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Abstract. 
Regenerative types of cryogenic refrigerators (or cryocoolers) employ magnetic intermetallic compounds of 3d and 4f elements to work well below 10 K. This paper presents the analysis of temperature distribution in regenerators of such cryocoolers under the influence of magnetic fields of 1 T, 3 T, and 4.3 T. Commercial code of finite element analysis (FEA) package, ANSYS (APDL) 14.5, is used to investigate the temperature distribution under above-mentioned fields.  is selected as regenerator material and the criteria for its selection are discussed in detail. The cold end temperature is varied from 4.2 K to 10 K and hot end temperature is fixed at 20 K. The values obtained from FEA clearly show that the ineffectiveness of  is at 8 K and 10 K at 3 T and 4.3 T.



1. Introduction
Cryocoolers are the devices capable of producing temperatures of 120 K and below [1]. Cryocoolers operating with a regenerative type of heat exchanger (regenerators) are known as regenerative cryocoolers and are mainly of three types [2]:
(i) Stirling; (ii) Gifford-McMahon (GM) (Figure 1); and (iii) pulse tube cryocooler (PTC).




	
	
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
			
		
		
		
			
		
		
		
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
	


Figure 1: Schematic of GM cryocooler.


The use of magnetic intermetallic compounds in regenerators of cryocoolers improved its functioning below 10 K [3, 4] and liquid He temperatures were reached [5, 6]. The heat capacity of Pb decreases drastically whereas peak in specific heat is observed in such materials below 10 K [7–9].
Figure 2 represents the materials used for different temperature ranges in regenerators along with their geometry. Nowadays cryocoolers are extensively used to cool MRI systems and magnetometers (SQUIDs) where they are continuously exposed to very high magnetic fields 5 T or even more. Along with magnetic interference, an additional thermal load is also present when electrical resistivity of the material is taken into account.




	
	
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
			
			
		
		
			
		
			
			
		
		
			
		
			
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		


Figure 2: Temperature ranges for regenerator materials used in cryocoolers.


This paper presents the results of coupled (magnetic + thermal) analysis of cryocoolers regenerator under magnetic field (1 T, 3 T, and 4.3 T) using commercial FEA package, ANSYS (APDL) 14.5. The electrical resistivity of  is also included in the material properties to account for Joule heating. The criteria for selection of  in numerical simulation are discussed. The model shows the ineffectiveness of  above 6 K as well as 1 T.
2. Matrix Material Selection 
Till date, various materials have been used for 4 K class of cryocoolers. References [7–9] present few of such materials. The text by Spichkin and Tishin [10] also vastly covers such materials along with their magnetic properties. As seen from [3–10] the most prominent materials used are , , , and .
The data present in the literature about the magnetic properties and electrical properties are very limited for cryocooler regenerator materials. While performing a magnetic analysis proper data of magnetic properties must be present. However, regenerator materials are not often described with their magnetic, thermal, and electrical properties simultaneously. All these properties are highly nonlinear at cryogenic temperatures. Therefore, criteria used for selection of regenerator material are summarized as follows:(i)The material should show variable heat capacity in the temperature ranges below 15 K under magnetic field. Most of the time this temperature is determined by the Curie temperature () in the case of paramagnetic materials whereas it is determined by Néel temperature () for antiferromagnetic materials (AFM).(ii) or  for the material should lie below 15 K.(iii)There are many materials available to use in the regenerator of 4 K cryocoolers. However, the materials may not be readily available as per requirement. Therefore, commercially available materials should be selected.(iv)The relative permeability is highly nonlinear and must be found experimentally always. Therefore selecting the material whose relative permeability is already present in the literature is necessary.  is the only material whose relative permeability is present as it is.Table 1 presents the electrical, thermal, and magnetic properties of  from different references that made input to ANSYS. Key points (i)–(iv) are justified after observing Table 1.
Table 1: Material properties of  for ANSYS.
	

	Sr. number	Material properties	Value/nature	References
	

	1	Relative permeability	1.3 (assumed linear and constant)	[11, 12]
	2	Electrical resistivity	Temperature dependent	[13]
	3	Néel temperature ()	7.7 K	[14]
	4	Density	9290 kg/m 3	[14]
	5	Thermal conductivity	2 W/m K at 50 K 
0.3 W/m K 5 K	[15]
	6	Specific heat under magnetic field	Temperature and magnetic field dependent	[16]
	



Reference [16] is the only work present till date to account for the influence of magnetic field upon the direct values of specific heat for .
3. Finite Element Modelling in ANSYS
The following subsections describe the various steps for modelling the regenerator with optimal dimensions. The loads, operating conditions, and element selected for analysis are discussed.
3.1. Solid Model
The regenerator considered is 100 mm in length and 20 mm wide. A 2D axisymmetric model with nonuniform magnetic field is considered.
The nonuniform magnetic field is simulated by putting a solenoid/coil in the vicinity of the regenerator. Figure 3 shows the solid model used for simulation.




	
	
		
			
		
			
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
	


Figure 3: Solid model for simulation in ANSYS.


3.2. Element Selection
Plane13 (vector quad 13) element is selected for the analysis [17]. It allows for 2D thermal, magnetic, and electrical field calculations with limited coupling between the fields. Plane13 is defined by four nodes with up to four degrees of freedom per node. The element has the nonlinear magnetic capability for modelling B-H curves of the material considered. It can be meshed in quadrilateral as well in triangular forms. In this case, the model is meshed in quadrilateral form.
3.3. Meshing
The results in any computational software are highly dependent upon the mesh sizes used for the solution. Since the regenerator area is of interest, fine meshing can be seen at it (Figure 4). It leads to faster convergence rate and relatively less computational time. The validation of mesh size is done by continuously refining the initial guess until there is no appreciable change in the results. At last a mesh size of 0.0005 was found to be optimal.




	
	
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		


Figure 4: Meshing of solid model in ANSYS.


3.4. Loads
The magnetic loads and thermal loads are explained by Kumar and Shoor [18] in detail along with the magnetic analysis and boundary conditions. The consideration of electrical resistivity leads to Joule heating. Table 2 represents the operating conditions used for simulation.
Table 2: Operating conditions of regenerator for different magnetic field.
	

	 	 T	 T	 T	 T
	

	Hot end temperature 
 K	 K	 K	 K	 K
	 K	 K	 K	 K
	 K	 K	 K	 K
	 K	 K	 K	 K
	



4. Results and Discussions
The transient analysis of regenerator for 600 s under the magnetic field was performed. The following subsections explain the results of the simulation with and without magnetic fields. A total of 16 cases were analyzed. Due to a large number of models, the images are shown in Appendices A–D (Figures 9–12). The subsequent sections explain the comparative results of different cold end temperature under same magnetic fields (Figures 5–8).




	
	
		
			
				
			
				
			
			
			
				
			
				
			
				
			
				
			
				
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
		
		
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 5: Temperature profile of model at .






	
	
		
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 6: Temperature profile of model at  1 T.






	
	
		
			
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
		
		
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
		
			
		
		
		
		
		
		
			
		
			
		
			
		
			
	


Figure 7: Temperature profile of model at  T.






	
	
		
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
		
		
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
			
		
			
		
			
	


Figure 8: Temperature profile of model at  T.
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(d)
Figure 9: (a) Temperature distribution for 4.2 K at 0 T. (b) Temperature distribution for 4.2 K at 1 T. (c) Temperature distribution for 4.2 K at 3 T. (d) Temperature distribution for 4.2 K at 4.3 T.
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(d)
Figure 10: (a) Temperature distribution for 6 K at 0 T. (b) Temperature distribution for 6 K at 1 T. (c) Temperature distribution for 6 K at 3 T. (d) Temperature distribution for 6 K at 4.3 T.
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(d)
Figure 11: (a) Temperature distribution for 8 K at 0 T. (b) Temperature distribution for 8 K at 1 T. (c) Temperature distribution for 8 K at 3 T. (d) Temperature distribution for 8 K at 4.3 T.
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(d)
Figure 12: (a) Temperature distribution for 10 K at 0 T. (b) Temperature distribution for 10 K at 1 T. (c) Temperature distribution for 10 K at 3 T. (d) Temperature distribution for 10 K at 4.3 T.


4.1. Temperature Distribution at 0 T
Figure 9(a) shows the temperature distribution at  K. It is clear that most of the temperature drop happens in the starting part of the regenerator. When the cold end temperature is 6 K (Figure 10(a)), the temperature drops in a similar fashion. However, as seen from Figure 11(a), when the cold end temperature is fixed at 8 K, then 7.13 K was observed to be the lowest temperature in the regenerator. When the cold end is at 10 K, it can be seen in Figure 12(a) that the tip has a higher temperature again. Figure 5 shows the comparison of temperature profiles of the four cases.
At 4.2 K and 6 K the temperature profile is somewhat linear, whereas, for 8 K and 10 K, it is nonlinear. The peak value obtained in the specific heat of  at  is the primary reason for this nonlinearity. The ineffectiveness of selected regenerator material above 7.7 K can be seen when only gas-cooling/heating cycle takes place.
4.2. Temperature Distribution at B = 1 T
Figures 9(b), 10(b), 11(b), and 12(b) show the temperature distribution when  is fixed at 4.2 K, 6 K, 8 K, and 10 K, respectively. A similar trend as above is observed in this case also. However, the region of linearity shifts towards 70 mm. It is evident from the comparison of the temperature profiles of the four cases.
It is evident from Figure 6 that the temperature becomes steeper again after 60 mm for  K and 8 K. However, for  K and 4 K, the temperature keeps on descending after 70 mm. The effect of Joule heat generation at 1 T affects the temperature profile to a lesser extent as the value is of the order of  [18]. Also it can be seen that the profile has been shifted towards higher side, when compared to case A. The ineffectiveness of selected regenerator material above 7.7 K can be seen when magnetic field is also applied to the model (Figures 9(b) and 12(b)).
4.3. Temperature Distribution at B = 3 T
Figures 9(c), 10(c), 11(c), and 12(c) show the temperature distribution for magnetic field 3 T for various . Comparing figures of cold end temperature 8 K and 10 K, it is clearly seen that the temperature is distributed in the regenerator uniformly at 3 T and temperature drop is close to being linear. However, the values are on the slightly higher side than at 0 T and 1 T.
The temperature profile for model 3 at 3 T is presented in Figure 7. For  K, temperature profile has become somewhat linear. As far as  8 K and 10 K are concerned, after 70 mm the decrease in the specific heat of  causes increase of temperature.
4.4. Temperature Distribution at 4.3 T
Figures 9(d), 10(d), 11(d), and 12(d) show the temperature distribution for selected temperatures at 4.3 T. Figure 8 describes the temperature profile at 4.3 T for the model at different cold end temperatures. The trend is similar; however increasing Joule heating shifts the profile towards higher side. The temperature drop is more linear at 4.3 T than at 3 T. The values are on the higher side in this case. Also the graphs show that the temperature drop is more linear at 4.3 T compared to 3 T; however the values are on the higher side at 4.3 T.
The regenerator material has variable heat capacity under different magnetic fields. Therefore at this point, it becomes necessary to compare the temperature profiles for same cold end temperature under various magnetic fields. Appendix E shows such comparison at different operating conditions. It is evident from Figures 13(a)–13(d) that the temperature profiles at  T and 1 T closely follow each other in every case. However, the profiles for 8 K and 10 K are on the higher side due to additional thermal load.
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(d)
Figure 13: (a) Temperature profile at  4.2 K. (b) Temperature profile at  6 K. (c) Temperature profile at  8 K. (d) Temperature profile at  10 K.


Regenerative cryocoolers, in particular, PTCs, are manufactured for a long operating time. Additionally, these devices are designed to produce cooling capacity ~mW [5]. Therefore under high magnetic fields for prolonged period the Joule heat generation comes into play at liquid He temperature (4.2 K). As a result, the additional heat load contributes to the rise in temperature.
Nowadays more than one material is used in regenerators so as to increase the cooling capacity of the system. Such configuration is known as multilayer regenerators. The cooling capacity is directly related to the effectiveness of the regenerator and in turn the materials used in it. Multilayered regenerators are better to use in comparison to their conventional counterpart. Apparently, in all the above cases the regenerator material becomes ineffective to use above its critical temperature, . Therefore, two different materials with different critical temperatures would provide two peaks in heat capacity for the regenerator bed. For example,  with  K [19] can be used with  in the regenerator. This kind of configuration can handle wide range of temperatures.
5. Conclusions
In the present work, the effect of magnetic field on cryocooler regenerator is analyzed using FEA package, ANSYS 14.5.  is selected as matrix material. In addition to the thermal and magnetic properties, the electrical resistivity is also considered to account for Joule heating. A total of 16 cases were simulated and compared. At the end the following points can be concluded:(1)The specific heat of Er3Ni is crucial as regenerator material, and above its Néel temperature, it is ineffective to use since the temperature shifts towards higher side.(2)The consideration of the influence of magnetic field upon the specific heat of  shows that up to 1 T the regenerator would work satisfactorily. However, for higher magnetic fields the performance would degrade. The patterns observed in the heat capacity of  at different temperatures and magnetic fields are the reason behind this.(3)The model also explains that multilayered regenerators are better to use and the material interface should be at the place where temperature profile shifts towards higher side. At the interface, the temperature would not shift towards higher side. The reason is attributed to the peak in specific heat capacity at the critical temperature of the second material used. As stated above,  is better to use at 10 K and  is better to use at 6 K and 4.2 K. Therefore, both can be constituted together and that regenerator would work efficiently from 10 K to 4.2 K.
Appendix
A. Temperature Distribution for  = 4.2 K from ANSYS 14.5
 See Figure 9.
B. Temperature Distribution at  = 6 K from ANSYS 14.5
 See Figure 10.
C. Temperature Distribution at  = 8 K from ANSYS 14.5
 See Figure 11.
D. Temperature Distribution at  = 10 K from ANSYS 14.5
 See Figure 12.
E. Comparison of the Same  for  = 0 T, 1 T, 3 T, and 4.3 T
 See Figure 13.
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