magnetocaloric Effect? Eur. Phys. J. H 2013, 38, 507–517. [Google Scholar] [CrossRef]

	



Weiss, P.; Piccard, A. Le phénomène magnétocalorique. J. Phys. Théorique Appliquée 1917, 7, 103–109. [Google Scholar] [CrossRef]

	



Debye, P. Einige Bemerkungen Zur Magnetisierung Bei Tiefer Temperatur. Ann. Phys. 1926, 386, 1154–1160. [Google Scholar] [CrossRef]

	



Giauque, W.F. A Thermodynamic Treatment of Certain Magnetic Effects. A Proposed Method of Producing Temperatures Considerably below 1° Absolute. J. Am. Chem. Soc. 1927, 49, 1864–1870. [Google Scholar] [CrossRef]

	



Giauque, W.F.; MacDougall, D.P. Attainment of Temperatures Below 1° Absolute by Demagnetization of Gd2(SO4)3·8H2O. Phys. Rev. 1933, 43, 768. [Google Scholar] [CrossRef]

	



Brown, G.V. Magnetic Heat Pumping near Room Temperature. J. Appl. Phys. 1976, 47, 3673–3680. [Google Scholar] [CrossRef]

	



Pecharsky, V.K.; Gschneidner, K.A. Effect of Alloying on the Giant Magnetocaloric Effect of Gd5(Si2Ge2). J. Magn. Magn. Mater. 1997, 167, L179–L184. [Google Scholar] [CrossRef]

	



Wada, H.; Taniguchi, K.; Tanabe, Y. Extremely Large Magnetic Entropy Change of MnAs1-xSbx near Room Temperature. Mater. Trans. 2002, 43, 73–77. [Google Scholar] [CrossRef]

	



Hu, F.; Shen, B.; Sun, J.; Wu, G. Large Magnetic Entropy Change in a Heusler Alloy Ni52.6Mn23.1Ga24.3 Single Crystal. Phys. Rev. B 2001, 64, 132412. [Google Scholar] [CrossRef]

	



Fujita, A.; Fujieda, S.; Hasegawa, Y.; Fukamichi, K. Itinerant-Electron Metamagnetic Transition and Large Magnetocaloric Effects in La(FexSi1−x)13 Compounds and Their Hydrides. Phys. Rev. B 2003, 67, 104416. [Google Scholar] [CrossRef]

	



Kosogor, A.; L’vov, V.A.; Lázpita, P.; Seguí, C.; Cesari, E. Magnetocaloric Effect Caused by Paramagnetic Austenite–Ferromagnetic Martensite Phase Transformation. Metals 2019, 9, 11. [Google Scholar] [CrossRef]

	



Szałowski, K.; Kowalewska, P. Magnetocaloric Effect in Cu5-NIPA Molecular Magnet: A Theoretical Study. Materials 2020, 13, 485. [Google Scholar] [CrossRef]

	



Gozdur, R.; Gębara, P.; Chwastek, K. A Study of Temperature-Dependent Hysteresis Curves for a Magnetocaloric Composite Based on La(Fe, Mn, Si)13-H Type Alloys. Energies 2020, 13, 1491. [Google Scholar] [CrossRef]

	



Tadout, M.; Lambert, C.-H.; El Hadri, M.S.; Benyoussef, A.; Hamedoun, M.; Benaissa, M.; Mounkachi, O.; Mangin, S. Magnetic Properties and Magnetocaloric Effect in Gd100−xCox Thin Films. Crystals 2019, 9, 278. [Google Scholar] [CrossRef]

	



Sandeman, K.G. Magnetocaloric Materials: The Search for New Systems. Scr. Mater. 2012, 67, 566–571. [Google Scholar] [CrossRef]

	



Li, J.-H.; Liu, A.-J.; Ma, Y.-J.; Han, S.-D.; Hu, J.-X.; Wang, G.-M. A Large Magnetocaloric Effect in Two Hybrid Gd-Complexes: The Synergy of Inorganic and Organic Ligands towards Excellent Cryo-Magnetic Coolants. J. Mater. Chem. C 2019, 7, 6352–6358. [Google Scholar] [CrossRef]

	



Kitanovski, A.; Egolf, P.W. Innovative Ideas for Future Research on Magnetocaloric Technologies. Int. J. Refrig. 2010, 33, 449–464. [Google Scholar] [CrossRef]

	



Von Ranke, P.J.; de Oliveira, N.A.; Alho, B.P.; Plaza, E.J.R.; de Sousa, V.S.R.; Caron, L.; Reis, M.S. Understanding the Inverse Magnetocaloric Effect in Antiferro- and Ferrimagnetic Arrangements. J. Phys. Condens. Matter Inst. Phys. J. 2009, 21, 056004. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Xu, P.; Ye, S.; Li, Y.; Liu, G.; Huo, D.; Yan, M. Magnetic Properties and Excellent Cryogenic Magnetocaloric Performances in B-Site Ordered RE2ZnMnO6 (RE = Gd, Dy and Ho) Perovskites. Acta Mater. 2020, 194, 354–365. [Google Scholar] [CrossRef]

	



Wu, B.; Zhang, Y.; Guo, D.; Wang, J.; Ren, Z. Structure, Magnetic Properties and Cryogenic Magneto-Caloric Effect (MCE) in RE2FeAlO6 (RE = Gd, Dy, Ho) Oxides. Ceram. Int. 2021, 47, 6290–6297. [Google Scholar] [CrossRef]

	



Kitanovski, A.; Tušek, J.; Tomc, U.; Plaznik, U.; Ozbolt, M.; Poredoš, A. Magnetocaloric Energy Conversion: From Theory to Applications; Green Energy and Technology; Springer International Publishing: Cham, Switzerland, 2015; ISBN 978-3-319-08740-5. [Google Scholar]

	



Tura, A.; Rowe, A. Permanent Magnet Magnetic Refrigerator Design and Experimental Characterization. Int. J. Refrig. 2011, 34, 628–639. [Google Scholar] [CrossRef]

	



Trevizoli, P.V.; Christiaanse, T.V.; Govindappa, P.; Niknia, I.; Teyber, R.; Jr, J.R.B.; Rowe, A. Magnetic Heat Pumps: An Overview of Design Principles and Challenges. Sci. Technol. Built Environ. 2016, 22, 507–519. [Google Scholar] [CrossRef]

	



Zimm, C.; Boeder, A.; Mueller, B.; Rule, K.; Russek, S.L. The Evolution of Magnetocaloric Heat-Pump Devices. MRS Bull. 2018, 43, 274–279. [Google Scholar] [CrossRef]

	



Kitanovski, A.; Plaznik, U.; Tomc, U.; Poredoš, A. Present and Future Caloric Refrigeration and Heat-Pump Technologies. Int. J. Refrig. 2015, 57, 288–298. [Google Scholar] [CrossRef]

	



Klinar, K.; Tomc, U.; Jelenc, B.; Nosan, S.; Kitanovski, A. New Frontiers in Magnetic Refrigeration with High Oscillation Energy-Efficient Electromagnets. Appl. Energy 2019, 236, 1062–1077. [Google Scholar] [CrossRef]

	



Krautz, M.; Beyer, M.; Jäschke, C.; Schinke, L.; Waske, A.; Seifert, J. A Magnetocaloric Booster Unit for Energy-Efficient Air-Conditioning. Crystals 2019, 9, 76. [Google Scholar] [CrossRef]

	



Greco, A.; Aprea, C.; Maiorino, A.; Masselli, C. A Review of the State of the Art of Solid-State Caloric Cooling Processes at Room-Temperature before 2019. Int. J. Refrig. 2019, 106, 66–88. [Google Scholar] [CrossRef]

	



Kitanovski, A. Energy Applications of Magnetocaloric Materials. Adv. Energy Mater. 2020, 10, 1903741. [Google Scholar] [CrossRef]

	



Tishin, A.M.; Spichkin, Y.I. The Magnetocaloric Effect and Its Applications. Mater. Today 2003, 6, 51. [Google Scholar] [CrossRef]

	



Magnetocaloric Material—CALORIVAC | VAC. Available online: https://vacuumschmelze.com/products/Further-Technologies/Magnetocaloric-Material--CALORIVAC (accessed on 6 April 2021).

	



Dinesen, A.R.; Linderoth, S.; Mørup, S. Direct and Indirect Measurement of the Magnetocaloric Effect in a La0.6Ca0.4MnO3 Ceramic Perovskite. J. Magn. Magn. Mater. 2002, 253, 28–34. [Google Scholar] [CrossRef]

	



Zarifi, M.; Kameli, P.; Raoufi, T.; Ghotbi Varzaneh, A.; Salazar, D.; Nouraddini, M.I.; Kotsedi, L.; Maaza, M. Direct and Indirect Measurement of the Magnetocaloric Effect in the La0.5Ca0.5−xPbxMnO3 (0 ≤ x ≤ 0.2) Manganites. J. Magn. Magn. Mater. 2020, 494, 165734. [Google Scholar] [CrossRef]

	



Fujieda, S.; Hasegawa, Y.; Fujita, A.; Fukamichi, K. Direct Measurement of Magnetocaloric Effects in Itinerant-Electron Metamagnets La(FexSi1−x)13 Compounds and Their Hydrides. J. Magn. Magn. Mater. 2004, 272–276, 2365–2366. [Google Scholar] [CrossRef]

	



Dan’kov, S.Y.; Tishin, A.M.; Pecharsky, V.K.; Gschneidner, K.A. Experimental Device for Studying the Magnetocaloric Effect in Pulse Magnetic Fields. Rev. Sci. Instrum. 1997, 68, 2432–2437. [Google Scholar] [CrossRef]

	



Wada, H.; Asano, T.; Ilyn, M.; Tishin, A.M. Direct Measurements of Magnetocaloric Effects of Mn1+δAs1−xSbx. J. Magn. Magn. Mater. 2007, 310, 2811–2812. [Google Scholar] [CrossRef]

	



Giguère, A.; Foldeaki, M.; Ravi Gopal, B.; Chahine, R.; Bose, T.K.; Frydman, A.; Barclay, J.A. Direct Measurement of the ‘‘Giant’’ Adiabatic Temperature Change in Gd5Si2Ge2. Phys. Rev. Lett. 1999, 83, 2262–2265. [Google Scholar] [CrossRef]

	



Toliński, T.; Synoradzki, K. Specific Heat and Magnetocaloric Effect of the Mn5Ge = Ferromagnet. Intermetallics 2014, 47, 1–5. [Google Scholar] [CrossRef]

	



Cugini, F.; Orsi, D.; Brück, E.; Solzi, M. Direct Measurement of the Magnetocaloric Effect on Micrometric Ni-Mn-(In,Sn) Ribbons by the Mirage Effect under Pulsed Magnetic Field. Appl. Phys. Lett. 2018, 113, 232405. [Google Scholar] [CrossRef]

	



Synoradzki, K.; Nowotny, P.; Skokowski, P.; Toliński, T. Magnetocaloric Effect in Gd5(Si,Ge)4 Based Alloys and Composites. J. Rare Earths 2019, 37, 1218–1223. [Google Scholar] [CrossRef]

	



Oboz, M.; Śniadecki, Z.; Świec, P.; Zajdel, P.; Talik, E.; Guzik, A. Evolution of the Magnetic and Magnetocaloric Properties of Gd6YPd3 Alloys Originating from Structural Modifications. J. Magn. Magn. Mater. 2020, 511, 167000. [Google Scholar] [CrossRef]

	



Földeàki, M.; Chahine, R.; Bose, T.K. Magnetic Measurements: A Powerful Tool in Magnetic Refrigerator Design. J. Appl. Phys. 1995, 77, 3528–3537. [Google Scholar] [CrossRef]

	



Moreno-Ramírez, L.M.; Franco, V.; Conde, A.; Neves Bez, H.; Mudryk, Y.; Pecharsky, V.K. Influence of the Starting Temperature of Calorimetric Measurements on the Accuracy of Determined Magnetocaloric Effect. J. Magn. Magn. Mater. 2018, 457, 64–69. [Google Scholar] [CrossRef]

	



Yibole, H.; Guillou, F.; Zhang, L.; van Dijk, N.; Brück, E. Direct Measurement of the Magnetocaloric Effect in MnFe(P,X) (X = As, Ge, Si) Materials. J. Phys. Appl. Phys. 2014, 47, 075002. [Google Scholar] [CrossRef]

	



Kamarád, J.; Kaštil, J.; Arnold, Z. Practical System for the Direct Measurement of Magneto-Caloric Effect by Micro-Thermocouples. Rev. Sci. Instrum. 2012, 83, 083902. [Google Scholar] [CrossRef]

	



Czernuszewicz, A.; Lewandowski, D.; Wiewiórski, P. Study into the Magnetic Field for a Magnetocaloric Cooling System with the Use of Magnetovision. Trans. FAMENA 2013, 37, 55–64. [Google Scholar] [CrossRef]

	



Jeppesen, S.; Linderoth, S.; Pryds, N.; Kuhn, L.T.; Jensen, J.B. Indirect Measurement of the Magnetocaloric Effect Using a Novel Differential Scanning Calorimeter with Magnetic Field. Rev. Sci. Instrum. 2008, 79, 083901. [Google Scholar] [CrossRef]

	



Nell, M.; Lenz, J.; Hameyer, K. Scaling Laws for the FE Solutions of Induction Machines. Arch. Electr. Eng. 2019, 68, 677–695. [Google Scholar] [CrossRef]

	



Demenko, A.; Lyskawinski, W.; Wojciechowski, R.M. Equivalent Formulas for Global Magnetic Force Calculation from Finite Element Solution. IEEE Trans. Magn. 2012, 48, 195–198. [Google Scholar] [CrossRef]

	



Bavendiek, G.; Leuning, N.; Müller, F.; Schauerte, B.; Thul, A.; Hameyer, K. Magnetic Anisotropy under Arbitrary Excitation in Finite Element Models. Arch. Electr. Eng. 2019, 68, 455–466. [Google Scholar] [CrossRef]

	



Baranski, M. FE Analysis of Coupled Electromagnetic-Thermal Phenomena in the Squirrel Cage Motor Working at High Ambient Temperature. COMPEL Int. J. Comput. Math. Electr. Electron. Eng. 2019, 38, 1120–1132. [Google Scholar] [CrossRef]

	



Lyskawinski, W. Comparative Analysis of Energy Performance of Squirrel Cage Induction Motor, Line-Start Synchronous Reluctance and Permanent Magnet Motors Employing the Same Stator Design. Arch. Electr. Eng. 2020, 69, 967–981. [Google Scholar] [CrossRef]

	



Szeląg, W. Finite Element Analysis of the Magnetorheological Fluid Brake Transients. COMPEL Int. J. Comput. Math. Electr. Electron. Eng. 2004, 23, 758–766. [Google Scholar] [CrossRef]

	



Pałka, R.; Woronowicz, K.; Kotwas, J.; Xing, W.; Chen, H. Influence of Different Supply Modes on the Performance of Linear Induction Motors. Arch. Electr. Eng. 2019, 68, 473–483. [Google Scholar] [CrossRef]

	



Jedryczka, C.; Wojciechowski, R.M.; Demenko, A. Finite Element Analysis of the Asynchronous Torque in LSPMSM with Non-Symmetrical Squirrel Cage Winding. Int. J. Appl. Electromagn. Mech. 2014, 46, 367–373. [Google Scholar] [CrossRef]

	



Wojciechowski, R.M.; Jedryczka, C.; Demenko, A.; Sykulski, J.K. Strategies for Two-Dimensional and Three-Dimensional Field Computation in the Design of Permanent Magnet Motors. IET Sci. Meas. Amp Technol. 2015, 9, 224–233. [Google Scholar] [CrossRef]








[image: Energies 14 02792 g001 550] 





Figure 1. Schematic of the refrigerator with AMR (a), temperature (T) vs. entropy (Sm) diagram of the AMR cycle (b); (1) magnets or poles of an electromagnet, (2) regenerator with MCM, (3) cold heat exchanger, (4) hot heat exchanger, and (5) piston pump. 
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Figure 2. Exciters with: (a) a winding generating magnetic field, (b) magnetic field generated by permanent magnet and controlled by linear position of the movable yoke, (c) a hybrid excitation system, (d) magnetic field generated by permanent magnet and controlled by rotating movable element. 
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Figure 3. Magnetic field distributions for the exciter with a rotating magnet—the magnetic flux penetrates: (a) the lower yoke, (b) the working slot, and (c) partially the lower yoke and working slot. 
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Figure 4. The structure of the exciter with a rotating yoke with permanent magnet at positions corresponding to: (a) switched “off” and (d) switched “on” magnetic field in the gap δ, as well as the 2D (b,e) and 3D (c,f) magnetic field distributions determined for these operating states. 
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Figure 5. The structure of the exciter with additional δy gaps and a rotating yoke with permanent magnet at positions corresponding to: (a) switched “off” and (d) switched “on” magnetic field in the gap δ, as well as the 2D (b,e) and 3D (c,f) magnetic field distributions determined for these operating states. 
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Figure 6. Dependence of reluctance torque τ (a) and flux density B on angular position of movable element α for working gap δ = 2, 15, 30 mm (for exciter shown in Figure 4) and (b) δx = 30 mm (for exciter shown in Figure 5). 
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Figure 7. Comparison of the magnetic field density distributions B in the air gap calculated using 2D and 3D models (a) for δx = 30 mm (exciter from Figure 5) and (b) for δ = 2, 15, 30 mm (exciter from Figure 4). 
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Figure 8. Core loss (a) and core temperature increase (b) as a functions of frequency. 
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Figure 9. Exciter: (a) structure and (b) magnetic field distribution. 
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Figure 10. System for measuring the magnetic flux density in the exciter gap (a); 1—exciter, 2—probe shift system, 3—gaussometer, 4—probe, 5—guides for moving the MCM sample, 6—elements of the temperature stabilization system; diagram of the probe orientation and movement between the exciter magnets (b). 
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Figure 11. Magnetic flux density distributions along the exciter magnets for the gap: (a) δ = 21.3 mm and (b) δ = 12.5 mm, determined from measurements (m) and calculations at a distance from the surface of the lower magnet y = 4, 6, 12 mm. 
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Figure 12. The magnetic flux density distributions between the magnets in the middle of the magnet length (0.5 Lm) along the y-axis for: (a) δ = 30 mm and (b) δ = 16.8 mm measured (m) and calculated using 2D and 3D models of the phenomena. 
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Table 1. Magnetocaloric properties of selected MCMs at near room temperature.
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	Material
	TC (K)
	∆Tad (K)
	−∆Sm (Jkg−1K−1)
	∆B (T)





	Gd
	~293
	3.3
	3.1
	1



	Gd5Si2Ge2
	~278
	7.3
	14
	2



	LaFe11.06Co0.86Si1.08
	~276
	2.3
	6.1
	1



	La(Fe0.89Si0.11)13H1.3
	~291
	6.9
	24
	2



	La(Fe0.88Si0.12)13H1.5
	~323
	6.8
	19
	2



	MnAs
	~318
	4.7
	31
	2



	MnFeP0.45As0.55
	~306
	2.8
	12.5
	1



	LCSM(x-0.055)
	~285
	1
	2.8
	1.2
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