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Abstract 

Magnetic cooling is an emerging refrigeration technology with potential to surpass the performance of 

vapour compression devices. It has been successfully applied in the cryogenic temperature ranges, where 

magnetic cooling gas liquefiers surpass the performance of conventional liquefaction systems.  

Magnetic refrigeration technology is based on the magnetocaloric effect, a characteristic present in all 

magnetic materials and alloys. In magnetic thermodynamic cycles, magnetization of a magnetocaloric 

material is equivalent to the compression of a gas, while demagnetization is equivalent to expansion of a 

gas, with a subsequent diminution of the entropy. 

In this thesis, the applicability of this technology to the domestic environment is reviewed. First, the 

thermodynamics of magnetic refrigeration are explored. Then, a comprehensive review of magnetocaloric 

materials suitable for use at room temperature is presented. To ascertain the state of the art, the most 

relevant prototypes and their performances have been described. Concluding the documentation, a survey 

on the existing mathematic models has been performed, that provided the foundation to create a Matlab 

model of a magnetic refrigeration device. 

To gain greater insight on the internal working of these devices, a representative room temperature 

cooling device has been modelled, and used to simulate a magnetic refrigerator and room air conditioner. 

Its performance has been analysed and compared with that of vapour compression devices. Also, the 

influence of parameters such as magnetic field applied, temperature span, refrigerant fluid and different 

regenerator configurations has been investigated. 
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Introduction 

 Refrigeration is one of the most pervasive technologies of the modern world. From the ubiquitous 

refrigerator and air conditioning systems to industrial applications like the liquefaction of gases, this 

technology is present in a wide variety of fields. 

 Traditional vapour compression systems are the cornerstone of most practical applications; but 

these systems are no exempt of environmental and efficiency concerns. The use of CFC’s and other 

dangerous refrigerants, and the benefits of improving performance over the traditional vapour 

compression systems, has driven the researcher community to develop other alternative refrigeration 

means. Thus, technologies like thermoelectric, thermoacustic, adsorption, absorption and magnetic 

cooling have been developed. 

 Magnetic cooling is one of the most promising. First developed to reach sub-kelvin temperatures, it 

has been successfully applied in many high-technology institutions (e.g. CERN) to liquefy nitrogen and 

other gases. The success in these areas has encouraged scientists all around the world to work towards the 

goal of applying this technology to room temperature devices. 

 Magnetic refrigeration technology is based on the magnetocaloric effect (MCE), a characteristic 

present in all magnetic materials and alloys. By varying the intensity of the magnetic field on the material, 

the MCE will manifest as a temperature change, which can be used to construct a heat pump. 

 This work will focus on household refrigeration devices. They represent a very important niche for 

magnetic cooling technologies, due to their potential to outperform traditional vapour compression 

systems. 

 The domestic environment places an important restriction on the magnetic field sources. 

Electromagnets and superconducting magnets are not a viable option, due to the high amount of power 

required to operate and cool down these devices (3-5 kW). To construct a device, only permanent 

magnets are a feasible option at present. 

 In this thesis, the viability of magnetic cooling for application in the domestic environment is 

studied. To that end, an extensive literature review has been conducted, and a complex and complete 

mathematic model of magnetic refrigerators has been built. 

The thermodynamics of magnetic refrigeration have been extensively studied. The most important 

conclusions have been included in the main text, and the interested reader may find a detailed study in 

appendix C. 

A survey of the magnetocaloric materials applicable to room temperature magnetic cooling (with a Curie 

temperature in the range of 275-300 K) has been conducted. The main conclusions are included in the 

main text, and a detailed study is available in appendix D. 

 A literature review on the most relevant prototypes and mathematic models of room temperature 

refrigeration devices has been performed. The detailed studies are presented in appendices E and F, 

respectively. 

 To study the potential of magnetic refrigeration at room temperature from a mechanistic approach, 

a model of a representative device has been built in Matlab, and used to simulate a magnetic cooling 

device working as a refrigerator and room air conditioner; in addition, the influence of parameters such as 

magnetic field, temperature span, refrigeration fluid and layering of the regenerator has been investigated. 

The theoretical foundation of the model may be found in Appendix G 

The thermodynamic properties of magnetocaloric materials vary strongly with temperature and 

magnetic field applied. The advanced nature of the magnetic cooling device mathematic model requires 

high quality thermodynamic data to provide physically consistent results. Unfortunately, most the 

materials adequate for room temperature magnetic cooling are still in their early development stage, and 
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detailed data is scarce and usually lacks an acceptable resolution. In the literature, a common solution is to 

use the data produced by the mean field model of magnetic materials. The viability of this model has been 

proven in the literature. Thus, a Matlab program has been written that solves the mean field model 

equations, providing with consistent thermodynamic data for gadolinium and its alloys. A detailed 

derivation of this model may be found in Appendix A. The computed material properties used in the 

simulations are presented in Appendix B.  

 The experience accumulated over the last thirty years in near room temperature magnetic cooling 

has drawn attention to some practical issues of these devices. Particularly, there is a consensus that the 

system size and mass flow rate are considerably higher than that of vapour compression systems. This 

topic is discussed further in the prototype survey, and becomes apparent when analysing the results of the 

simulations. 

 While the technology is promising, this study has found that more research in this field is required 

to obtain a device that outperforms traditional systems in the domestic environment, due to the technical 

constraints of this ambient (low magnetic fields derived from the use of permanent magnets). While future 

developments may change this fact, the future of room temperature magnetic cooling seems brighter in 

large scale applications. In this area, the additional cost of using superconducting magnets may be more 

easily assumed, so higher magnetic field densities can be reached. District cooling, where high power 

requirements (5 – 200 MW) and low temperature spans (20-30 ºC) are required, could be an ideal niche for 

room temperature magnetic cooling devices.   
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1.1 Problem definition 

The primary question to be answered by this study is: Can magnetic cooling be applied in the 

domestic environment and outperform traditional vapour compression systems? 

In the state of the art, no extensive study regarding the applicability of magnetic cooling to 

domestic environments has been found. Thus, the aim of this thesis is to provide an assessment on the 

application of this promising technology to household refrigeration appliances. 

The two main refrigeration devices commonly found in the domestic environments are the 

refrigerator and the air conditioner. Thus, two cases will be studied: 

- Conventional vs. AMRR refrigerator: The performance of an AMRR device when working 

as a refrigerator will be analysed, and compared with a conventional device (Electrolux 

ER8893C, 108 W). 

- Conventional vs. AMRR air conditioner: The AMRR is set to emulate the working 

conditions of a commercial device (Secop SC15DL, 3156 W) and their performances are 

compared.  

1.2 Objectives 

The main objective of this work is to assess the viability of magnetic cooling for domestic 

applications and to assess their technical performance. In order to do so, the following objectives are 

set: 

- Predict the performance of an AMRR device working as a refrigerator and an air 

conditioner device 

- Assess the effect of system parameters such as magnetic field applied, temperature span, 

regenerator configuration and refrigerant fluid on the performance of the AMRR device. 

- Compare the obtained results with traditional devices and discuss if and how can AMRR 

devices be applied to the domestic environment. 

1.3  Methodology 

To achieve these objectives, the performance of the AMRR system will be predicted using a 

dynamic model of an AMRR.  

The dynamic model is chosen because its ability to predict the performance of an AMRR system 

is superior to that of a stationary model, as demonstrated in the modelling works survey (Appendix F). 

The static model relies heavily in heuristic approximations, while a dynamic model offers a more 

accurate and precise approximation; this allows the dynamic model to offer a better approximation to a 

real AMRR device. 

The magnetocaloric material data will be computed using the mean field model. The mean field 

theory describes the thermodynamic properties of a ferromagnetic material with acceptable accuracy, as 

proven in the works of Tishin [1] and Valiev [2]. This provides smooth and thermodynamically 

consistent data for a variety of temperatures and magnetic fields; also, it can be used to calculate the 

thermodynamic data of different gadolinium alloys, thus making the analysis of multi-layered 

regenerators more accessible. More information on this aspect may be found in Appendices A and B. 
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Both the AMRR and material models are coded in Matlab, which will be the platform used to 

perform the simulations. 
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2.1 Thermodynamics of magnetic cooling 

In this section, the magnetocaloric effect will be introduced and described. The thermodynamic 

cycle of room temperature permanent magnet devices, the AMR, is presented 

2.1.1 The magnetocaloric effect  

 

The magnetocaloric effect displays itself in the emission or absorption of heat by a magnetic 

material under the action of a magnetic field. Under adiabatic conditions, a magnetic field can produce 

cooling or heating of the material as a result of variation of its internal energy. Also, the term 

“magnetocaloric effect” can be considered more widely by its application not only to the temperature 

variation of the material, but also to the variation of the entropy of its magnetic subsystem under the 

effect of the magnetic field. As Tishin explains in his book: 

“To illustrate the reasons for the MCE arising, let us consider a system of spins, which is paramagnetic or 

ferromagnetic near its magnetic ordering temperature. The entropy of such a system can be considered as a sum of two 

contributions—the entropy related to magnetic ordering and the entropy related to the temperature of the system. 

Application of a magnetic field will order the magnetic moments comprising the system, which are disordered by thermal 

agitation energy, and, consequently, the entropy depending on the magnetic ordering (the magnetic entropy) will be lowered. 

If a magnetic field is applied under adiabatic conditions when any heat exchange with the surroundings is absent, then the 

entropy related to the temperature should increase in order to preserve the total entropy of the system constant. Increasing of 

this entropy implies the system heating up, and an increase in its temperature. The opposite process—adiabatic removal of 

the magnetic field (demagnetization)—will cause cooling of the magnetic system under consideration. The described 

temperature change is the manifestation of the MCE.” [1] 

This effect allows for the construction of a heat pump device that can be applied for 

refrigeration. An analytic description of this effect topic may be found in Appendix C and reference [3]. 

The main parameters that define the magnetocaloric effect are: 

- Adiabatic temperature change ( adT ): It is the temperature change produced during 

magnetization or demagnetization of the material under adiabatic conditions. It is dependent 

on the temperature of the material and the magnitude of the magnetic field. 

- Curie temperature (Tc): The temperature at which a ferromagnetic material becomes 

paramagnetic. The magnetocaloric effect is maximal around this temperature. 

- Isothermal entropy change ( ms ): It is the change in entropy produced during 

magnetization or demagnetization of the material under isothermal conditions. It is also 

dependent on the temperature of the material and the magnitude of the magnetic field. 
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Figure 2-1 Magnetocaloric effect diagram 
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2.1.2 The active magnetic regenerative (AMR) cycle 

In room temperature domestic devices, permanent magnets are as of today the only viable 

magnetic field source. This limits the strength of the magnetic fields to around 1.5 Tesla [4]. This 

relatively small magnetic field causes small temperature changes in the material (e.g., around 5-7 K for 

gadolinium). 

This small temperature change makes traditional cycles such as Brayton, Carnot or Ericsson 

difficult to implement, as a great number of stages would be required to provide a useful temperature 

span.  

Using the magnetic material as an active regenerator, the temperature span obtained can be 

increased several times over the adiabatic temperature change. For this reason, the active magnetic 

regenerative (AMR) cycle has become the standard operative cycle of permanent magnet room 

temperature devices. 

In active magnetic regenerative cycle, the magnetic material serves not only as a refrigerant 

providing temperature change as a result of adiabatic magnetization or demagnetization, but also as a 

regenerator for the heat transfer fluid. This allows the temperature span to increase over the adiabatic 

temperature change, thus allowing the magnetic refrigeration process to be feasible. 

The AMR cycle consists of four steps, which are illustrated in the following representation: 
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Fig. 2-1 AMR cycle. Credit: [5] 

In reference [6] a number of thermodynamic cycles are evaluated (Carnot, Ericsson, Stirling and 

AMR) for room temperature devices and concluded that the AMR cycle is the most efficient one. 

Due to the complex nature of this cycle, it is not possible to develop simple diagrams as with the 

traditional cycles. Every segment of the regenerator follows its own unique Brayton-like cycle; to 

adequately model this cycle.  

However, it has the advantage of easy implementation in prototypes, as the four steps can be 

easily controlled. This allows constructing simple devices quite easily. 
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Due to its advantages, AMR cycle is the standard cycle for room temperature refrigeration, and 

all the prototypes constructed up to date follow this cycle. 

The active magnetic regenerative refrigeration cycle (AMRR) provides with a feasible solution, 

allowing the temperature span to rise above adT ; this is accomplished by using the solid refrigerant as 

an active regenerator. This cycle cannot be modeled by traditional diagrams, as every point along the 

regenerator follows its own unique thermodynamic cycle, which resembles the Brayton regenerative 

cycle. More advanced analysis tools must be used, such as finite element analysis. 
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2.2  Magnetocaloric materials survey 

In this section, the conclusions following the magnetocaloric material survey (Appendix D) are 

presented. 

In the last decades, a steady effort has been made in order to discover the best magnetocaloric 

material suitable to be used in domestic applications. However, this has proven to be a considerable 

feat, with no clear winner yet. 

The practical magnitude of the magnetocaloric effect is characterized by two parameters: 

Isotherm entropy variation (ΔSM) and adiabatic temperature change (ΔTad) when a magnetic field 

change is applied over the material. Traditionally, the ΔTad has been referred as the magnetocaloric 

effect per se. In addition, the entropy variation gives an idea of how much heat we can draw per cycle.  

Even though a small magnetocaloric effect is present over a large range of temperatures, near the 

transition temperature from ferromagnetic to paramagnetic material this effect is greatly empowered, as 

can be seen in the material characteristic graphs. This transition temperature is named Curie 

temperature (Tc). As can be deduced from above, it should be as near as possible to our desired cooling 

temperature range. 

Near the Curie temperature, the magnitude of ΔSM and ΔTad is strongly dependent on the 

temperature of the material. When comparing magnetocaloric materials (MCMs), it is usual to refer 

only to the maximum ΔSM or ΔTad; however, this is not completely correct, as the shape of those 

curves respect to temperature could be different. For example, if one MCM has a narrow peak in the 

ΔSM curve, and other material has a smaller maximum ΔSM , but spanning over a larger temperature 

range; the second material could be a better choice for our application.  

Magnetocaloric materials can be divided in two great families: 

- First order magnetic transition (FOMT) materials:  These materials experience a 

simultaneous ordering of magnetic dipoles and a crystalline structure change associated with 

the transition. They commonly show thermal and magnetic hysteresis. Also, the MCE takes 

time to develop, in the order of seconds. 

- Second order magnetic transition (SOMT) materials: The magnetic moments of these 

materials become aligned during the transformation. They present no hysteresis, no 

crystalline lattice change and the MCE is almost instantaneous, in the order of 

microseconds. 
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Table 2-1 Summary of MCM material properties 

Material Transition 

type 

Curie 

temperature (K)  
Max. ΔTad 

(K) 

Max. Δsm 

(J/kgK) 

Reference 

Gd SOMT 293 6.3 (0 – 2 T) 5.75 (0 – 2 

T) 

[7] 

Gd0.74Tb0.26 SOMT 275 5.6 (0 – 2 T) 6 (0 – 2 T) [1] 

Gd0.9Dy0.1 SOMT 274 - 14 (0 – 9 T) [1] 

Gd5Ge2Si2 FOMT 273 7.5 (0 – 2 T) 28 (0 – 2 T) [8] 

La(Fe0.9Si0.1)13H1.1 FOMT 290 7 (0 – 2 T) 30 (0 – 2 T) [1] 

MnAs FOMT 318 13 (0 – 5 T) 35 (0 – 5 T) [9] 

 

Attending to the cost of the materials, gadolinium is often thought to be at a disadvantage 

because the raw substance is expensive in relation to other components. Even though this may seem 

correct, it does not take into account the fact that the manufacturing costs have also to be included. For 

most of the candidate magnetic refrigerants, as the Lanthanides, and Mn based alloys, its manufacturing 

requires long term anneals (>24 h), and sometimes more than one annealing step, in order to 

homogenize the sample.  

When magnetic refrigerants are mass produced, tons of materials per day will be required; and 

the factory space and amount of high temperature vacuum equipment to carry out such processes will 

be enormous and require a huge capital investment, much more than what is needed for preparing Gd 

metal and alloys. 

Taking into account the conforming processes, most of the magnetic refrigerant materials are 

inorganic compounds or brittle intermetallic compounds, difficult to manufacture in usable forms for 

high efficiency utilization, such as wires, screens or foils. Gadolinium is a ductile metal and can be easily 

fabricated into these forms. However, when using packed sphere or particle regenerator, gadolinium 

and the other compounds are at even odds. 

An issue associated with the intermetallic Mn refrigerant containing As and/or P is the fact that 

both have high vapor pressures. This makes the handling of these elements in the production of the 

appropriate compound an additional challenge and will add additional costs in manufacturing the 

magnetic refrigerant alloy. Also, environmental concern associated with the toxic elements As, P and Sb 

requires that these elements are processed in special handling facilities, and may not be authorized by 

the environmental and health agencies of each country for the use in household magnetic refrigerators. 

The presence of hysteresis in FOMT compounds is not as troublesome as it may appear, as long 

as it is small enough in the material. Of greater concern is the time dependence of adT , which 

reportedly [10] would hinder the performance of the magnetic refrigerator machines operating between 

1 and 10 Hz as much of the MCE would be not utilized.  

Also, as FOMT present crystalline structure changes, the material is liable to deteriorate over 

time, due to the large number of magnetization-demagnetization cycles that would have to uphold 

during its useful life; this will cause the material to crumble, impairing the normal functioning of the 
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device, as it may travel outside the regenerator bed, or directly block the passage of fluid by clotting 

[11]. 

 In sum, the future of magnetic refrigeration seems to lie with SOMT materials, of which 

gadolinium and its SOMT alloys keep a yet undisputed advantage. 

Table 2-2 Magnetocaloric material comparison [21] 

Factor Gd Gd5(GexSi1-x)4 LaFeSi MnAs 

Raw material 

costs 
0 - ++ ++ 

Preparation 0 -- -- --- 

MCE, ΔSm 0 ++ + + 

MCE, ΔTad 0 + - - 

Environmental 

& health 

concerns 

0 0 0 -- 

Durability 0 -- -- -- 

 

 

 

2.3  Prototype survey 

In this section, the conclusions of the prototype review (Appendix E) are presented. The ten 

most representative devices are analysed, and the results are compiled in Table 2-3. The reader may also 

find the main conclusions distilled from this review.  
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Table 2-3 Prototype performances 

Name and source 
Type and 

frequency 

Nº of 

beds 

MCM 

mass (g) 

Cooling 

capacity 

(W) 

ΔT (K) 

Magnet type and max. 

magnetic field strength 

(T) 

Magnetocaloric material and heat 

transport fluid 

Austronautics [12] (2006) 
Rotary  

4 Hz 
6 - 

50 

0 

0 

25 
Permanent  - 1.5 

Gd (425-500 µm), GdEr (250-355 µm)  

(Water) 

Unicamp [13] (2009) 
Rotary  

0.4-0.5 Hz 
6 

960 

(6x160) 
- 11 Electromagnet - 2.06 Gd pins (Ethyl alcohol) 

Univ. of Victoria [14] (2009) 
Rotary  

4 Hz 
2 

110 

(2x55) 

50 

0 

2 

29 
Permanent  - 1.4 Gd-Er-Tb spheres (Water-glycol 20%) 

Korea Advanced Institute [15] 

(2010) 
Recip. 1 Hz 1 21 - 16 Permanent  - 1.58 Gd Particles, 325-500 µm, (Helium) 

Univ. of Ljubljana [16] (2009) Rotary 4 Hz 34 
600 

(34x17.65) 
- 7 Permanent  - 1.4 

Gd plates, 0.3 mm thick (Distilled 

water) 

Cooltech testing device [17] 

(2009) 
Recip. 1 250 - 16.1 Permanent  - 1.1 Gd plates, 0.1-0.2 mm thick (Zitrec®) 

Cooltech-INSA rotary [18] 

(2006) 
Rotary  8 - 

360 

0 

0 

14 
Permanent  - 1.4 Gd plates (Water) 

Grenoble EEL [19] (2009) Recip.  1 - - 6 Permanent  - 0.8 Gd plates (-) 

Univ. Barcelona [20] (2000) Rotary 1 - - 5 Permanent  - 0.95 Gd ribbon (olive oil) 

Chubu el-Tokio I.T. [21] 

(2007) 
Rotary 0.4 Hz 4 

4000 

(4x1000) 

540 

150 

0 

0.2 

5.2 

8 

Permanent  - 1.1 
Gd and GdDy spheres, 500 µm 

(Water) 
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2.3.1 Summary of the prototype survey 

So far, the prototypes built by Austronautics corporation and University of Victoria are the 

most successful ones. Both of them are of the rotary kind, but with very important differences. 

 Austronautics prototype is a classic rotary prototype, in which the magnetocaloric material 

beds are mounted on a rotating frame, and the magnetic field variation is accomplished installing an 

open Hallbach array which covers part of said frame; this implies a complex valve configuration to 

ensure the heat transfer fluid circulation.  

The University of Victoria has implemented a different solution. The MCM beds are static, and 

placed inside two Hallbach cylinders that achieve the magnetic field variation by rotating around each 

other. This allows a simplified hydraulic scheme and a smoother magnetic force variation. 

After experimenting with bed geometries such as plates and ribbons, the bed design is 

converging to packed spheres. The higher heat transfer coefficient and reduced porosity allow for 

smaller and better performing regenerators, though increasing the pressure drop across the regenerator. 

Despite the initial concerns for the stability of gadolinium in an aqueous solution, water based 

heat transfer fluids seem to be most appealing solution because of its availability and good 

performance. According to Geschneidner et al, the gadolinium spheres used in the Astronautics 

laboratory prototype showed no signs of corrosion after 1500 hours of operation. This may be due to 

the addition of NaOH, as suggested by [22], or additives present in commercially available glycol 

products.  

The Hallbach arrays are the most used magnet solution, due to their high field density to 

volume ratio. While other magnet circuits have been used, such as the one used by the Ljubljana 

University, have not performed successfully, as excessive magnetic forces or low density fields resulted 

from these configurations. 

Higher temperature spans are still required; as the temperature spans approach 30 K, the 

prototypes provide very little or no cooling power at all. Taking into account that traditional systems 

are able to produce cooling powers with temperature spans of 80 K (EN 12900 standard testing 

conditions are at -25 – 55 ºC for low back pressure systems), this is the weakest point of AMRR 

devices. Until this issue is solved, there will be no real chance for widespread use of magnetic devices in 

the domestic environment. 

 Regarding the system size, Engelbrecht [23] points out that the regenerator, magnet and pump 

and plumbing sizes are expected to be notably higher than vapour compression systems, even if the 

heat exchanger size is admitted to be comparable in both cases. For example, let us consider a Danfoss 

compressor (MBP-PL20F – 83 W at 0ºC evaporating temperature, temperature span of 55ºC, from the 

Danfoss catalogue), with approximate dimensions of 130x206x130 mm, accounting for a volume of 3.5 

litres. The University of Victoria prototype [14], a device that provides a maximum cooling power of 20 

W over a temperature span of 15ºC, has a magnet volume of 2.06 litres [4]. The power to volume ratio 

of the compressor is 23 W/litre, while the magnetic cooling device has a power ratio of 9.7 W/litre. 

One may appreciate that the difference is notable in this aspect.  

 From the magnetocaloric material survey, one can appreciate that the adiabatic temperature 

change of current MCMs is less than 8 K for a reasonable magnetic field change; the temperature 

change of the heat transfer fluid can be expected to be lower than this value due to heat transfer loses, 

and higher heat capacity than the MCM. Taking into account that the heat transfer from the fluid to the 

load is the product of the mass flow rate, the temperature change of the fluid, and the specific heat of 
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the fluid, the mass flow rate in an AMRR system shall be substantially higher than that of vapour 

compression systems. Following this reasoning, Engelbrecht [23] uses the DOE/ORNL heat pump 

model to predict the performance of a vapour compression system; if such a system is sized to produce 

8.8 kW of cooling power, the mass flow rate required is 3.3 kg/min. The cooling power to mass flow 

rate ratio of this system is 2700 W·min/kg. For an equal cooling power, the predicted mass flow rate of 

a well-designed AMRR system of his doctoral thesis [23] is 25 times higher (82.5 kg/min); and a 

prototype such as Astronautics’ device [12], that requires 0.7 kg/min to provide 30 W of cooling power 

over an 8 K temperature span, would require as much as 60 times more (205 kg/min) than the vapour 

compression system to produce 8.8 kW of cooling power.  

Device  Cooling power to mass flow rate ratio (W·min/kg) 

Heat pump (DOE/ORNL model) 2700  

Engelbrecht [23] PhD thesis 108 

Astronautics prototype 40 

 

In sum, all current permanent magnetic refrigeration prototypes are pre-production, as they are 

not yet competitive with the currently available technology, due to low performance and high cost. 

Temperature span and cooling capacity are too low to perform as household refrigerators and the cost 

would be too high because of the refrigerant and permanent magnet materials [14]. The cost of 99% 

purity Gd is estimated around 130 €/kg at May 2012 [24], so improving the performance per unit mass 

of MCM is a must for magnetic refrigerators to thrive. 

Despite this non-favourable scenario, some institutions, such as the University of Victoria, are 

heavily invested in this technology, and continue the research towards the conception of a true room 

temperature magnetic refrigerator that will eventually compete with the traditional systems. While 

vapour compression systems have the advantage of low cost, higher performance and operational 

experience, there is still plenty of room for improvement for magnetic refrigeration in this area. 
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2.4 Modelling works survey 

 

There are to main approaches to modelling AMRR devices: Zero-period and dynamic models.  

The zero-period models are time independent, based on a thermodynamic analysis of the 

temperature-entropy (T-S) diagrams of magnetocaloric materials; these models are well suited to 

discover general trends on the behaviour of AMRR devices, but are ill suited to predict the 

performance of actual devices. Their main advantage is the simplicity of calculus. 

The dynamic models are time-dependent, and are based on a set of differential equations that 

describe the temperature profile inside the regenerator. The other main components of an AMRR 

(pump, heat exchangers and magnet) are not modelled explicitly; their effect on the cycle is felt through 

the variation of the mass flow rate (pump), the variation of the magnetic field and magnetic work 

(magnets), and the inlet temperatures that serve as boundary conditions (heat exchangers). This models 

are able to predict the behaviour of an AMRR precisely, but are quite complex to build and require high 

computational efforts. 

The main qualitative conclusions that can be drawn from zero-period models are: 

- The heat transfer performance inside the MCM regenerator is critical. For low values of 

the global heat transfer coefficient between the fluid and the solid matrix, the useful 

refrigeration capacity drops considerably.  

- To allow for a reasonable temperature span between the ends of the regenerator, large 

interface heat transfer surfaces are needed. 

- The maximum temperature span for an AMRR device occurs when the cooling capacity 

approaches zero; and vice-versa, the maximum cooling capacity is reached when the 

temperature span is close to zero. 

- A magnetic field swing of 2 Tesla or higher is needed to become competitive with vapour 

compression systems. 

From the analysis of dynamic models, the main conclusions are: 

- While cooling capacity of compression systems can be increased by increasing the mass 

flow rate, in magnetic cooling devices the mass flow rate must be carefully controlled to 

maintain the temperature profile in the regenerator. If the mass flow is too high, the 

regenerative capacity of the bed is overwhelmed, and it is no longer able to maintain a 

useful temperature span between the hot and cold ends. 

- When a regenerator composed of several layers of different MCMs is constructed and 

operated so that the average temperature of each layer is close to its Curie temperature, the 

global MCE is greatly increased. 

- The evolution of the cooling capacity increases almost linearly with the utilization factor, 

until the regenerative capacity of the bed is overwhelmed; past this point, it decreases 

rapidly. 

- For the coefficient of performance (CoP), a slight decrease is observed as the utilization 

factor increases. When the regenerative capacity is overwhelmed (high utilization factors), 

the CoP decreases dramatically. 
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- Both the cooling power and CoP decrease as the temperature span increases. However, the 

exergy efficiency (also known as 2nd law of thermodynamics efficiency) presents an optimal 

temperature span. 

-  The actual magnetic field experienced by the regenerator material must be determined in 

order to accurately predict the system performance. The effective magnetic field 

experienced by the regenerator material of an AMRR system will be equal to or lower than 

the magnetic field in the magnet gap. 

- The Wakao correlation is not completely adequate to model the heat transfer of AMRR 

systems. The Nusselt number developed in this thesis improves the agreement between 

the predicted and measured cooling power of AMRR devices. 

- The flow unbalance (dispersion) has a significant effect on AMRR performance, especially 

when the operating temperature span is high. 

- The cooling capacity vs. CoP curves are a useful tool to find the best operating condition 

is the curve that results in the highest CoP for the desired cooling capacity. 

 

A summarized description of the studied models may be found in Table 2-4 
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Table 2-4 AMRR models comparison 

Author Type MCMs and source 

Heat transfer 

coefficient 

correlation 

Pressure 

drop 

correlation 

Dispersion 

coefficients 

correlation 

Objective 

Tagliafico et 

al. [25] 

Zero-period GdPd 

[26] 

- - - Preliminary analysis of GdPd alloys 

performance 

Kitanovski et 

al. [27] 

Zero-period Gd - - - Estimate the performances, mass and volume 

of AMRR systems 

Allab et al. 

[28] 

Dynamic Gd Zhu-Matsubara 

[29] 

- - Predict the temperature span between the ends 

of the regenerator 

Aprea et al. 

(1) [30] 

Dynamic GdDy alloys, 

Mean field model 

Wakao et al. [31] Ergun Hadley 

Feng et al. 

Study the effect of axial conduction and 

conduct a parametric study of performance 

Aprea et al. 

(2) [32] 

Dynamic Gd, GdDy and 

GdTb alloys, 

Mean field model 

Rohsenow Ergun - Study multi-layered regenerator performance 

Tagliafico et 

al. [33] 

Dynamic Gd Wakao et al. [31] Ergun - Conduct a parametric analysis to develop an 

AMRR system 

Engelbrecht 

[23] 

Dynamic Gd, 

Mean field model & 

published data 

Engelbrecht et al. 

[34] 

Ergun Kaviany Provide a design tool for AMRR devices 
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3.1 Modelling an AMRR device 

3.1.1 Introduction 

The objective of this model is to assess the applicability of magnetic cooling for domestic applications. 

Towards that end, the model will be used to predict the performance of an AMRR device, when used as a 

refrigerator and an air conditioning device. 

 In this thesis, there is an interest to assess the performance of multi-layered regenerators. As many of 

room temperature MCMs are still experimental and smooth and precise data is scarce (with the exception of 

gadolinium), the magnetocaloric material properties are obtained from the mean field model. In reference 

[31], a method to combine the de Gennes model and the mean field model to obtain thermodynamic data of 

GdDy and GdTb alloys is described. This model, and its mathematical foundation, are described in Appendix 

A. 

 A 1D dynamic model will be developed in the course of this thesis; the combination of good 

performance, abundant existing literature and good agreement with prototypes make it the soundest choice. 

The conceptual diagram of the modelled AMRR can be seen below these lines:   

 

Figure 3-1 Conceptual sketch of the AMRR device. Credit: [29] 

 

 

 As all the permanent magnet AMRR prototypes studied in the literature review, this device will operate 

according to the active magnetic regenerative (AMR) cycle. It consists of four different processes, 

schematized in the diagram below: 
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Figure 3-2 AMRR processes. Credit: [29] 

 a. At the beginning of the cycle, the fluid is at the cold heat exchanger at the heat absorption 

temperature Tc. Then, the MCM bed is magnetized with no fluid flow, causing the temperature of the 

material to rise due the magnetocaloric effect.  

 b. Immediately after, maintaining the applied field, the fluid is circulated through the material bed 

towards the hot heat exchanger. The fluid absorbs heat from the material and transports it towards the hot 

heat exchanger and expels it as long as its temperature is above the heat rejection temperature Th. 

 c. Now, the material is demagnetized in the absence of fluid flow, causing the temperature of the 

material to decrease. The fluid is now at the hot heat exchanger at the heat rejection temperature Th. 

 d. Finally, with no magnetic field present, the fluid is circulated to the cold heat exchanger through the 

regenerative bed, transferring heat to the magnetocaloric material. Then, the fluid absorbs heat in the cold 

heat exchanger, completing the cycle. 

 In this study, packed sphere regenerator geometry will be considered. In the model survey, it was 

found that the global heat transfer coefficient is a vital parameter. Packed regenerators offer high interface 

area, thus a higher global heat transfer coefficient than parallel plates or ribbons; plus, the newest prototypes 

use this configuration. A diagram of the considered packed bed regenerator can be seen below: 
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Figure 3-3 Packed bed regenerator diagram. Credit: [3] 

3.1.2 Building the numeric model 

The basic AMRR device has five main components: regenerator bed, hot and cold heat exchangers, 

displacer (or pump) and magnet. In the one-dimensional model, the regenerator bed is modelled explicitly; 

the rest of the components are implicitly modelled, as presented in Chapter 4. In the following sections, the 

models of each component are introduced. 

The foundation of this model was presented in the modelling works survey – Foundation (Appendix 

F), when the dynamic models where introduced. In this chapter, the application to the specific case of this 

thesis is described. 

In order to simplify the modelling, a series of assumptions have been made: 

1- Efficiency of the heat exchangers is very high. Thus, the temperature of the fluid when exiting the heat 

exchangers is constant and equal to the heat exchange temperature. 

2- The magnetic refrigerant core is perfectly insulated. 

3- The physical parameters of the fluid remain constant with time and temperature throughout the 

refrigerant bed. 

4- The velocity of fluid is constant during the period of fluid blow. 

5- Regenerator surface area is evenly distributed throughout its volume. 

6- Magnetization and demagnetization are isentropic processes and take place instantaneously. 

7- Axial conduction in the ends of the MCM bed is negligible 

3.1.2.1 Regenerator bed 

 The governing equations that define the temperature profile along the regenerator bed are introduced 

in Appendix F of this thesis. For ease of programming, the magnetization and demagnetization are 

considered isentropic and instantaneous. Thus, two sets of governing equations are developed, one for the 

fluid blow processes and other for the magnetization and demagnetization. 

Hot and cold blow processes 

 From the heat transfer literature, we obtain the one-dimensional dynamic governing equations that 

describe the temperature profile of a regenerator bed. These define the temperature of the solid matrix and 

the fluid in the time dimension (t) and one spatial dimension (x); and link the behaviour of the two substances 

via the heat transfer between them. 
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 For the heat transport fluid: 

  
2

2

( , ) ( , ) ( , )

( , ) ( , )
1 f f f f fs

s f f

f f c

x t x t x t

x t x t

T m c T Ta
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c x A x t


  

   
    

   
 (5.1) 

Starting from the left, the first term represents the heat transfer between the fluid and the regenerator matrix; 

the second, the flow of heat due to axial dispersion; the third, the change of enthalpy carried by the fluid. The 

right hand side of the equation represents the variation of fluid temperature with time. 

For the regenerator bed of magnetocaloric material: 
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 (5.2) 

Starting from the left, the first term represents the convective heat transfer between the fluid and the MCM 

solid; the second term the heat flux due to axial conduction; and the right hand side, the variation of MCM 

bed temperature with time. Note the temperature and magnetic field dependence of the MCM’s heat capacity. 

 

Magnetization and demagnetization 

 When the bed is adiabatically magnetized or demagnetized, the MCE manifests as a temperature 

change in the material. Thus, the magnetization and demagnetization are modelled through a temperature 

change in the AMR bed. 

 During the magnetization, the temperature of the bed rises. In Equation (5.3), starting from the left, 

the first element represents the temperature of the MCM bed after the magnetization; the second, the 

temperature immediately before the magnetization; and the third, the adiabatic temperature change, function 

of the initial temperature and the magnetic field change. 

       ,0 ,0 ,0 ,mag

s s ad sT x T x T T x H       (5.3) 

During demagnetization, the temperature of the bed diminishes. A similar equation to the 

magnetization determines the temperature of the MCM bed after demagnetization: 

 , , , ,
2 2 2

demagc c c
s s ad s

t t t
T x T x T T x H

        
          

      
 (5.4) 

 Note that the magnetization and demagnetization functions are not the same, as explained in Appendix 

C.  

3.1.2.2 Heat exchangers 

The heat exchangers are considered ideal, and provide the boundary conditions and the heat transfer 

with the load and environment. 

During the warm blow, the fluid travels from the cold heat exchanger (condenser), crosses the 

magnetized bed heating up and releases the heat to the environment in the hot heat exchanger (evaporator). 

The equations that implicitly describe the role of the heat exchangers are as follows: 
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Warm blow, boundary conditions: 

( 0, )f cT x t T   

,

0
f

L t

T

x




  

 

Warm blow, rejected heat per second:  

   2

0
,

ct

rej f f f hQ f m c T x L t T dt    (5.5) 

 During the cold blow, the fluid flows from the evaporator, crosses the regenerator cooling down and 

absorbs heat in the condenser: 

Cold blow, boundary conditions 

( , )f hT x L t T   

0,

0
f

t

T

x




  

Cold blow, cooling power: 

   
2

0,
c

c

t

tref f f c fQ f m c T T x t dt    (5.6) 

3.1.2.3 Magnet 

The magnet provides with the magnetic field needed by the MCE. Its influence is felt in the adiabatic 

temperature change and the heat capacity of the MCM. The magnetic field variation in time is described in 

the following diagram: 

 

Figure 3-4 Magnetic field variation with time 
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3.1.2.4 Pump (displacer) 

This component circulates the fluid through the whole system; in the present model provides the 

pumping work and mass flow rates.  

 

Figure 3-5 Heat transport fluid mass flow rate 

The pumping work will be determined through the pressure drop in the regenerator. This pressure 

drop will be calculated by the Ergun correlation (a variant of the Darcy-Weisbach equation) which applies to 

porous beds: 
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 (5.7) 

Where coefficients c1 = 133 and c2 = 2.33 are obtained from [34] assuming a random packed bed; VD is 

the volumetric flow rate per unit cross-sectional wetted area (m/s), also known as Darcy velocity. 

Then, the pumping work may then be described as: 
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 (5.8) 

From Eq. (5.8) can be deduced that, with this correlation, the pump work will increase with the third 

power of the velocity. Consequently, it also increases with the third power of the mass flow. 

 The efficiency of the pump will be considered as 0.8; this is an estimation commonly found in fluid 

mechanics manuals, used when the exact efficiency value is not available. 

  

http://en.wikipedia.org/wiki/Volumetric_flow_rate
http://en.wikipedia.org/wiki/Hydraulic_diameter


Ivan Montenegro Borbolla Assessment of magnetic cooling for domestic 
applications 
 

37 

3.1.3 Heat transfer and dispersion coefficients  

Heat transfer coefficient (h) is defined as:  

 
Nuf

h

h
d


  (5.9) 

Where the Nusselt number (Nu) is calculated through the correlation published by Frishman et al. [33], 

which was specifically obtained for magnetocaloric material beds: 

 
0.60 0.230.70Re PrNu   (5.10) 

 Modelling of the dispersion phenomenon will be accomplished by treating it as the 

combination of the static effective thermal conductivity and the fluid dispersion. The empirical correlation 

obtained by Wakao and Kaguei in [30] will be employed to model the effective conductivities, following the 

example of Aprea et al. [29]. The correlations can be found in Table 3-6. 

3.1.4 Performance metrics 

 The parameters used to measure the performance of the AMRR system are the coefficient of 

performance (CoP) and the cooling capacity (Qref); when different temperature spans are involved, it is also 

useful to use the exergy efficiency, also known as the second law of thermodynamics efficiency. All these 

parameters will be computed according to Table 3-5. 

3.1.5 Main inputs: Frequency and mass flow. The utilization factor 

In an AMRR device, there are two devices that provide work for the system: 

- The pump: Circulates the fluid through the circuit. Controls the mass flow. 

- The magnet motor: Controls how the magnetic field is applied over time. Controls the 

frequency. 

If the mass flow is kept constant, but the frequency is varied, different cooling capacities are obtained 

(See Eq. (5.6)). Also, the thermal mass (size) of the regenerator influences how much refrigeration power can 

be obtained. To normalize the mass flow respect to the frequency and size of the regenerator, the utilization 

factor is defined as the ratio of the thermal mass of fluid that crosses the regenerator during a blow process to 

the thermal mass of regenerator MCM material: 

 
1

2 2

f f f fc

s s s s

m c m ct

m c f m c
    (5.11) 

With this expression, mass flows are normalized, so AMRRs working at different frequencies and/or 

sizes may be compared. 

As the heat capacity of the MCM is dependent on temperature and magnetic field applied, the thermal 

mass of MCM is not constant. To address this issue, a reference heat capacity is used. In the work of 

Tagliafico et al. [32], for example, an “average heat capacity” is used, with no further indication or numerical 

value; this allows for a utilization factor that ranges from 0.5 to 3.5. In Tura and Rowe’s work [12], where the 

prototype of the University of Victoria is published, the peak heat capacity of gadolinium is used (That is, the 

heat capacity at 0 Tesla and the Curie temperature). In this thesis, the latter consideration will be used, as it 

gives a more reliable reference point.  
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3.1.6  Compendium of numeric model equations 
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System Inputs 

( )f fm t m              (5.16) 
max( )H t H  

(5.17) 

( )f fm t m       

(5.18) 

min( )H t H    (5.19) 

Utilization factor 

 0.5 c f f

s s

t m c

m c
   (5.20) 

Table 3-1 Boundary conditions and system inputs 

Magnetization Demagnetization 
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Table 3-2 Magnetization and demagnetization processes 

Pressure drop (Ergun correlation, 

[34]) 

 Pump work 

2
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Table 3-3 Pressure drop computation 

Heat transfer coefficient  
Nusselt number correlation 

(Frischman, [33]) 
 

Nuf

h

h
d


  (5.25) 0.60 0.230.70Re PrNu   (5.26) 

Table 3-4 Heat transfer coefficient computation 
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Cooling capacity   Rejected heat 
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Coefficient of performance  Magnetic work  
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Q
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 (5.29) Mag rej refW Q Q   (5.30) 

Exergy efficiency  Carnot CoP  
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Table 3-5 Performance control parameters 

 

Effective fluid thermal conductivity  Effective solid thermal conductivity  

0.5 Pr Re
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 (5.33) (1 )s sk    (5.34) 

Table 3-6 Effective thermal conductivities – Dispersion coefficients 

3.1.7 Estimating the mass and volume of a magnetic refrigerator 

The mass of MCM is the main factor that governs how much cooling power can be extracted from the 

device for a fixed utilization factor and frequency of operation. Therefore, an iteration process is required to 

analyse how much magnetocaloric material is required for a given device. First, a reference mass is used, and 

then adjusted to match the cooling power required. 

Once the mass of MCM is calculated, the total mass and volume of the device can be computed. 

Following the method used by Kitanovsky et al. [35], the mass and volume are considered as the sum of three 

contributions: 

- The regenerator bed volume: It is considered as the sum of the volume of the MCM material and 

the pore volume:  

 s
regenerator

s

m
V


  (5.35) 

- The magnet volume: A finite element analysis performed in [35] establishes that the volume of 

the magnet, for small and medium applications, can be approximated by:  

 6·magnet regeneratorV V  (5.36) 
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- The magnet mass: The masses of the magnet assemblies are determined by taking a density of 

7500 kg/m3 for the magnets material, assuming magnetic steel to be used. 

- Pipes, valves, motors and others: In Kitanovsky’s study [35], this elements were considered to 

“take approximately half of the total mass of a conventional compressor” (sic.). In this study, we 

have followed the same procedure.  

The total volume of a magnetic cooler is defined as three times larger volume than the one occupied by 

the permanent magnet assemblies. This approximation describes quite accurately the mass and volume of the 

prototypes up to date. 

To accurately measure these values, access to a working prototype would be required. However, due to 

the resources available for this work, this is the best approximation available. 

3.2 Solving method 

 To initialize the simulation, a linear temperature distribution will be assumed for the magnetocaloric 

solid and the fluid. In order to simulate the steady state operative conditions, a temperature span will be 

enforced between the hot and cold reservoirs. The simulation will end when the fluid and solid temperature 

profiles achieve a convergent solution, and the temperature difference between two consecutive profiles is 

lesser than the tolerance (which will be of the order of 10-6 of the temperature span). The cycle period tc will 

be considered as the sum of the hot and cold blows, considering the magnetization and demagnetization 

processes as instantaneous.  

3.2.1 Normalization of the governing equations 

 To solve the set of partial differential governing equations (5.1) and (5.2), they will be converted to 

dimensionless forms. This transformation helps reducing the number of parameters in the governing 

equations. The dimensionless forms will be attained by the following changes of variables: 

- To normalize the space variable, the dimensionless length z will be defined as /z x L , where L is the 

length of the regenerator. 

- To normalize the time variable, it will be divided by the resident or mean transit time of the fluid 

within the bed ( rt L v ), where v  is the interstitial velocity. Then, the non-dimensional time is 

defined as / rt t  . 

- The dimensionless temperatures of the fluid and the solid, 
*

fT  and 
*

sT respectively, will be attained by 

normalizing them by the temperature span h cT T . 
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Applying these relations, we obtain the dimensionless forms of the governing equations: 

Table 3-7 Normalized governing equations 

Fluid governing equation (Normalized) Solid governing equation (Normalized) 
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Normalized coefficients and temperatures   
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Normalized boundary conditions    

Warm blow Cold blow 

*( 0, ) 0fT z    (5.47) 
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*

0,

0sT

z






,

*

1,

0sT

z







*

,

0
f

L

T

z






 (5.49) 

*

0,

0sT

z






,

*

1,

0sT

z






,

*

0,

0
fT

z






 (5.50) 

 

To solve these differential equations, a code using Matlab© “pdepe” routine has been developed. It can be 

found in Appendix C. 
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3.2.2 Resolution algorithm of the AMRR cycle 

The following flowchart illustrates the different stages of the simulation code, in a simplified manner: 

 

Figure 3-6 Simulation flowchart 

 First, all the geometric and material properties, and cycle parameters are given numerical 

values. Then, the AMRR starts with magnetization; the temperature of the bed is raised by the adiabatic 

temperature change. Then, the warm blow starts, simulating the fluid flow from the cold to the hot end of the 
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regenerator, altering the temperature profile of the bed and extracting heat from the MCM. When the warm 

blow is over, the magnetization is simulated, lowering the temperature of the MCM. Finally, the cold blow is 

simulated, and the cooling power is obtained. These four steps are cyclically repeated until the steady state is 

reached, and then the cooling power, rejected heat and pump work are obtained; the rest of the outputs are 

generated using these three values. 

  

3.2.3 Input parameters inter-relationship diagram 

With the help of the following diagram, the model variables are grouped in a comprehensible manner: 

 

Figure 3-7 Parameter inter-relationship diagram 
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 Note that there is a great number of parameters needed to effectively simulate an AMRR device. To 

get physically meaningful results, the parameters must be close to that of real operating AMRR systems. The 

data gathered during the prototype review and model review will be used to ensure a sound simulation of a 

plausible device. 
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3.3 Modelling an AMRR device: Simulation 

3.3.1 Introduction. Definition of variables and performance metrics 

The objective of this simulation is to provide an estimation of the performance of an AMRR system 

operating at room temperature; this will provide with valuable information to assess the applicability of 

magnetic cooling in domestic environments. By using the model described in the previous section, the 

behaviour of the system will be predicted under different conditions; this will be accomplished by varying 

the parameters defined below: 

- Frequency of operation: This value indicates how many AMR cycles will be performed by second; it 

is controlled by the magnet motor. 

- Utilization factor:  This value serves to normalize the mass flow rate, respect to the operating 

frequency and regenerator size; it is defined as the total thermal mass of fluid that crosses through 

the regenerator during a blow period to the thermal mass of the magnetocaloric solid; it is 

controlled by the pump. 

- Magnetic fields applied: This expresses the magnitude of the high and low magnetic fields that will 

be applied over the regenerator bed. 

- Load and room temperatures: Value of the load and ambient temperatures in which the refrigeration 

device is working. 

- Multilayered regenerator: By layering the regenerator with materials whose Curie temperature is 

close to the average local temperature, it is possible to increase the total magnitude of the MCE 

over the regenerator. For this study, the length of the regenerator is considered to be equally 

distributed between all layers.  

These parameters will be varied inside the ranges shown in the following table: 

Table 3-8 Model variables identification and range 

 Frequency of operation (Hz) 0.5 1 2  

Magnetic fields applied (T) 0 - 1.5 0 – 2 0 – 2.5 0 - 3 

Load-Room temperatures (ºC) 

Refrigerator 5-20 5-25 5-30 

Air 

conditioner 
15-30 15-35 15-40 

Regenerator layer materials 

Single 

material 
Two materials Three materials 

Gd Gd-Gd0.9Dy0.1 
Gd-Gd0.95Dy0.05 

Gd0.9Dy0.1 

Utilization factor 0.5 – 2 

To assess the performance of the device, two main performance metrics are considered: 

- Cooling capacity: Amount of heat per second that is absorbed from the refrigerated receptacle. 

- Coefficient of performance (CoP): Ratio of cooling capacity to the power input to the system, 

namely the magnetic and pump works. 
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3.3.2 Regenerator bed geometry, heat transfer fluid and precision 

considerations  

For the model to describe a viable AMRR device, physically coherent parameters must be used. These 

will be determined from the data gathered during the prototype and model surveys. 

The mass of MCM used in prototypes ranges from 21 to 4000 g; A viable AMRR refrigerator needs to 

provide around 50 – 100 Watts of cooling power; from previous modelling experience, it is estimated that it 

can be obtained with 1 kg of Gd. In addition, using 1 kg of Gd will provide a reference to estimate the mass 

of MCM that is required for other applications, such as space cooling. 

Regarding the aspect ratio (Length over radius) of the regenerator, Aprea et al. [29] model predicts that 

it must be between 2 and 4 to achieve optimum performance. Thus, in this model the aspect ratio has been 

set to 3. 

A sphere packed bed geometry is considered.  In the U. of Victoria prototype, the mean particle 

diameter is 0.3 mm; in the Astronautics prototype, the mean particle diameter is around 0.5mm. Thus, in this 

model the mean particle diameter has been set to 0.4 mm. 

For the porosity value, the U. of Victoria prototype publishes a value of 0.36. The porosity value 

assuming a simple cubic (SC) lattice is 0.492, and using a BCC lattice is 0.34; thus, the value published is 

coherent with a random packing, and will be used in this model. 

For the MCM properties dependent on temperature and magnetic field, such as the adiabatic 

temperature change and heat capacity, are obtained from the mean field model. The considered MCM 

materials are Gd (TCurie=20ºC), Gd0.95Dy0.05 (TCurie=14.5ºC)and Gd0.9Dy0.1 (TCurie=9ºC).The graphs describing 

their properties, as well as the mean field model equations and description can be found in Appendices B and 

A, respectively. 

The main heat transfer fluid chosen for this purpose is water; it will be compared with a water-glycol 

mixture at 50% by weight, as suggested in [29]; this is justified by the presence of corrosion inhibitors in 

commercially available glycol products help reduce the magnetocaloric material decay over time; however, this 

fluid has a lower heat capacity, and may require greater mass flows to match the performance of water. 

The precision values have been obtained after a series of calibrations, based on experience with the 

model, and the values published by Tagliafico et al. [32]. 

The simulations will be performed on a reference bed of 1 kg of MCM, and then extrapolated to meet 

the cooling capacities required by each application.  
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Table 3-9 Simulation parameters for the reference AMRR 

Simulation parameters for the reference AMRR 

MCM Parameters Precision parameters 

Magnetocaloric material 

(MCM) 

Gadolinium 

& GdDy 

alloys 

Spatial steps 110 

Mass of MCM (ms) 1 kg Time steps 75 

Density of gadolinium (ρs) 7900 kg/m3 

Tolerance 1e-6 

Thermal conductivity of Gd 

(ks) 
10.6 W/mK 

Heat capacity and adiabatic 

temperature change 

See 

Appendices 

A and B 

Geometric parameters Heat transfer fluid parameters 

Aspect ratio 3 Heat transfer fluid 

Water-

glycol 

50-50 % 

Water 

Length of the bed (L) 113 mm 
Density of the fluid 

at 20ºC  (ρf – kg /m3) 
1082 1000 

Cross sectional area (Ac) 11.2   cm2 
Thermal conductivity 

at 20ºC (kf  – W/mK ) 
0.402 0.583 

Mean particle diameter  400 µm 
Heat capacity  

(cf  – J/kgK ) 
3260 4200 

Regenerator bed volume: 200 cm3 
Dynamic viscosity  

(µf  – kg/ms ) 
7.5e-4 9.772e-4 

Porosity (ε) 0.36 
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3.3.3 Simulation of an AMR cycle 

In this section, the simulation of a representative AMR cycle is presented. The AMRR parameters used 

are presented in Table 3-9. The operation parameters are shown in the following table: 

Load 

temperature 

Heat sink 

temp. 

Utilization 

factor 
Frequency 

Mass flow 

rate 
Layering 

5 ºC 25ºC 0.7 1 Hz 63 g/s 
Single-layer 

Gd 

 

The solving algorithm presented in Figure 3-6 is applied. First, the input parameters are defined in the 

Matlab AMRR model. Then, an initial temperature distribution is assumed, and the AMR cycle is started. 

First, the magnetization is simulated by means of the adiabatic temperature rise of the magnetocaloric 

material.  

Then, warm blow is simulated. The fluid circulates from the evaporator to the heat sink, through the 

regenerator. The fluid heats up in the regenerator, lowering the temperature of the bed. The heat rejected in 

the condenser is computed during this process. 

After the warm blow has evacuated the heat from the regenerator, the demagnetization is simulated. 

The temperature in the bed drops adiabatically, preparing it for the next step. 

The final step of the cycle is the cold blow. The fluid circulates from the condenser to the evaporator, 

crossing the regenerator. The fluid cools down, warming the regenerator. The fluid enters the evaporator at 

low temperature, absorbing heat. This absorbed heat is computed, and will determine the cooling power of 

the device. 

This sequence is repeated until steady state is reached. The steady state condition is that the difference 

between temperature profiles at the end of two consecutive cycles is negligible. Then, the performance of the 

device (Cooling power and COP) is stored. 

By following this sequence for various mass flows, maintaining the other parameters constant, the 

performance curves of the device are obtained (e.g.,  ). 
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3.3.3.1 Magnetization 

Temperature profiles inside the regenerator during magnetization - Refrigerator 

 

Room 

temperature 

Load 

temperature 

Mass of 

MCM 

Magnetic 

field swing 

Heat transfer 

fluid 
Mass flow 

rate 

25ºC 5ºC 1 kg 0-1.5 T Water 63 g/s 

 

When the MCM bed is magnetized, its temperature rises. This increase is considered instantaneous and 

adiabatic; that is, the fluid temperature remains constant during the process.  

 The magnitude of the temperature increase is dependent on the magnetic field swing and the 

temperature. The graphs describing the adiabatic temperature change magnitude can be found in Appendix B. 
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3.3.3.2 Warm blow 

Temperature profiles inside the regenerator during warm blow - Refrigerator 

 

Room 

temperature 

Load 

temperature 

Mass of 

MCM 

Magnetic 

field swing 

Heat transfer 

fluid 
Mass flow 

rate 

25ºC 5ºC 1 kg 0-1.5 T Water 63 g/s 

The fluid starts flowing from the evaporator, absorbing heat from the regenerator, and rejects it to the 

condenser. 

The temperature profile evolves as the fluid blows. The cold end of the regenerator is cooled by the fluid 

entering from the evaporator.  The fluid absorbs heat from the regenerator, progressively decreasing its 

temperature. This heat is rejected to the environment in the condenser. 

The temperature profiles of the fluid and MCM are very close, due to the high heat transfer coefficient of 

packed beds. 
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3.3.3.3 Demagnetization 

Temperature profiles inside the regenerator during demagnetization - Refrigerator 

 

Room 

temperature 

Load 

temperature 

Mass of 

MCM 

Magnetic 

field swing 

Heat transfer 

fluid 
Mass flow 

rate 

25ºC 5ºC 1 kg 0-1.5 T Water 63 g/s 

 

When the warm blow process is finished, the MCM is demagnetized, and its temperature drops 

accordingly. This process is analogous to the magnetization. 
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3.3.3.4 Cold blow  

Temperature profiles inside the regenerator during cold blow - Refrigerator 

 

Room 

temperature 

Load 

temperature 

Mass of 

MCM 

Magnetic 

field swing 

Heat transfer 

fluid 
Mass flow 

rate 

25ºC 5ºC 1 kg 0-1.5 T Water 63 g/s 

 

This process is analogous to the warm blow, but now the fluid flows in the opposite direction. The fluid 

cedes heat to the regenerator, cooling down. Then, the fluid goes to the evaporator, where it will absorb heat 

from the refrigerated compartment. 

After this process, the cycle starts again with magnetization. 
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3.4 Simulation of multi-layered beds  

An interesting possibility that was suggested by the literature review was the use of multi-layered beds. 

Instead of making the whole regenerator of the same material, it can be subdivided in layers of materials with 

different transition (Curie) temperature.  

The magnetocaloric effect is greater around its Curie temperature. Thus, if the materials are distributed 

so the Curie temperature is close to the local temperature in the regenerator, the total magnetocaloric effect 

may be enhanced. This was expected to lead to better performances of AMRR devices. 

In this thesis, three different materials are considered, and multi-layered regenerator beds are 

simulated. To achieve this, the properties of the MCM (heat capacity and adiabatic temperature change) are 

now set to be dependent not only on temperature and magnetic field swing, but also with the relative position 

along the bed. The diagrams of the single, double and triple-layered configuration can be found below these 

lines.  

Single-layer regenerator configuration 

 

Double-layer regenerator configuration 

 

Triple-layer regenerator configuration 

 

Figure 3-8 Considered regenerator configurations 
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Multi-layering alters significantly the temperature profiles of the regenerator. To illustrate this effect, 

the temperature profiles during magnetization are presented below these lines. The sharp temperature 

changes after magnetization correspond to the transitions between two materials: 

 

Example of temperature profiles inside the regenerator during magnetization for different 

regenerator configurations – Low temperature span (15 K) 

 

Room 

temperature 

Load 

temperature 

Mass of 

MCM 

Magnetic 

field swing 

Heat transfer 

fluid 
Mass flow 

rate 

20ºC 5ºC 1 kg 0-1.5 T Water 63 g/s 
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4 Results & Discussion 
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4.1 Performance of an AMRR refrigerator 

In this section, the performance of an AMRR working as a refrigerator is analysed, and compared with 

a vapour compression system. 

The average cooling power needs for a refrigerator without freezer compartment are in the range of 

50-150 Watt. Standard vapour compression systems have a CoP in the range of 1-2.5. The lowest temperature 

in the cooling compartment is around 5ºC, while the room temperature varies from 20 to 35ºC ( [26]).  

 

 

Figure 4-1 Conventional household refrigerator 

The objective of this section is to assess how an AMRR device performs in these circumstances. A single 

layer regenerator of Gd is analysed as the main inputs to the system, mass flow (Utilization factor) and 

frequency, are varied. 
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Cooling capacity as function of utilization factor - Refrigerator 

 

Room temperature Load temperature Mass of MCM Magnetic field swing Heat transfer fluid 

25ºC 5ºC 0.75 kg 0-1.5 T Water 

Figure 4-2 Cooling power vs utilization factor - Refrigerator 

From this figure, it can be appreciated that a cooling power of 50-150 W can be obtained when 

operating the device between 0.5 and 1.5 Hz, for utilization factors of 0.5-1. For high utilization factors, the 

regeneration capacity is overwhelmed, and the cooling power rapidly decreases to 0. It is encouraging that the 

model behaviour matches the predictions of Tagliafico’s model (Ref. [32]). 

As mentioned before, the utilization factor is a normalized value of the mass flow. In the following 

page, the reader may find the cooling power plotted against the actual mass flow. 
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Cooling capacity as function of mass flow - Refrigerator 

+  

Room 

temperature 

Load 

temperature 
Mass of MCM 

Magnetic field 

swing 

Heat transfer 

fluid 

25ºC 5ºC 0.75 kg 0-1.5 T Water 

Figure 4-3 Cooling capacity as function of mass flow - Refrigerator 

This graph shows the evolution of the cooling capacity with the mass flow. For each frequency, the 

values of the mass flow corresponding to high utilization factors overwhelm the regenerative capacity of the 

MCM bed, causing the drop in cooling power. 

It must be noted that the mass flows are notably higher than those of vapour compression devices, as 

advanced in the prototype review. The temperature difference between the warm fluid exiting the regenerator 

and the ambient temperature is around 5 K; to attain acceptable cooling powers, the mass flow must be high. 

Comparing the predicted values with the references, the ratio of cooling power to mass flow is very similar to 

the Astronautics prototype values: 

Device  Cooling power to mass flow rate ratio (W·min/kg) 

Heat pump (DOE/ORNL model) 2700  

Astronautics prototype 40 

AMRR model (this thesis) 47 
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CoP as function of mass flow - Refrigerator 

 

Room 

temperature 

Load 

temperature 
Mass of MCM 

Magnetic field 

swing 

Heat transfer 

fluid 

25ºC 5ºC 0.75 kg 0-1.5 T Water 

Figure 4-4 CoP vs. mass flow - Refrigerator 

Figure 4-4 indicates that high CoP values are attained for low mass flow rates. As the mass flow 

increases, the CoP decreases rapidly. The pressure drop is predicted to increase with the square of the mass 

flow; hence, the pump work increases with the third power of the mass flow. At high mass flow rates, the 

pump work is the main work input into the system, as can be appreciated in the next figure 
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Pump and magnet motor powers as functions of the mass flow rate 

 

Room 

temperature 

Load 

temperature 
Mass of MCM 

Magnetic field 

swing 

Heat transfer 

fluid 

25ºC 5ºC 1 kg 0-1.5 T Water 

Figure 4-5 Pump and magnet motor powers as functions of the mass flow rate - Refrigerator 

In this figure, it can be appreciated that the magnet motor work dominates at low mass flows. As the 

pump work increases with the third power of the mass flow, it becomes the major work input into the system 

for high mass flows.  
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CoP as function of cooling capacity for various values of frequency and mass flow 

rates 

 

Room 

temperature 

Load 

temperature 
Mass of MCM 

Magnetic field 

swing 

Heat transfer 

fluid 

25ºC 5ºC 0.75 kg 0-1.5 T Water 

Figure 4-6 CoP as function of Cooling capacity for various values of frequency and mass flow rates - Refrigerator 

Combining the cooling capacity and CoP curves, they can be plotted in a single diagram. This way, the 

operative range can be easily determined by simple inspection. 

The considered AMRR device is predicted to work reasonably well as a refrigerator, offering a high 

CoP (1.5-3) for a cooling capacity of 50-150 W. The mass flow rates lay between 15 and 60 g/s, and the 

operative frequencies between 0.5 and 1 Hz. 
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Comparison with a traditional vapour compression refrigerator 

Table 4-1 Comparison of AMRR device vs. Electrolux ER8893C 

Variable Predicted AMRR values Electrolux ER8893C (Piston 

compressor ZEM HQY70AA) 

Room/Condensing temperature 25ºC 55ºC 

Load/Evaporation temperature  5ºC -23.3ºC 

Mass of Gd 0.75 kg - 

Magnetic field swing 0-1.5 T - 

Heat transfer / Refrigerant fluid Water Isobutane (R600a) 

Cooling capacity 50-150 W 108 W 

CoP 1.5-3 1.46 

Mass flow rate 15-50 g/s 2.5-5.5 g/s 

Operative frequency 0.5 – 1 Hz - 

Exergy efficiency 0.11-0.22 0.46 

Weight 30-40 kg 9 kg 

Volume 8-16 litres 5 litres 

 

The AMRR system has been predicted to compete in performance with an average household 

refrigerator, the Electrolux ER8893C. For the same cooling power, the device has the potential to offer a 150 

% improvement in the COP. 

Due the high complexity of the AMRR system (Regenerator bed plus magnets, pumps, etc), it is 

difficult to provide an exact value of its mass and volume. In reference [35], it is estimated that an AMRR 

working as a household refrigerator, providing 50 Watts of cooling power, will have a mass of 15-20 kg and a 

volume of 4-8 litres. Extrapolating for the current case (50-150 W of cooling power), the AMRR will have a 

mass close to 30-40 kg and a volume of 8-16 litres. This allows estimating that an AMRR will weight roughly 

2-3 times more than a conventional system and the refrigerating apparatus would be two times more 

voluminous.  

Regarding the heat exchangers and the piping, it is noteworthy that AMRR systems need a mass flow 

rate in the range of 6-9 times greater than conventional systems, which will require higher pipe diameters and 

a sizeable fluid pump to prevent excessive pump losses due to these mass flows rates. 

In a nutshell, permanent magnet AMRR devices have the potential to offer higher CoPs than 

traditional systems, at the cost of heavier and more voluminous devices. 
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4.2 Performance of an AMRR room air conditioner 

 

In this section, the performance of an AMRR working as a space cooling device will be predicted, and 

compared with a vapour compression device. 

The average cooling power of a room air conditioner is around 3 kW. The required room temperature 

is around 15ºC, and the heat sink temperature (exterior of the building) is usually around 30-40ºC ( [26]). The 

CoP of traditional devices is around 3 ( [26]). 

 

 

Figure 4-7 Conventional room air conditioner 

 

 

In this section, the performance of an AMRR working under these conditions will be assessed. Greater MCM 

quantities are required, as now the required power is 30 times higher than the refrigerator. 
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Cooling power as function of mass flow – Air conditioner 

 

Heat sink 

temperature 

Load 

temperature 
Mass of MCM 

Magnetic field 

swing 

Heat transfer 

fluid 

35ºC 15ºC 30 kg 0-1.5 T Water 

Figure 4-8 Cooling power as function of mass flow - Air conditioner 

From this graph, one may appreciate that while the device is able to provide the required cooling 

power, the mass flow required is very high. This will force an AMRR device operating as an air conditioner 

device to use a piping system and heat exchangers sizeable enough to absorb a mass flow between 1.5 and 2.5 

kg/s; which may prove to be a technical challenge. The high mass flow rates characteristic of magnetic 

cooling are one of the main issues of magnetic cooling devices; the interested reader may find more 

information about this topic in reference [37]. 
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CoP as function of cooling capacity for various values of frequency and mass flow 

rates – Air conditioner 

 

Heat sink 

temperature 

Load 

temperature 
Mass of MCM 

Magnetic field 

swing 

Heat transfer 

fluid 

35ºC 15ºC 30 kg 0-1.5 T Water 

Figure 4-9 CoP as function of cooling capacity for various values of frequency and mass flow rates - Air conditioner 

The results predict that this device could perform as well as a vapour compression device, albeit with 

much higher mass flow rates. Operating between 0.5 and 1 Hz, a cooling power of 1.5-3 kW could be 

obtained while retaining a high CoP of 2.5-4. 

Still, a great mass of MCM would be needed to perform such device, and a creative solution must be 

sought to solve the issue of high mass flow rates. 
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Comparison with a traditional air room conditioner 

 

Table 4-2 Comparison of AMRR device vs. Secop SC15DL compressor 

Variable Predicted AMRR values Secop SC15DL compressor 

Heat sink/Condensing temperature 35ºC 45ºC 

Load/Evaporation temperature 15ºC 15ºC 

Mass of Gd 30 kg - 

Magnetic field swing 0-1.5 T - 

Heat transfer / Refrigerant fluid Water R507 

Cooling capacity 1500-3000 W 3156 W 

CoP 2.5-4 3.44 

Mass flow rate 800-1800 g/s 100-120 g/s 

Operative frequency 0.5 – 1 Hz - 

Exergy efficiency 0.17-0.28 0.36 

Weight 100-150 kg 15 kg 

Volume 60-80 litres 10.5 litres 

 

The AMR device considered in this simulation can perform in the same level as the compressor, 

regarding the cooling power and CoP. However, the mass flow rates required by the AMRR are distinctly 

high, and may pose a problem when an actual device is built. 

The weight and volume of the AMRR are estimated from the data published by [35]; the values of the 

compressor are obtained from its datasheet. In this case, the AMRR is approximately 10 times heavier than 

the compressor, and 6-8 times more voluminous. This may pose a hindrance when installing window-placed 

air refrigeration systems, due to an increased strain in the supporting structure.  

Regarding the size of the heat exchangers and hydraulic circuit, AMRR devices would require 

equipment able to handle rather high mass flow rates, which will further increase the size of the air 

conditioner device. 

In short, AMRRs working as room air conditioners can match the performance of conventional 

devices, but at the cost of ten times more weight and seven times more volume. 
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4.3 Influence of the magnetic field swing 

CoP as function of cooling capacity for various values of magnetic field swing - Refrigerator 

 

Heat sink 

temperature 

Load 

temperature 
Mass of MCM Frequency 

Heat transfer 

fluid 

25ºC 5ºC 1 kg 1 Hz Water 

Figure 4-10 CoP as function of cooling capacity for various values of magnetic field swing - Refrigerator 

The magnetic field swing plays a major role in the performance of AMRR devices. So far, the 

maximum values are below 1.5 T, as can be found in [3]. If the magnetic flux density could be increased by 

new materials or magnet designs, the performance of AMRRs would be boosted considerably. A magnetic 

field swing of 2.5 Tesla would halve the requirements of MCM mass and, consequently, the heat transfer fluid 

mass flows. For large scale applications, where the use of superconducting magnets could be viable, magnetic 

cooling is expected to surpass greatly the efficiency of vapour compression systems. However, for domestic 

devices, where the cryocoolers needed to maintain superconducting magnets are hardly feasible to implement, 

the performance of AMRRs is somewhat limited. 
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4.4 Influence of the temperature span 

CoP as function of cooling capacity for various temperature spans - Refrigerator 

 

Frequency 
Load 

temperature 
Mass of MCM 

Magnetic field 

swing 

Heat transfer 

fluid 

1 Hz 5ºC 1 kg 1.5 T Water 

Figure 4-11 CoP as function of cooling capacity for various temperature spans - Refrigerator 

AMRR systems are found to be highly sensitive to the temperature span between the load and heat 

sink. As shown in the figure, a temperature span increase of 5 K causes cooling power drops of 50-20%. This 

may cause the seasonal efficiency of AMRR systems to vary in great measure. 

 When the temperature span increases, the performance decreases. When the temperature span is 

increased from 15 to 20 ºC, the performance drop is in the order of 20% for the cooling power and 35% of 

the CoP; from 20 to 25 ºC, the cooling capacity drops 45% and the CoP 55 %. 
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4.5 Influence of the refrigerant fluid 

Cooling capacity as function of the mass flow of various refrigerant fluids - Refrigerator 

 

Heat sink 

temperature 

Load 

temperature 
Mass of MCM 

Magnetic field 

swing 
Frequency 

25 ºC 5 ºC 1 kg 1.5 T 1 Hz 

Figure 4-12 CoP as function of cooling capacity for various temperature spans - Refrigerator 

The refrigerant fluid plays a significant role in the performance of AMRR devices. A high specific heat 

capacity fluid  such as water (4200 J/kgK) can operate at lower mass flow rates than other fluids with lower 

specific heat capacity, such as a Water-Glycol 50-50% mixture (3260 J/kgK). This water-glycol mixture needs  

17 % more mass flow to develop the same cooling power. 

As the mass flow is quite high in AMRR devices, as has been shown in the previous sections, a 

practical application will benefit from the development of special refrigerants for these devices, with high heat 

capacity and low viscosity.  
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4.6 Analysis of layered regenerator’s performance 

CoP as function of cooling capacity for various temperature spans and regenerator layer configurations - 

Refrigerator  

 

Frequency Load temperature 
Mass of 

MCM 

Magnetic field 

swing 

Heat transfer 

fluid 

1 Hz 5ºC 1 kg 1.5 T Water 

Figure 4-13 CoP as function of cooling capacity for various temperature spans and regenerator layer configurations - Refrigerator 

In reference [31], the performance of multi-layered regenerators is studied, an draws the conclusion 

that multi-layered regenerators have the potential to over-perform single layered regenerators. However, only 

one temperature span was considered, and only the maximum CoP reported.  

In this figure, the solid lines represent the performance of different regenerators for a temperature 

span of 15 K, which means that the device is operating between 5 and 20 ºC; the layered regenerators (blue 

and green lines) are optimized for this operative range, providing better performance than the single material 

regenerator (red line). 

The dotted lines represent the 20 K temperature span, where all the regenerators have roughly the 

same peak performance; however, the single layered regenerator performs better for low mass flow rates 

(higher CoP values). 

But when the temperature span reaches 25 K, the layered regenerator performances drop considerably, 

and the single layer Gd regenerator (dashed red line) performs considerably better. 

          From this analysis, it may be concluded that layered regenerators are much more sensitive to the 

operating temperatures. When the temperature profile in the regenerator matches closely the Curie 



Ivan Montenegro Borbolla Assessment of magnetic cooling for domestic 
applications 
 

71 

temperature of the layers, the performance is boosted; for any other case, the performance drops, and single 

layer regenerators offer better performance. 
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4.7 Discussion 

In this section, the AMRR model written in Matlab has been used to obtain an estimation of the 

performance of AMRR devices in the domestic environments, functioning as a refrigerator and a room air 

cooling device. The influence of parameters such as mass flow, frequency, magnetic field swing, temperature 

span and the refrigerant fluid has been investigated. Also, the performance of layered regenerators has been 

analysed. 

When functioning as a refrigerator, AMRR systems are predicted to work as well as vapour 

compression systems or even better, at the cost of 2-3 times more weight and volume. The mass flow rates of 

heat transfer fluid are, however, around 8 times greater than the mass flow of refrigerants in the average 

vapour compression device. 

When working as a room air conditioner, AMRR systems are predicted to be able to work at the same 

performance levels as traditional devices. However, such an AMRR would weight around 100-150 kg, which 

may hinder its application in the domestic environment due to its high weight and volume (for example, in 

small apartments or bolting it to outer walls). As in the case for the refrigerator, the mass flow required is 

quite higher than in vapour compression systems. 

The magnetic field swing plays a major role in the performance of AMRR devices. So far, the 

maximum attained values for permanent magnet arrays are below 1.5 T, as can be found in [3]. If the 

magnetic flux density could be increased by new materials or magnet designs, the performance of AMRRs 

would be boosted considerably. A magnetic field swing of 2.5 Tesla would halve the requirements of MCM 

mass, volume and the heat transfer fluid mass flows. 

AMRR systems are found to be highly sensitive to the temperature span between the load and heat 

sink. As shown in the figure, temperature span variations of 5 ºC cause cooling power variations of 50-20%. 

This may cause the seasonal efficiency of AMRR systems to vary in great measure. 

 As the temperature span increases, the performance decreases rapidly: From 15 (5ºC to 20ºC) to 20 (5 

to 25 ºC) K, the performance drop is in the order of 20% for the cooling power and 35% of the CoP; from 

20 to 25 K, the cooling capacity drops 45% and the CoP 55 %. 

Layered regenerators are much more sensitive to the operating temperatures. When the temperature 

profile in the regenerator matches closely the Curie temperature of the layers, the performance is boosted; for 

any other case, the performance drops, and single layer regenerators offer better performance.  
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5.1 Conclusions 

Based on the results of the simulations, it is possible for magnetic cooling devices to offer a similar 

performance than traditional systems. However, at the current state of the technology, magnetic cooling 

devices are bound to be much heavier and voluminous than traditional systems. The results predict that 

magnetic cooling devices would be 3 to 4 times heavier than compressor devices, and 2 to 3 times more 

voluminous. 

Because of the low adiabatic temperature changes that can be produced with permanent magnets, the 

quantity of fluid circulating through the system is necessarily very high. The mass flows are predicted to be 7-

9 times higher than an equivalent compressor system. This would require an overhauling of the hydraulic 

circuits and heat exchangers, to prevent excessive friction losses. 

The performance of an AMRR system is highly dependent on the magnetic field swing. For high 

magnetic fields (over 2 Tesla) the mass of MCM required is drastically reduced. From an 1.5 T to an 2.5 T 

swing, the requirements of material are halved. This suggests that magnetic cooling devices equipped with 

superconducting magnets will yield a performance far superior than traditional systems. Superconducting 

magnets are only feasible for large scale applications, ergo this field has the potential to become an important 

magnetic cooling systems’ niche. 

The AMRR systems have been found to be very sensitive to the operating temperatures. When 

increasing the temperature span, the performance of these devices drops quickly. 

The heat transfer fluid is found to play an important role in the performance. Refrigerant fluids with 

high heat capacities and low viscosities are likely to improve the performance of AMRR devices. 

Multilayered regenerators have been found to be a two-edged sword. On the positive side, careful 

multi-layering can increase significantly the performance when the temperatures of the load and the heat sink 

are precisely known and constant. On the negative side, the performance drops faster than single-layer 

regenerators when operating outside the optimum temperatures. For domestic applications, these operating 

temperatures can vary in great measure, due to seasonal variations or geographic location. This may difficult 

the development of optimally layered regenerator beds, as the optimal layering will be different for each case. 

Based on these conclusions, and the information gathered during the literature review, research on 

more promising areas is recommended to develop successful magnetic cooling devices. The results of this 

thesis suggest that large scale applications are well suited for the magnetic cooling technology. The use of 

high magnetic field sources such as superconducting magnets is deemed vital to ensure the viability of this 

technology, and may grant magnetic cooling devices a performance superior to that of traditional systems in 

large scale devices, e.g. district cooling appliances. 
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5.2 Suggestions for future work 

 

Research on magnetocalroric materials: 

In order to bring an AMRR device working with permanent magnets closer to implementation, new materials 

with greater MCE and similar durability are required. So far, no material has been found to outperform Gd 

and its alloys [10]. 

Advanced regenerator configurations 

 Future improvements in room temperature devices may include more advanced regenerator 

geometries (e.g. conical) or smart combinations of optimally layered regenerator pucks.  

Development of hybrid technologies 

Also, hybrid technologies employing both magnetic cooling and vapour compression could 

complement each other, creating a more efficient and powerful device for those cases where the extra cost 

would be assumable, as in military applications, off-shore drilling platforms, etc. 

Development of large-scale application devices 

At present, with the available technology, magnetic cooling at room temperature may provide an 

efficiency improvement in large scale applications, such as industrial cooling, supermarket or marine 

applications, where the amount of cooling power required justifies the use of superconducting magnets. 

District cooling, with high power requirements (5 – 200 MW) and low temperature spans required (20-30 K), 

could be an ideal niche for room temperature magnetic cooling devices. 
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Appendix A 

-ii- 
 

Appendix A: Thermodynamic properties of magnetic 

refrigerants. The mean field model approach. 

 

Most of the materials used in room temperature, with the exception of gadolinium, are quite 

recent, and the thermodynamic data available is scarce and of poor resolution. This problem is often 

circumvented in the literature ( [4], [31] and [29], for example) by using a statistic mechanics approach, 

the mean-field model. The data provided by this model approaches best the properties of 

monocrystalline materials. 

 The most important characteristics of a magnetic material are its total entropy and the 

entropy of its magnetic subsystem. Entropy can be altered by variation of the magnetic field, temperature 

and other thermodynamic parameters, and is in close relation to the magnetocaloric effect magnitude. 

The total entropy of a magnetic material at constant pressure can be described, via the equipartition 

theorem, as: 

       , , , ,M lat elS H T S H T S H T S H T    (A.1) 

Where MS is the magnetic entropy, latS the lattice and elS the electron contributions to the total entropy. 

In this study, the last two components will be assumed as independent from the magnetic field, as it 

simplifies greatly the calculations and still provides with a very accurate solution. 

A.1 Magnetic entropy 

To find the magnetic entropy value, we reach for the mean field model. According to Tishin [1], the 

partition function of a magnetic system can be determined as: 

exp expn

n b b

E H
Z Sp

k T k T

   
            
   (A.2) 

Where H is the Hamiltonian of the system, nE  are its eigenvalues and bk is the Boltzmann constant. 

Knowing Z, the free energy F of the system can be calculated: 

lnBF k T Z     (A.3) 

As defined by the thermodynamics of magnetic materials [2], the free energy F can be utilized  for 

systems with constant volume, and is defined as: 

F U TS      (A.4) 

Its total differential has the following form: 

dF SdT pdV MdH       (A.5) 

Which allows to state that for the free energy F the internal parameters S (entropy), p (pressure) and M 

(magnetization), conjugated to the external variables T (temperature), V (volume) and H (external 

magnetic field), can be determined by the following equations of state: 
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;  (A.6) 

It must be noted that not only the entropy and magnetization, but also the pressure plays a role in the 

magnetic thermodynamics. This phenomenon, known as the barocaloric effect, is very weak in our 

specific range of materials, and it requires very high pressures to be of significance. 

Now, after a complex series of derivations that can be found in Tishin’s book [1], pages 10 to 16, we 

arrive at the definition of the specific magnetic entropy: 

   

2 1
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   (A.7) 

Where  jB X  is the Brillouin function based on the theory of the mean field of a magnetic material 

derived by statistical approach and  

0
B

b

H M
X g J

k T

 



      (A.8) 

Where   is the Weiss molecular field coefficient, and M the magnetization: 

   Av l B jM x N g B x      

 (A.9) 
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     (A.10) 

A.2 Lattice entropy 

 The lattice contribution to the total entropy can be deduced from the Debye model, and 

described as: 
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   (A.11) 

 Where DeT is the Debye temperature, a constant dependent on material properties and z is 

an integration variable. 

A.3 Electronic vibration entropy 

 The electronic vibration entropy can be obtained by the standard relation: 

 el

m

S T T
M


      (A.12) 
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 Where   is the electronic heat capacity coefficient, a material-dependent constant. 

A.4 Verifying the model 

 In order to verify the mean field model, its results will be compared with those shown in 

reference [4] and the measurements published by Dan’kov [6]. It must be noted that, in the first 

reference, the electronic heat capacity has been neglected, but it allows for a comparison of the lattice, 

magnetic entropies and magnetization. The parameters of gadolinium can are compiled in the table 

below, and in the two following pages the results of the reference’s simulation and the Matlab code 

written for this thesis are shown. 

 The magnetization will be computed using Equation (A.10). The adiabatic temperature 

change and heat capacity with the equations ¡Error! No se encuentra el origen de la referencia. and 

¡Error! No se encuentra el origen de la referencia., respectively, and can be found in in the “General 

thermodynamic approach” section of this work. 

Material TDe 

(K) 

gl J Tc 

(K) 

Mm (kg/mol) Bohr’s 

magneton 

(µB)
 

0  R 

(J/mol·K) 

Gd 169 2 3.5 293 0.157 231.38064·10
 

74 ·10 
 8.3144 
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From reference [4], where the electronic contribution is neglected, the results are: 

 

 

 

Figure A - 1 Reference curves for magnetization and heat capacity 

And the curves provided by our model: 
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Figure A - 2 Model curves for magnetization and heat capacity 

 

 As can be appreciated, the mean field code written in Matlab, as presented in theory, is correct. Now, the simulation predictions of this 

model will be compared to laboratory measurements, with data published by Dan’kov et al [6]. 
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For the heat capacity: 

 

  

Figure A - 3 Heat capacity of a single crystal gadolinium. Published by Dan'kov et al.  [6] Figure A - 4 Heat capacity provided by the mean field model 
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As it can be appreciated, the mean field model gives a qualitative approach to the heat capacity around the Curie temperature, and a quantitative 

approach in the rest of the temperature range. Thus, the capacity of the mean field model to capture general trends of the behaviour of gadolinium is 

verified. 

 For the magnetocaloric effect magnitude:

  

Figure A - 5 Isothermal entropy change. Dan'kov [6] Figure A - 6 Isothermal entropy change. Mean field model 

 Now, we can appreciate that the model provides with a very good approximation of the magnetic entropy change respect to the 

laboratory measurements. Finally, the adiabatic temperature change: 
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Figure A - 7 Adiabatic temperature change as published by [6] Figure A - 8 Adiabatic temperature change provided by the model 

As it can be appreciated, the adiabatic temperature change predicted by the model is accurate enough for the purposes of this thesis. 

Taking all the above in consideration, the mean field model as a source of data for the magnetocaloric effect modelling is deemed valid. 



Appendix A 

-x- 
 

Special nomenclature for Appendix A 

     

jB
 

Brillouin function  Greek  

nE  Eigenvalues of the 

Hamiltonian matrix 

   Weiss molecular field 

coefficient 

F Free energy  
B  Bohr magneton 

gl Landé factor  
0  Permeability of the vacuum 

H External magnetic field    

H  
Hamiltonian matrix  Subscripts  

J Total angular momentum  el Electronic 

bk  Boltzmann constant  lat Lattice 

M Magnetization  m Magnetic 

Mm Molar mass    

Na 
Number of atoms per 

molecule 

   

Nav Avogadro’s number    

p  Pressure    

R Universal gas constant    

s Entropy    

T Temperature    

Tc Curie temperature    

TDe Debye temperature    

V Volume    
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B Magnetocaloric material properties 

For the magnetocaloric material, the properties will be obtained by means of the mean field 

model, already described for gadolinium in the previous chapter. However, regenerators made solely of 

gadolinium have been extensively studied in the bibliography, not yielding favorable results. The 

magnetocaloric effect is at maximum magnitude close to the Curie temperature, so a proposed method 

improvement method is to use several layers in the regenerator; so the Curie temperature of the 

material in each layer lies close to the temperature distribution in the regenerator bed. In reference [31] 

Aprea et al. discuss a method to generalize the mean field model to gadolinium alloys, thanks to the de 

Gennes model of ferromagnetism. Using such method, the thermodynamic properties of several 

gadolinium alloys can be computed; this will allow the modeling of multi-layered regenerators. The 

input values for the mean field are as follows: 

Element Landé factor (gL) J Molar mass (kg/mol) Curie temperature (K) Debye temperature (K) 

Gd 2 3.5 0.157 294 173 

Dy 1.33 7.5 0.163 179 180 

 

 Based on the Aprea et al. (Reference [31]) method, the thermodynamic properties of Gd 

and Gd1-xDyx alloys have been computed for several magnetic field values. 
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Figure B - 1 Adiabatic temperature change for gadolinium:  
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Figure B - 2 Adiabatic temperature change for Gd0.95Dy0.05 
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Figure B - 3 Adiabatic temperature change for Gd0.90Dy0.10 
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Figure B - 4 Heat capacity at constant magnetic field for Gadolinium 
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Figure B - 5: Heat capacity for Gd0.95Dy0.05 
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Figure B - 6 Heat capacity for Gd0.90Dy0.10 
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C Thermodynamics of magnetocaloric materials 

 

C.1 Introduction 

 The magnetocaloric effect displays itself in the emission or absorption of heat by a 

magnetic material under the action of a magnetic field. Under adiabatic conditions, a magnetic field can 

produce cooling or heating of the material as a result of variation of its internal energy. Also, the term 

“magnetocaloric effect” can be considered more widely by its application not only to the temperature 

variation of the material, but also to the variation of the entropy of its magnetic subsystem under the 

effect of the magnetic field. As Tishin explains in his book: 

 

 “To illustrate the reasons for the MCE arising, let us consider a system of spins, which is paramagnetic or 

ferromagnetic near its magnetic ordering temperature. The entropy of such a system can be considered as a sum of two 

contributions—the entropy related to magnetic ordering and the entropy related to the temperature of the system. Application 

of a magnetic field will order the magnetic moments comprising the system, which are disordered by thermal agitation energy, 

and, consequently, the entropy depending on the magnetic ordering (the magnetic entropy) will be lowered. If a magnetic field is 

applied under adiabatic conditions when any heat exchange with the surroundings is absent, then the entropy related to the 

temperature should increase in order to preserve the total entropy of the system constant. Increasing of this entropy implies the 

system heating up, and an increase in its temperature. The opposite process—adiabatic removal of the magnetic field 

(demagnetization)—will cause cooling of the magnetic system under consideration. The described temperature change is the 

manifestation of the MCE.” [1] 

 This effect allows for the construction of a heat pump device that can be applied for 

refrigeration. In the following lines, a description of the thermodynamics of the magnetocaloric effect is 

carried out. 

 

C.2 General thermodynamic approach 

 The thermodynamics of magnetic refrigeration are introduced by the first law of 

thermodynamics [2]: 

dU dQ dW     (1.1) 

Where dU is the infinitesimal change of the internal energy, dQ is a small flux of heat in or out the 

considered system, or created by a magnetic internal source, such as the magnetocaloric effect. dW 

denotes the differential of the work performed on the system, or extracted from it.  

 As pressure of volume change contributions are negligible due to the use of a solid 

refrigerant, the work applied to the system will derive from magnetic sources. As such, the Maxwell 

equations governing the magnetic forces are introduced: 

1
0

0

1
0

0

B
rotE

c t

divB

D
rotH j

c t

divD 


 






  



 

   (1.2)  
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And, from a complex derivation that can be found in [2], the specific external work differential can be 

determined: 

1 0 0dw H d M     (1.3) 

Where T denotes the absolute temperature, s the entropy, 00 H the external magnetic field and M  the 

magnetization of the material; the subscript 1 indicates specific quantity. 

From the conventional thermodynamics of gas compression, it is know that the derivative of the internal 

energy in terms of the entropy is identical to the temperature: 

dq Tds     (1.4)  

Then, the specific internal energy can be defined as: 

01 0du Tds H d M     (1.5) 

 

C.2.1 Specific enthalpy 

 The specific enthalpy is employed as the potential to describe the behavior of an open 

system with work performed over its boundary: 

1 1 0 0h u H M     (1.6) 

Where for simplicity the vectorial notation has been substituted by the one-dimensional equivalent. The 

derivative of this potential is: 

1 1 0 0 0 0dh du H dM MdH      (1.7) 

Inserting Eq. 1.5, it follows that 

 1 0 0 0,dh s H Tds MdH    (1.8)   

And the derivatives are: 

0

1

1
0

0

H

s

h
T

s

h
M

H


 
 

 

 
 

 

   (1.9) 

The Maxwell relation is given by the cross-relation: 

0
0

1 1

0 0H ss H

h h

H s s H

        
      

           

 (1.10) 

By inserting the results of Eq. 1.9, it is obtained: 

0

0

0 Hs

T M

H s


   
   

   
  (1.11) 
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C.2.2 Specific entropies and heat capacities 

 The specific entropy s in a magnetocaloric material is a combination of the specific 

magnetic entropy sm, the specific lattice subsystem entropy slat and the specific entropy of the conduction 

electrons sel. If we consider it as a function of T and H0, it follows that: 

       0 0 0 0, , , ,m lat els T H s T H s T H s T H     (1.12) 

 Separation of the specific entropy into three components, via the equipartition theorem, is 

correct for some rare-earth materials, such as gadolinium, that will be used as a magnetocaloric material in 

the present work. However, for other substances, e.g. those which show a 3d transition, such as materials 

based on manganese, such a superposition is not accurate. According to Tishin [1], the three entropy 

contributions depend on the temperature and the magnetic field, and cannot be clearly separated. 

Nevertheless, for most engineering applications it is sufficient to work with the total specific entropy [2]. 

Its differential is: 

 
0

0 0

0

,
H T

s s
ds T H dT dH

T H

   
    

    
   (1.13) 

 The total specific heat capacity at constant magnetic field, a vital quantity that will be used 

later for the simulation, can be expressed as: 

0

0

( )H m lat el

H

c T s s s
T

 
    

   (1.14) 

And the heat capacity at constant temperature is defined as: 

0

( )T m lat el

T

c T s s s
H

 
   

 
   (1.15) 

 

C.2.3 Isothermal magnetization and demagnetization 

 To illustrate the basic Ericsson cycle, where magnetization and demagnetization are 

isothermal processes, an analysis of the thermodynamic quantities involved will help to describe the cycle. 

 Substituting the derivative of the specific entropy for constant temperature in Eq. into 

Eq.¡Error! No se encuentra el origen de la referencia., we arrive at: 

   1 0 0 0, Tdh s H c M dH     (1.16) 

And for the isothermal entropy change: 

       

 

 

 
2

0

1
0

2

0
1

2 1
s H

T

s H

c
s s s ds T dH

T
       (1.17)  

   

C.2.4 Adiabatic magnetization and demagnetization 

 In the Brayton cycle and in the Carnot cycle, adiabatic magnetization processes are present. 

The differential of the specific enthalpy is derived from Eq. 1.8 

 1 0 0 0,dh s H MdH     (1.18) 
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In an adiabatic process the total specific entropy does not change, so the Eq. 1.18 can be rearranged as 

follows: 

0

0

0H T

s s
dT dH

T H

   
   

    
   (1.19) 

By substituting Eqs. 1.14 and 1.15 into 1.19, a further relation is obtained: 

0

0
T

H

c
dT dH

c
      (1.20) 

If the knowledge of the temperature as a function of the specific entropy for different isomagnetic fields is 

available, it may be more convenient to perform the following integration: 

          

 2

1

2 2 1 1

0 0, ,
T

T
T dT T s H T s H     (1.21) 

An important remark must be done concerning the adiabatic temperature change, as in most articles only 

the temperature increase during magnetization is shown; it must be noted that the demagnetization 

temperature decrease has a different curve. However, it can be easily derived from the magnetization data, 

proceeding as follows: for example, if the adiabatic temperature increase at 293 K is 5 K, the final 

temperature after magnetization will be 298 K. Then, if the material is at 298 K and the magnetic field is 

lifted, the final temperature will be 293 K. An illustration of this process will help enlighten this question: 

 

Fig. 0-1 Magnetization (Heating) and demagnetization (cooling) of a magnetocaloric material 
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C.3 Thermodynamic cycles of magnetic refrigeration  

 In order to create an operating magnetic refrigerator or heat pump, it is favourable to 

begin with the study of the work, heat fluxes and coefficients of performance of the different cyclic 

processes. For any kind of magnetic refrigeration cycles, the cyclic integral of the Eq. (1.22) must be zero. 

Expressed in function of the specific properties: 

1 1 0du dq dw       (1.22) 

Where w1 defines the external work, which is performed by the external field: 

1 0 0dw H dM      (1.23) 

For a reversible process the cyclic work can be also represented by the temperature and specific entropy as 

follows: 

1dw Tds      (1.24) 

In the following sections, the Brayton, Ericsson and Carnot cycles will be presented, to follow the 

traditional cycles of refrigeration. However, it will be justified that those cycles are not suited for a 

practical device that works at room temperatures; a better alternative, the active magnetic regenerator 

(AMR) cycle will be presented, and the reasons to use this cycle will be presented. 
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C.3.1 The Brayton cycle 

 The Brayton cycle is one of the most basic cycles of magnetic refrigeration. A machine 

based on this cycle operates between two isofield (curves of constant magnetic field) and two isentropic 

curves (constant total specific entropy s).  

 

Fig. 0-2 Brayton cycle diagram 

 When a magnetocaloric material is moved into a magnetic field (process 1-2), the total 

entropy remains constant. But, due to the decrease of the magnetic entropy, the temperature in the 

magnetocaloric material increases. At this higher temperature, heat is rejected from the material (2-3). In 

the adiabatic demagnetization process (3-4) the material cools down. In the last stage (4-1) heat may be 

absorbed from a heat source, leading to the cooling of an external medium.  

The external work required by the Brayton cycle may be expressed as follows: 

2 4 3 1

1 0 0 0 0
1 3 2 4

w MdH MdH Tds Tds          (1.25) 

The heat rejected (qr) and the cooling heat (qc) can be expressed as: 

3

2
rq Tds        (1.26) 

1

4
cq Tds        (1.27) 

And combining those equations with Eq. 1.25, a further relation for work can be expressed: 

1 r cw q q        (1.28) 

1

cq
COP

w
       (1.29) 

 While this cycle is feasible for magnetic cooling at low temperatures, it presents some 

inconveniences at room temperature. Due to the limited temperature span that can be obtained in a single 

magnetization or demagnetization (around 5 K), this cycle does not allow for the construction of a single 

stage refrigerator, where temperature spans around 30-35 K are required. A great number of stages (6-7) 

would be required to achieve a proper magnetic refrigerator. 
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C.3.2 The Ericsson cycle 

A machine based on the Ericsson cycle operates along two isotherms and two isomagnetic field lines. This 

process requires heat regeneration, as it does not directly provide a temperature span. 

During the isofield process (1-2), heat is absorbed by regeneration from the opposite side (3-4). Therefore, 

in ideal regeneration –the area (2-1-b-d), representing thermal energy absorption from the magnetocaloric 

material has to correspond to (3-4-a-c), representing the heat extraction of the refrigerant material; the 

heat transfer represents an irreversible process and, therefore, decreases the efficiency of the Ericsson 

machine. A simultaneous alteration of the magnetic field and heat absorption, or rejection, leads to the 

isothermal processes (2-3) and (4-1). 

 

Fig. 0-3 Ericsson cycle diagram 

The process quantities from this cycle can be expressed as: 

     2 3 2
[ ]rq T s s      (1.30) 

     1 1 4
[ ]cq T s s      (1.31) 

           1 1 4 2 3 2

1 [ ] [ ]w T s s T s s       (1.32) 

The temperature-entropy relationship in the ideal Ericsson cycle for magnetic cooling requires that the 

adiabatic temperature change to be a constant over the temperature span between the hot and cold ends 

of the magnetic regenerator. This is not the common profile for a room temperature refrigerator, due to 

the low fields attainable, and it hinders the applicability of this cycle. It must be noted that if the 

isothermal entropy change at the cold temperature is slightly less than that of the hot temperature, as is 

common in the MCMs at room temperature, the efficiency of the cycle drops considerably. 
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C.3.3 The active magnetic regenerative (AMR) cycle 

 In active magnetic regenerative cycle, the magnetic material serves not only as a refrigerant 

providing temperature change as a result of adiabatic magnetization or demagnetization, but also as a 

regenerator for the heat transfer fluid. This allows the temperature span to increase over the adiabatic 

temperature change, thus allowing the magnetic refrigeration process to be feasible. 

The AMR cycle consists of four steps, which are illustrated in the following representation: 

 

Fig. 0-4 AMR cycle. Credit: [4] 

In reference [5] a number of thermodynamic cycles are evaluated (Carnot, Ericsson, Stirling and AMR) for 

room temperature devices and concluded that the AMR cycle is the most efficient one. 

For many years conventional wisdom held that the ideal temperature profile of the magnetic 

refrigerant, but in [9] it is noted that this approximation was incorrect, and that a convex temperature-

distance profile results in minimized entropy generation in the AMR. 
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Due to the complex nature of this cycle, it is not possible to develop simple diagrams as with the 

previous cycles. Every segment of the regenerator follows its own unique Brayton-like cycle, and this 

requires a more complex approach. In chapter 3, this will be discussed further, and an analytical approach 

to this cycle will be performed.  

 However, it has the advantage of easy implementation in prototypes, as the four steps can 

be implemented independently. This allows constructing simple devices quite easily. 

 Due to its advantages, AMR cycle is the standard cycle for room temperature refrigeration; 

all the prototypes constructed follow this cycle. 
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D Magnetocaloric materials survey 

 

In the last decades, a steady effort has been made in order to discover the best magnetocaloric 

material suitable to be used in domestic applications. However, this has proven to be a considerable feat, 

with no clear winner yet. 

The practical magnitude of the magnetocaloric effect is characterized by two parameters: Isotherm 

entropy variation (ΔSM) and adiabatic temperature change (ΔTad) when a magnetic field change is applied 

over the material. Traditionally, the ΔTad has been referred as the magnetocaloric effect per se. In addition, 

the entropy variation gives an idea of how much heat we can draw per cycle.  

Even though a small magnetocaloric effect is present over a large range of temperatures, near the 

transition temperature from ferromagnetic to paramagnetic material this effect is greatly empowered, as 

can be seen in the material characteristic graphs. This transition temperature is named Curie temperature 

(Tc). As can be deduced from above, it should be as near as possible to our desired cooling temperature 

range. 

Near the Curie temperature, the magnitude of ΔSM and ΔTad is strongly dependent on the 

temperature of the material. When comparing magnetocaloric materials (MCMs), it is usual to refer only to 

the maximum ΔSM or ΔTad; however, this is not completely correct, as the shape of those curves respect 

to temperature could be different. For example, if one MCM has a narrow peak in the ΔSM curve, and 

other material has a smaller maximum ΔSM , but spanning over a larger temperature range; the second 

material could be a better choice for our application. Then, it is interesting to define a virtual cooling 

capacity q as 
2

1

T

T
q sdT  , which takes into account the overall ΔSM over the temperature span in 

consideration, granting a better comparison between materials. 

The transition that takes place at the Curie temperature can be either of first or second order.  First 

order magnetic transition (FOMT) materials experience a simultaneous ordering of magnetic dipoles and a 

crystalline structure change associated with the transition; they require more time to achieve a temperature 

change, have a larger magnetocaloric effect and are generally less expensive than second order magnetic 

transition (SOMT) materials; however, certain thermal and magnetic hysteresis may appear, reducing the 

performance of the system; specific countermeasures such as careful composition design can minimize 

this. For second order magnetic transition (SOMT) materials, the magnetic moments become aligned 

during the transformation; they present no discontinuous jump in magnetization and no latent heat at the 

transition, and the temperature change is almost instantaneous. These characteristics have allowed SOMT 

materials to become the most successful materials in prototype tests so far. 

Finally, we have to observe that the magnitude of the magnetocaloric effect is proportional to the 

variation of the field applied. Due to the domestic environment characteristics, neither electromagnets nor 

superconducting magnets are a viable option, so permanent magnets are the only realistic possibility at the 

present. Based on recent articles [3], it can be assumed that 1.5 Tesla is the maximum flux density 

attainable by domestic applications.  

With little room for improvement in the top magnetic flux density, the focus has been set on the 

discovery and analysis of materials that exhibit giant magnetocalorific effect. In the following, we will 

gather the currently known materials that show this behavior, as well as their characteristics. 
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D.1 Gadolinium and its alloys 

  

Gadolinium is the main benchmarking material in magnetic refrigeration. With a Curie temperature 

of approximately 293 K, and wide temperature span curve, it is the best suited element to construct one-

layered regenerators. It is the only pure substance with a Curie point near room temperature. Thermal 

conductivity of Gd near room temperature is approximately 10 W/m·K. 

Due to these favorable properties, the Gd has been extensively studied. For example, Dan’kov et al 

[6] made an intensive analysis of this material, which produced, among other results, the following MCE 

data: 

 

Figure D - 1 Isothermal entropy change of Gadolinium. Credit: 

[6] 

 

 

Figure D - 2 Isothermal entropy change of Gadolinium. Credit: 

[6] 

 

 

This graphs show a wide MCE around 293 K. It must also be noted the high non-linearity of the 

properties near the Curie temperature (and, by extension, room temperature), a characteristic shared by all 

the materials that display MCE. 

At room temperature, Gadolinium may corrode in presence of water, which could prove harmful to 

the long-term performance and durability of an AMRR system; by adding NaOH to the water, this 

problem can be eliminated, as discovered by [21]. 

By alloying gadolinium with other substances, it is possible to obtain magnetocaloric materials with 

different Curie temperatures. For example, in reference [36] is stated that alloying gadolinium with 

terbium, dysprosium or erbium produces materials with a lower Curie temperature, and by alloying it with 

palladium a higher Curie temperature is obtained.  This is useful when creating layered regenerator beds, 

as the Curie temperature of the material in each segment may be fitted to the temperature profile at that 

point. The previous alloys have, as pure gadolinium, a SOMT. 

Another family of gadolinium alloys is Gd5(Ge,Si)4. Unlike pure Gd, this material undergoes a 

FOMT, and shows a larger entropy change than its parent material. However, this material suffers greatly 

from the presence of hysteresis loss, caused by changes in crystal symmetry; this effect can be lessened by 
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adding small quantities (around 1%) of Cu, Co, Ga, Mn, Al or Fe [37]; however, this also causes the 

vanishing of the giant MCE [38]. Also, advanced heat treatments and the use of high purity raw materials 

can radically increase the magnetocaloric effect magnitude [7]. 

 

Figure D - 3 MCE data for GdGeSi alloy. Credit: [7] 

 

 

Even though these materials have the potential to be high-performance AMRR refrigerants, the 

high cost of starting materials (The cost of Gd at 99% purity lies around 130 €/kg) may hinder their 

application in domestic environments. 
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D.2 LaFe13-xSixHy Intermetallics 

 
These materials undergo a first-order magnetic transition, showing a magnetocaloric effect larger in 

magnitude than gadolinium, but occurs in a narrow temperature span, as discussed by [39]. By substituting iron for 
silicon or by adding hydrogen, the properties of the materials can be adjusted. The Curie temperature of this family 
of materials has been reported from 195 to 336 K, depending on the composition. For example, La(Fe11.7Si1.3)H1.1 
has a Curie temperature of 287 K and experiences an entropy change of -28 J/kg·K and an adiabatic temperature 
rise of 7.1 K when magnetized from 0 to 2 Tesla. The thermal conductivity of these materials is approximately 10 
W/m·K near room temperature [39]. 

 

 
Figure D - 4 Adiabatic temperature change comparison between 

Lanthanides, GdSiGe and MnAs Credit: [39] 

 

 
Figure D - 5 Isothermal entropy change comparison between 

Lanthanides, GdSiGe and MnAs. Credit: [3] 
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D.3 MnAs based compounds 

 

MnAs is a FOMT material with a Curie temperature of 318 K. The resulting MCE is pretty large, as 

can be appreciated  in the following figures.. However, MnAs alloys show large thermal and magnetic 

hysteresis, not being apt for magnetic refrigeration. 

Based on MnAs, MnFeP1-xAsx is another FOMT compound that shows appreciable MCE; by 

varying the P to As ratio between 3:2 and 1:2 the Curie temperature is tuned between 200 and 350 K, 

without significantly affecting the MCE. For this family of materials, the hysteresis is quite reduced, with 

values around 1 K [40].  

 

Figure D - 6 Isothermal entropy change for MnFePAs materials. Credit: [41]  

 

 By partially substituting As by Sb, a compound with a tunable Curie temperature can be 

created; this FOMT compound also shows an important barocaloric effect, that is, a temperature variation 

appears when applying a pressure over it. In order for this effect to be of use, the pressure change must be 

on the order of the 150 MPa, and might not be easily implemented in a domestic device. Nevertheless, the 

MCE remains of enough importance: 
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Figure D - 7 Isothermal entropy change for MnAsSb B = 0 - 5 

Tesla Credit: [8] 

 

Figure D - 8 Adiabatic temperature change for MnAsSb.B = 0 - 

5 Tesla Credit: [8] 
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D.4 Other compounds 

 

The Heusler alloys are ferromagnetic metal alloys based on a Heusler phase, with the nominal formula 

of X2YZ. A typical Mn Heusler compound is Ni2MnGa, which is well known for its shape-memory effect, 

superelasticity, and magnetic-field-induced strain. Ni-Mn-Ga undergoes a martensitic-austenitic structure 

transition on heating, and both phases are FM. The martensitic transition temperature, and thus the ΔS 

peak, can be tuned by altering its chemical compositions between 150 and 300 K as required. However, as 

[40] points out, there is still no evidence from the thermal data for the giant entropy change at present. 

The adiabatic temperature change ΔTad of the Heusler alloys is rarely reported, and the only result is 1.2 K 

(ΔH=2.6 T), for a polycrystalline alloy Ni54.8Mn20.2Ga25.0. [40] 

Another kind of Heusler alloys, denominated meta-magnetic shape –memory alloys (MSMAs), is 

attracting intensive research effort. In these materials, the magnetization of martensitic phase is very low. 

Magnetic fields can induce a martensitic-austenitic transformation, thus a huge shape-memory effect. 

Meanwhile, the structure transition is accompanied by a significant MCE, we can see for the 

Ni45Co5Mn36.6In13.4 alloy, for which the ΔSm is reported to be ≈15.2 and 30 J kg-1 K-1 for a magnetic field 

induction of 2 and 7 Tesla respectively [42], value comparable to those of the Gd5Si2Ge2 , MnAsSb and 

La(Fe,Si)13 alloys. However, great thermal and magnetic hysteresis are present in both the ferromagnetic 

shape memory alloys and the MSMAs because of the great lattice change during transition. Thermal 

hysteresis ranges between 5 and 20 K, and the magnetic one between 0 and 60 J/kg, highly depending on 

compositions. [40] The Heusler alloys have in their favor that their manufacturing process is simple, as 

polycrystalline samples can be obtained by the arc melting technique. 

While in other magnetocaloric applications clusters of nanocomposites show good potential, 

there is still no success in creating a suitable material to work at room temperature. A theoretical analysis 

suggested that gadolinium nanoparticles behaved similarly to the bulk material [43], but this result clearly 

disagrees with earlier experiments [44], that show no magnetic entropy change above 100 K.  

 

Table D - 1 Summary of MCM material properties 

Material Transition 

type 

Curie temperature 

(K)  
Max. ΔTad 

(K) 

Max. Δsm 

(J/kgK) 

Reference 

Gd SOMT 293 6.3 (0 – 2 T) 5.75 (0 – 2 T) [6] 

Gd0.74Tb0.26 SOMT 275 5.6 (0 – 2 T) 6 (0 – 2 T) [1] 

Gd0.9Dy0.1 SOMT 274 - 14 (0 – 9 T) [1] 

Gd5Ge2Si2 FOMT 273 7.5 (0 – 2 T) 28 (0 – 2 T) [7] 

La(Fe0.9Si0.1)13H1.1 FOMT 290 7 (0 – 2 T) 30 (0 – 2 T) [1] 

MnAs FOMT 318 13 (0 – 5 T) 35 (0 – 5 T) [8] 
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E Prototype survey 

 

In this section, a review of the most relevant prototypes built in the last years is carried out. Ten different 

devices are analyzed, and the results are compiled in Table 2-3 at the end of the chapter. The reader may 

also find the main conclusions distilled from this review. 

E.1 Austronautics Prototype [11] 

This device was the world’s first true room temperature magnetic refrigerator that used 

permanent magnets, thus marking an important milestone in the magnetic refrigeration at room 

temperature research. It is a rotary type device, where a disk of magnetocaloric material is driven through 

a permanent magnet assembly. This assembly structure is an open Hallbach array, which provides a 1.5 T 

magnetic field induction in the gap. 

The schematics and a picture of the prototype are shown below: 

 

Figure E - 1 Flow schematic of Astronautics prototype 

 

Figure E - 2 Photograph of Astronautics prototype 

 

Figure E - 3Permanent magnet used by Astronautics Corp. Dark gray is Nd2Fe14B, and light gray is magnetic steel. 

  

Austronautics experimented with different types of sphere packed beds: 

- Gadolinium particles, with a mean diameter of 425-500 µm. 

- 94% gadolinium 6% erbium alloy, mean diameter 250-355 µm. 
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- A bed consisting of two layers of equal mass in succession of the previous materials. 

- A bed consisting of irregular particles of La(Fe0.88Si0.12)13H1.0 alloy. 

When testing each material separately, the performance of each material is shown to be higher 

around is Curie temperature: 

 

Figure E - 4 Cooling load sustained by the AMRr at a small positive temperature span. Credit: [11] 

The Gd and Gd-Er alloy show broad operating ranges, resulting from their second order magnetic phase 

transitions. The LaFeSiH alloy shows a narrower, sharply peaked cooling curve as function of 

temperature, as expected for a first order transition material. 
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Figure E - 5 Measured load curves of the RMR for a layered packing (colored curves) and for Gd  (dotted curve), as appears in [1] 

The layered bed shows better performance than the single layer gadolinium bed, thus suggesting that 

layering may be a solution to improve the viability and performance of AMRR systems. 
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E.2 Unicamp prototype [14] 

This prototype of a magnetic refrigerator is built with an active magnetic regenerator in a wheel form, 

using Gd as the magnetocaloric material and an electromagnet as a field source. The design is clearly 

reminiscent of the Astronautics prototype. The wheel was built on PVC with 6 cavities connected to 

the axis of the wheel through holes for the heat exchange fluid (ethyl alcohol). Holes and cavities on 

the axis direct the fluid to the regenerator cavities according to their angular position. This is a simple 

device built with low cost materials. Testing the prototype with null heat load for an applied field of 

2.3 T, a difference of temperature between the ambient and the cold heat exchanger of 11ºC was 

obtained. This is one of the few reviews that indicate the time needed to achieve steady state: The 

reported time interval for temperature lowering is 7 min, and full temperature stabilization was 

achieved after 20 min.  

 

 

 Figure E - 8 Scheme of the wheel as mounted in the 

electromagnet 

 

 

  

 Figure E - 6 Temperature of the fluid after leaving the 

regenerator and just before entering the cold heat 

exchanger 
Figure E - 7 Regenerator beds 

 

Figure E - 9 Scheme of the heat exchanger fluid circulation. 

This scheme shows two opposing chambers, one that just left 

the field region, and other that just arrived into the field region 
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E.3 University of Victoria 2009 prototype [12] 

The University of Victoria is heavily invested in magnetic cooling at room temperature. Several prototypes 

have been built in this institution over the years, which place them as the one of the most experienced 

institutions in this field. The prototype presented in 2009 is a result of all their gathered experience with 

these devices. 

This prototype uses two beds placed inside the magnetic field generated by two NdFeB nested Hallbach 

arrays; the inner Hallbach array rotates inside the larger one, providing with an alternating magnetic field 

without need of great displacements. Both regenerators are connected by a fluid transfer loop (the 

refrigeration fluid being water) with oscillating flow created by a displacer. One cold heat exchanger 

separates the two AMRs and two hot heat exchangers reject heat. The peak no load temperature span 

using a total of 110 g of gadolinium is 29 ºC. A CoP of 1.6 was obtained for the entire system with a 

cooling power of 50 W and a temperature span of 2º C when operating at 1.4 Hz. The magnetic field 

variation used was 0.1 - 1.4 T. The mean particle diameter is around 300 µm. 

  The AMR cycles are synchronized, so they operate in opposite phases. In the following 

figures we can appreciate the system: 

 

 

The technical specifications have been compiled in the following table: 

 Figure E - 10 Integrated system diagram  Figure E - 11 Image of University of Victoria prototype 
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Table E-1 University of Victoria prototype technical specifications 

 

The results achieved with this device have been published, and are as follows: 

Table E-2 University of Victoria prototype results 

Experimental parameter space 

Parameter Range 

Heat rejection temperature 17,22,27,32 ºC 

Operating frequency 2,4 Hz 

Utilization* 0.62, 0.64, 1.03, 1.28 

Thermal load 0, 20, 30, 40 W 

* Utilization is defined as the ratio of the fluid thermal capacity 
through a regenerator relative to peak thermal capacity of the 
solid: mdcp/Mbc(B = 0, T = TCurie ) 
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Figure E - 12 Cooling power vs CoP – University of Victoria prototype 

 

Figure E - 13 Temperature span vs rejection temperature for different power loads – U. of Victoria prototype 

 

These figures represent exceptionally good results in this field. However, the performance must increase 

significantly to compete with traditional systems, as the cooling capacity of 40 W and CoP of 1.28 are 

obtained for a temperature span of ≈5ºC. Further research is being conducted in this University in hopes 

of developing the first true AMRR competitor of traditional refrigeration systems. 
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E.4 Korea Advanced Institute of Science and Technology 

prototype [15] 

 

This institute built a hybrid reciprocating AMRR, with a static Hallbach array as field source and granule 

gadolinium as refrigerant; the porosity of the regenerator is determined as 0.5. Gd was the magnetic 

refrigerant and helium the heat transfer fluid. The operation frequency of the device reached 1 Hz. The 

regenerator bed was composed of irregular shaped gadolinium lumps whose mean diameter varied from 

325 to 500 µm. A maximum temperature span of 16 ºC was reportedly obtained by this model. 

 

 

Figure E - 14 Reciprocating AMRR design – Korea  AIST prototype 

 
 

Figure E - 15 Schematic diagram of the Hallbach array - Korea 

AIST prototype  

 

Figure E - 16 Measured magnetic field distribution along the 

magnet - Korea AIST prototype 
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E.5 University of Ljubljana prototype [16] 

A rotatory AMRR has been developed by this university, using gadolinium as refrigerant. The heat transfer 

fluid is distilled water, and the magnetic field variation is reported as 0.05 T – 0.98 T. The solid refrigerant 

used is gadolinium, in the form of 0.3mm plates, with a regenerator porosity of 0.59. This device uses a 

rotating drum supporting a large number (34) of small magnetic beds (1x1x5 cm), as can be appreciated 

below: 

  

  

Figure E - 17 Rotating drum device 

And the circuit scheme is as follows, with all the components numbered in the picture of the device:  

 

 

 

 

Figure E - 18 Circuit scheme for the Ljubljana prototype Figure E - 19 Ljubljana prototype image 

 

 

The device was able to produce a temperature span of 7 ºC, using distilled water as the heat transport 

fluid. No cooling capacity or CoP are reported. 
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E.6 Cooltech-Applications testing device [17] 

This model is a pure reciprocating AMRR machine, which purpose is to test different magnetocaloric 

beds. A linear Hallbach array is used to produce a 1.1 T excitation field. The regenerator consists of an 

arrangement of 0.6 mm thick parallel plates of Gd with a constant spacing of 0.1 mm. A special 

refrigeration fluid (Zitrec S) is used. This device was provided with a specifically designed user interface 

developed for semi-automatic testing. The schematics for the device are shown below: 

 

Figure E - 20 Circuit scheme for Cooltech-Applications test device 

 

Figure E - 21 AMR bed - Cooltech test device 

 

Figure E - 22 AMRR prototype image - Cooltech test device 

 

 

A maximum temperature span of ~15o C is reported when using gadolinium; no refrigeration loads are 

reported. 



Prototype survey 

-xlviii- 
 

E.7 Cooltech-INSA rotary prototype [18] 

The system built by Cooltech Applications, in association with the INSA, is a rotary magnetic 

refrigerator composed of eight pieces of supporting discs positioned in a polymeric material, which were 

mechanically stable and thermally isolated. The device has been constructed with a modular design that 

allows for the test of different conditions with minimal effort. The magnet used in this device is an open 

Hallbach array, which reportedly yielded a magnetic field between 1 to 2,4 T. The cooling capacity 

reported is in the range of 100 W to 360 W, and the maximum temperature span 14 ºC. 

 

Figure E - 23 Cooltech rotary system, device diagram and permanent magnet design 
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E.8 Grenoble Electrical Engineering Laboratory 

prototype [19] 

This prototype is a reciprocating device, using a cylindrical Hallbach array as magnetic field source, which 

yields 0.8 T. The maximum reported temperature span is 6oC. The regenerator is fabricated as a 50 mm 

long cylinder of 30 mm of diameter, made of stacked 1 m gadolinium sheets.  A diagram of the working 

cycle of this prototype can be seen below:  

 

 

Schematic view of the device and its operation 

under AMR cycle: 

a→b→c) fluid flows from left to right through 

active material: heat is absorbed from the cold 

h.ex. 

c→d) magnetization: material warming 

d→e→f) fluid flows from right to left trough 

active material: heat is rejected through hot h. ex. 

f→a) demagnetization: material cooling 

 

Figure E - 24 Grenoble University operative diagram 

And the general overview: 

 

Figure E - 25 Grenoble University prototype 
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E.9 University of Barcelona prototype [20] 

Built in 2000, this is one of the first permanent magnet magnetic refrigerators, representative of 

the initial design considered plausible at that time. This prototype is composed of a plastic wheel with a 

ribbon of gadolinium attached around its lateral surface. The wheel is placed in a container filled with the 

auxiliary heat exchanger fluid, which in this case, is olive oil. Then, the wheel rotates in the container, and 

goes cyclically through a high magnetic field region, represented by the square in the figure below: 

 

Figure E - 26 Bohigas prototype diagram 

 This device achieves a temperature difference of 5 K with a magnetic field of 0.95 T, and 

no cooling rates are reported.  
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E.10 Chubu electric and Tokyo Institute of Technology 

prototype [13] 

 This device stands out by its very compact design. Based on the rotary system, a special 

arrangement of magnets rotated around a static magnetocaloric bed, distributing and varying the magnetic 

flux density in the material bed. Permanent magnets made of neodymium were applied and yielded a 

maximum magnetic field intensity of 1.1 T. 

 The machine contained four magnetocaloric beds and each consisted of four kinds of Gd 

and Gd alloys which accounted for a bed mass of 1 kilogram. This device applies the layered bed 

technique, in an attempt to boost performance. By applying materials of different Curie temperatures at 

different locations, a higher overall efficiency of the magnetocaloric effect was to be achieved than using 

Gd alone. 

 This device obtained a maximum cooling power of 540 W with a temperature span of 0.2 

K; and a no-load maximum temperature span of about 8 ºC, at an operating frequency of 0.4 Hz. 

 

Figure E - 27 Tokio University-Chubu electric device 
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F Modelling works survey 

 

F.1 Introduction 

There is a plethora of mathematical models available in the literature that describes the behaviour 

of an AMRR device operating at room temperature. Two main families of models can be identified: 

- Time independent or zero-period models: These models are useful for qualitative 

investigations of the AMRR cycle characteristics, such as the evaluation of various materials 

in the context of an AMRR cycle or parametric investigations of the impact of a particular 

cycle parameters; however, according to [22], the predictive capability of a zero-period model 

is limited. While the computational power required is very low, the same source explains that 

their major shortcomings are their heuristic approach to capturing the non-linear effect of 

material properties (specially for layered beds), and their macrosCoPic approach to estimate 

losses. 

- Time dependent or dynamic models: These models are based on an energy balance analysis of 

the solid and fluid entrained in the regenerator bed, which produces a set of partial 

differential equations that are to be solved numerically. Those models have been very 

successful in the prediction of AMRR behaviour, but have the disadvantage of requiring 

rather high amounts of computing power. 

In this chapter, the most relevant models of both families are presented, and serve as the 

foundation in which the modelling presented in this thesis is based. As in every model a different 

nomenclature is used, the meaning of the different terms is restricted to their section, and will be 

transcribed into the nomenclature of this thesis when possible. 
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F.2 Time independent (Zero-period) models 

These models are based in the traditional thermodynamic analysis based on the T-S diagrams. 

Instead of the AMR cycle, they assume that the traditional Brayton, Eriksson and Carnot cycles may be 

applied; the foundation for these has been introduced in section 1.2 - “General thermodynamic 

approach”. The interested reader may find a more extensive description in reference [2]. 

While these cycles have been applied successfully to low temperature magnetic refrigeration, no 

prototype working on these cycles has yet appeared for near room temperature permanent magnet 

devices, as the low adiabatic temperature change renders them impractical. In this field, the main interest 

of these models is to provide a qualitative approach to magnetic refrigeration, identifying the major trends 

of the behaviour of AMRRs. 

These models are based on heuristic assumptions, which may be valid for qualitative analyses, but 

lack rigor to provide reliable quantitative results.  

F.3 Tagliafico et al. zero-period model [24] 

 This model is based on a Brayton regenerative cycle, and aims to provide preliminary 

results concerning the analysis of a   simple thermodynamic model applied to two different materials, 

namely, GdPd alloys [25]. The conceptual magnetic refrigerator and Brayton cycle is explained through the 

following figures: 

 

Figure F - 1 Tagliafico Zero period model diagram 

 

Figure F - 2  Tagliafico zero-period model cycle sketch 

 

 

 Unfortunately, the article does not provide information regarding how the temperatures of the fluid 

are chosen, which may suggest a heuristic approach. However, as the main objective of this model is to 

provide a qualitative approach to the simulation of AMRR systems, this is of secondary importance for 

the authors.  
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Despite its simplicity, the authors are able to identify two key aspects of AMRR operation: 

- The heat transfer performance inside the MCM regenerator is critical. For low values of the 

global heat transfer coefficient between the fluid and the solid matrix, the useful refrigeration 

capacity drops considerably.  

- To allow for a reasonable temperature span between the ends of the regenerator, large 

interface heat transfer surfaces are needed. 

 

 The need for a high transfer coefficient has driven the latest prototypes to choose the packed bed 

over the parallel plate configuration; the packed bed prototypes show better results than the former ones. 

This is proof that this simple model is able to capture the general trends of AMRR. 

 

F.4   Kitanovski et al. zero-period model [26]  

To assess the applicability of magnetic cooling for different scenarios, this analysis focuses in the T-

S diagrams of gadolinium. However, in this article there is no indication of how this cycles would be 

performed in an actual device; by disregarding this point, the results of this analysis lack the ability to 

predicting the actual performance of a real world device. 

 

Figure F - 3  Ericsson cycle considered in [26] 
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Figure F - 4  Brayton cycle considered in [26] 

 

 

Figure F - 5  Carnot cycle considered in [26] 

Careful examination of these figures reveals that, for a single stage device, the maximum 

temperature span of each cycle is around 10 K for a magnetic field swing of 6 Tesla. No indications on 

how the regenerative process would be analysed, or the heat transfer between the fluid and the solid 

matrix, are given; which may suggest a heuristic approach on this matter ( [26], appendix 3). 

Nevertheless, this model points out that the maximum temperature span for an AMRR device 

occurs when the cooling capacity approaches zero; and vice-versa, the maximum cooling capacity is 

reached when the temperature span is close to zero. The prototype results confirm this conclusion, as can 

be seen in the previous chapter. 
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This article proposes that ideal magnetic refrigeration devices need a magnetic field swing of 2 

Tesla or higher to become competitive with vapour compression systems. Up to date, the maximum 

magnetic field swings published for permanent magnet assemblies in this field are around 1.3 Tesla [3]; 

more advanced magnetic field sources are required to bring permanent magnet AMRR application closer 

to reality. 

 

Figure F - 6 Maximum CoP of an AMRR device function of magnetic field swing. [26] 

In terms of mass and volume, the prediction shows that AMRR systems need rather high 

frequencies of operation to become competitive. This is in good agreement with the arguments presented 

by Engelbrecht [22] when describing the practical AMRR issues. 

 
 

Figure F - 7 Mass and Volume comparative as appears in [26] 
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F.5 Time-dependent (dynamic) models – Survey 

F.5.1 Allab et al. [27] model 

This model aims to describe the dynamic behaviour of a prototype AMRR device. The 

mathematical model is quite simple, as it neglects the axial conduction terms. The conceptual drawing and 

the actual device are shown in the following figures: 

 

Figure F - 8 Conceptual AMRR device schematic [27] 

 

 

Figure F - 9 AMRR device analyzed by Allab et al. 

 

 

 The magnetization process is considered adiabatic. The MCM data is derived from the entropy 

curves of gadolinium, approximated by a polynomial curve fitting.  

 The computation algorithm used to analyse the model is described in the next figure: 
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Figure F - 10 Resolution algorithm of AMRR cycle used by Allab et al. [27] 

 The model is used to predict evolution the temperature of the cold and hot ends of the regenerator 

with time. Then, it is compared with the experimental values obtained from the model. A very good 

agreement is found between the model and the experimental device. The measured temperature span is 4 

K, while the model predicts 4.8 K. This shows that dynamic models are able to predict precisely the 

behaviour of AMRR devices. 

  

Figure F - 11 Temperature evolution predicted by dynamic model Figure F - 12 Measured temperature evolution of the bed ends 
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F.5.2 Aprea et al. model (1) [29] 

The objective of this model is to investigate the effect of the axial conduction on the refrigeration 

capacity and on the efficiency of the magnetic refrigeration cycle. Three different models are developed to 

predict these parameters. The conceptual sketch of the device is shown in the following figure: 

 

Figure F - 13 Aprea et al. conceptual AMRR sketch 

 The magnetization processes are considered adiabatic and instantaneous. The MCM is Gd0.8Dy0.2; 

its properties calculated by a combination of the mean field model and the de Gennes model.  

 The heat transfer coefficient is based on the Wakao et al. [30] empirical correlation.  

 The pressure drop in the secondary fluid flow is evaluated through the Ergun equation [45]. 

 Two different methods are used to evaluate the dispersion phenomena: One being the Hadley 

correlation, and the other an empirical correlation developed Feng et al. [46]. 

 The numerical solution is computed by using the Runge-Kutta explicit method, with 50 steps in 

time and space integration. 

 In this article, the relevance of the mass flow rate as a main input is highlighted: 

“Corresponding to a small fluid mass, although the fluid can be regenerated to reach lower exit temperature, a small amount of transfer 

fluid can produce only a little refrigerating capacity. On the other hand, excessive transfer fluid perturbs the temperature profile of the 

AMR, decreasing the temperature difference between the fluid and the bed. The bed quickly becomes overwhelmed by the fluid flow and the 

efficiency of the heat transfer decreases quickly causing a loss in cooling power” [29] 

 This is of major importance for magnetic cooling devices. While cooling capacity of compression 

systems can be increased by increasing the mass flow rate, in magnetic cooling devices the mass flow rate 

must be carefully controlled to maintain the temperature profile in the regenerator. If the mass flow is too 

high, the regenerative capacity of the bed is overwhelmed, and it is no longer able to maintain a useful 

temperature span between the hot and cold ends.  
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F.5.3 Aprea et al. model (2) [31] 

Using the model presented in the previous article [29], the objective of this work is to analyse the 

performance of layered regenerators. 

The magnetocaloric effect is maximal near the Curie temperature of the MCMs; in the regenerator, 

a temperature profile exists; when a layered regenerator is constructed and operated so that the average 

temperature of each layer is close to its Curie temperature, the global MCE is greatly increased. This 

results in a greater performance of the device. 

The regenerator is divided in various segments, with increasing transition (Curie) temperatures: 

 

Figure F - 14 Layered regenerator scheme used in the Aprea et al. model 

For a fixed temperature span of 20 K, the optimum CoP increases with the number of layers, as 

can be seen if the following figure: 

 

Figure F - 15 Optimum CoP vs. number of regenerator layers [31] 

This model also predicts that the CoP increases with the size of the regenerator, which may be an 

advantage for large scale applications. 
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F.5.4 Tagliafico et al. model [32] 

The objective of this dynamic model is to perform a parametric investigation on the behaviour of 

an AMRR device. The conceptual diagram is shown in the following figure: 

 

Figure F - 16 Conceptual diagram of AMR published by Tagliafico et al. [32] 

The heat transfer coefficient is evaluated by means of Wakao et al. correlation, and the pressure 

drop via Ergun’s equation. The magnetocaloric material is gadolinium. There is no information on how 

the dispersion coefficients have been calculated. The numerical solution is computed with the help of 

Matlab and MS Visual Studio, but no further details are provided. 

The results are presented as function of the utilization factor, a parameter used to normalize the 

fluid mass flow rate, relating it to the frequency and the mass of the regenerator bed. A more thorough 

explanation on this point may be found in Chapter 5 of this thesis. 

 

Figure F - 17 From left to right: Cooling power, CoP and exergy efficiency (ξ) as functions of the utilization factor (Φ) 

 The evolution of the cooling capacity increases almost linearly with the utilization factor, until the 

regenerative capacity of the bed is overwhelmed; past this point, it decreases rapidly. 

For the coefficient of performance (CoP), a slight decrease is observed as the utilization factor 

increases. When the regenerative capacity is overwhelmed, the CoP decreases dramatically. 

Both the cooling power and CoP decrease as the temperature span increases. However, the exergy 

efficiency (also known as 2nd law of thermodynamics efficiency) presents an optimal temperature span, 

which in this case is between 20 and 30 degrees. 
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F.5.5 Engelbrecht (U. of Wisconsin-Madison PhD thesis) model 

[22] 

The objective of this model is to be used as a design tool for active magnetic regenerative 

refrigerator systems used for space cooling or refrigeration applications. It is the most detailed model built 

up to date, taking into account detailed aspects that are usually neglected in most models, (e.g. the internal 

temperature gradients of the regenerator particles).  

This is the only model that treats magnetization and demagnetization as time dependent and 

gradual processes. 

The heat transfer correlation used for packed beds is initially the Wakao correlation; however, this 

correlation was obtained for gasses; to improve the accuracy of the heat transfer coefficient; an 

experiment was built to obtain a correlation applicable to the specific case of liquid fluids. This correlation 

is presented in reference [33]. 

The AMR model was used to predict the performance of a space cooling device operating between 

14 and 37 ºC, using water as the heat transfer fluid: 

 

Figure F - 18 CoP as a function of cooling power for various values of cycle time and fluid mass flow rate ( [22], page 118) 
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In the words of Engelbrecht, the previous figure… 

”… can be used to determine the optimum cycle time and mass flow rate for a given refrigeration capacity. The best operating condition is 

the curve that results in the highest CoP for the desired cooling capacity. Studying curves of constant cycle time reveals that the system is 

capable of producing the same cooling power with two unique coefficients of performance. The lower CoP corresponds to operation at a fluid 

flow rate that is too large for the regenerator (Sic). At high cycle times (i.e., low frequency), the number of times the material is magnetized 

and demagnetized per unit time decreases and therefore maximum attainable cooling power decreases;”  

( [22], pages 118-119) 

This PhD thesis draws very interesting conclusions from this model: 

- The actual magnetic field experienced by the regenerator material must be determined in 

order to accurately predict the system performance. The effective magnetic field experienced 

by the regenerator material of an AMRR system will be equal to or lower than the magnetic 

field in the magnet gap. 

- The Wakao correlation is not completely adequate to model the heat transfer of AMRR 

systems. The Nusselt number developed in this PhD thesis improves the agreement between 

the predicted and measured cooling power of AMRR devices. 

- The flow unbalance (dispersion) has a significant effect on AMRR performance, especially 

when the operating temperature span is high. 
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G Time-dependent (dynamic) models - Foundation 

The dynamic models have been proven to predict the performance of an AMRR device to an 

acceptable degree. As advanced in the introduction, these models are based in the energy balance of the 

fluid and solid matrix inside the regenerator. From this balance, a set of differential equations that describe 

the temperature profiles of the liquid and solid matrix along the regenerator bed is obtained. 

It must be noted that this greater predictive ability comes at a price: The programing and 

computational efforts required by these models are far greater than for the zero-period models. However, 

with dynamic models an approximate heuristic treatment of the model parameters is not required, at the 

price of requiring a great number of parameters to work (See Figure 3-7, p. 43).  

As presented in section 1.1.2 and confirmed by the prototype review, the active magnetic 

regenerative (AMR) cycle is the standard near room temperature operative cycle. It has four processes: 

The regenerative cold and warm blows and the magnetization and demagnetization of the magnetocaloric 

material. While all dynamic models treat the regenerative blow processes in a similar manner, there are 

different approaches to the magnetization processes. A few, like the complex and detailed model of the 

University of Wisconsin-Madison [22], treat it as a time dependent process, taking into account the 

possible irreversibility of this process. Most published models, however, assume that the process is 

perfectly adiabatic and instantaneous, greatly simplifying the modelling work. 

There are five basic components in an AMRR device: the regenerator bed, cold and hot heat 

exchangers, magnet and pumps. In all the models found in the literature, the components external to the 

regenerator bed are not explicitly modelled. However, their effect on the cycle is felt through the variation 

of the mass flow rate (pump), the variation of the magnetic field and magnetic work (magnets), and the 

inlet temperatures that serve as boundary conditions (heat exchangers). For a more extensive review on 

this matter, and the derivation of the governing equations, the reader may refer to [22], pages 39 and 

following. 

The derivation of the governing equations from energy balance for a 1D dynamic model of the 

regenerator will be shown in the following lines. It starts by considering a lumped model of the 

regenerator: 

 

Figure F - 19 Conceptual drawing of a 1D AMR model showing the important modeling parameters [22] 
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Then it is followed by an energy balance of differential elements of the fluid and magnetocaloric material: 

 

Figure F - 20 Energy balance over a fluid differential element 

 

Figure F - 21 Energy balance over a MCM differential element 

 

 

From these energy balances, the general governing equations for both the MCM and the fluid result 

as follows: 

- For the fluid: 

  
2

. . .2

f f f

fluid disp heattransfer f s visc dissip f Fluid Thermal mass

T h Tp
K m K T T K m K

x x x t

  
    

   
 (4.1) 
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Starting from the left, the first term represents the heat conduction due to axial dispersion; the second the 

change of enthalpy carried by the fluid; the third the convective heat transfer between the fluid and the 

regenerator material; the fourth term represents viscous dissipation in the fluid; and the right hand side of 

the equation represents the energy stored due to the thermal mass of the fluid entrained in the matrix. The 

Ks represent the coefficients for each term. 

- For the magnetocaloric material: 

  
2

. 2

s s
heattransfer f s MCM disp Mag MCM Thermal mass

T M T
K T T K K H K

x t t

  
   

  
 (4.2) 

 

Starting from the left, the first term represents the convective heat transfer between the fluid and the 

MCM solid; the second term the heat flux due to axial conduction; the third term the magnetic work 

transfer; and the right hand side, the energy stored due to the thermal mass of the MCM. 

 

 This set of equations, coupled by the convective heat transfer, defines the temperature profiles, 

which are function of time and position in the bed (determined by x) for all the four processes of the 

AMR cycle. Due to the high complexity of these differential equations; the variation with the temperature 

of the properties of the fluid,; and the variation with temperature and magnetic field of the properties of 

the MCM, there are no analytical solutions for this set of equations. Hence, numerical approaches must be 

taken. 
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AMRR simulator 

Function AMRRSimMk4(Mag_field, Frequency, Room_temperature, Layers, 

Fluid_type, Aspect_ratio, MCMmass, res ,Uf, Prec, Load_temperature) 
Mass_flow = zeros(1,length(Uf)); 
Qrr       = zeros(1,length(Uf)); 
Qcc       = zeros(1,length(Uf)); 
cop       = zeros(1,length(Uf)); 
Wpump     = zeros(1,length(Uf)); 
Warmb(75,res,2,length(Uf)) = -1; 
Coldb(75,res,2,length(Uf)) = -1; 
k=1; 

  
% Initializing the regenerator properties 
%% Regenerator layering 

  
load(sprintf('Thermodynamic_Properties%g.mat',Mag_field)) 

  
if Layers == 1 
    AT(1,:,1)=ATGd; 
    AT(1,:,2)=ATGd; 
    cH(:,:,1)=cHGd; 
    cH(:,:,2)=cHGd; 
    layering = 'Single'; 
elseif Layers == 2 
    AT(1,:,1)=ATGd; 
    AT(1,:,2)=ATGd09Dy01; 
    cH(:,:,1)=cHGd; 
    cH(:,:,2)=cHGd09Dy01; 
    layering = 'Double'; 
elseif Layers == 3 
    AT(:,1)=ATGd; 
    AT(:,2)=ATGd95Dy05; 
    AT(:,3)=ATGd09Dy01; 
    cH(:,:,1)=cHGd; 
    cH(:,:,2)=cHGd95Dy05; 
    cH(:,:,3)=cHGd09Dy01; 
    layering = 'Triple'; 
else 
    fprintf(' Wrong layer number! \n 1 - One layer \n 2 - Two layers \n 3 - 

Three layers  \n') 
    return 
end 

  
%% Solid properties 
ros=7900;           %kg/m3; Density near room temperature 
ks=10.6;            %W/mK; Thermal conductivity 
MmGd=0.157;         %Kg/mol; Molar mass 

  
%% Geometry 
d=(MCMmass*4/(pi*ros*Aspect_ratio))^(1/3); 
L=Aspect_ratio*d; 
Ac=pi*(0.5*d)^2; 
dp=400e-6; 

  
%% Fluid properties: 
if Fluid_type == 1 
    %% Water-glycol 50-50 mixture at 20ºC 
    rof=1082;         %kg/m3; Density at 20ºC and 1 atm 
    kf=0.402;         %W/mK; Thermal conductivity 
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    cf=3260;          %J/kgK; Heat capacity at 20C 
    muf=7.5e-4;       %kg/ms; Dynamic viscosity 
    Pr=cf*muf/kf;     %Prandtl number 
    Fluid = 'WG'; 
elseif Fluid_type == 2 
    %% Water 
    rof=1000;       %kg/m3; Density at 20ºC and 1 atm 
    kf=0.583;       %W/mK; Thermal conductivity 
    cf=4200;        %J/kgK; Heat capacity at 20C 
    muf=9.7720e-4;  %kg/ms; Dynamic viscosity 
    Pr=cf*muf/kf;   %Prandtl number 
    Fluid= 'Water' ; 
else 
    disp('Wrong fluid type! Choose 1 for Water-glycol or 2 for water') 
    return 
end 

  
%% Regenerator bed packing 
%  Random packing 
e  = 0.36;          %Adimensional; Porosity 
c1 = 133;           % Constant c1 for the Ergun correlation 
c2 = 2.33;          % Constant c2 for the Ergun correlation 

  
dh=2/3*e*dp/(1-e);  %m; Hydraulic diameter 
as=6*(1-e)/dp;      %m2; Volume specific surface area 

  

  
for Utilization_factor = Uf; 

     
    %% Flow parameters 
    blowtime=0.5/Frequency; 
    m = Utilization_factor/(blowtime*cf/(L*Ac*(1-e)*ros*295.3676)); % Mass 

flow 
    Mass_flow(k) =m; 
    vD=m/rof/Ac;                         %Darcy velocity 
    v=vD/e;                              %Interstitial velocity 
    Re=rof*vD*dh/(muf*e);                %Ad.; Reynolds hydraulic diameter 

based number 
    Nu=0.7*Pr^(0.23)*Re^(0.6);           %Nusselt number of the flow 

(Wakao) 

     
    %% Calculating pressure drop: Ergun's Equation 
    p=(c1/Re+c2)*0.5*rof*(vD/e)^2/dh; 
    Wp=m*p/(0.8*rof); 
    Wpump(k)=Wp; %Storing the work pump value 

     
    %% Differential equation factors 
    h=Nu*kf/dh; 
    k1=h*as*L/(rof*cf*e*v); 
    k2=1; 
    k3=(e+0.5*Pr*Re*dp/dh)*kf/(rof*cf*e*L*v); 
    k4=h*as*L/(ros*(1-e)*v); 
    k5=(1-e)*ks/(ros*(1-e)*L*v); 

     
    %% Temperature definition and normalization 
    Troom=273+Room_temperature; 
    Tc=273+Load_temperature; 
    TcH1 = (TcH - Tc)/(Troom-Tc); 
    TMag1= (TMag - Tc)/(Troom-Tc); 
    % Initial temperature profile 
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    T(1,:) = linspace(Tc,Troom,res)'; 
    T(2,:) = T(1,:); 
    T = (T - Tc)/(Troom-Tc); 
    x = linspace(0,1,res); 
    tr=L/v; 
    t = linspace(0,blowtime/tr,75); 

  

     

  
    tic 
    for Number_of_cycles=1:250; 
        Taux=T; 
        %% Magnetization 
        if Layers == 1 || Layers == 2 
            T(2,1:end/2-1)=T(2,1:end/2-

1)+interp1(TMag1',AT(1,:,2)',T(2,1:end/2-1))/(Troom-Tc); 
            

T(2,end/2:end)=T(2,end/2:end)+interp1(TMag1',AT(1,:,1)',T(2,end/2:end))/(Tr

oom-Tc); 
        elseif Layers == 3 
            l=length(T(2,:)); 
            s11=floor(l/3);s12=ceil(l/3);s21=floor(2*l/3);s22=ceil(2*l/3); 
            if s11==s12 
                s12=s12+1; 
            end 
            if s21==s22 
                s22=s22+1; 
            end 
            

T(2,1:s11)=T(2,1:s11)+interp1(TMag1',AT(:,3),T(2,1:s11))/(Troom-Tc); 
            

T(2,s12:s21)=T(2,s12:s21)+interp1(TMag1',AT(:,2),T(2,s12:s21))/(Troom-Tc); 
            

T(2,s22:end)=T(2,s22:end)+interp1(TMag1',AT(:,1),T(2,s22:end))/(Troom-Tc); 
        end 

         
        %% Warm blow 
        if Layers == 1 || Layers == 2 
            [sol1,T,Qrej] = 

warmblow2(x,t,T,k1,k2,k3,k4,k5,cH,TcH1,Tc,Troom,m,cf,tr); 
        elseif Layers == 3 
            [sol1,T,Qrej] = 

warmblow3(x,t,T,k1,k2,k3,k4,k5,cH,TcH1,Tc,Troom,m,cf,tr); 
        end 

         
        %% Demagnetization 
        if Layers == 1 || Layers == 2 
            T(2,1:end/2-1)=T(2,1:end/2-1)-interp1((TMag'+AT(1,:,2)'-

Tc)/(Troom-Tc),AT(1,:,2)',T(2,1:end/2-1))/(Troom-Tc); 
            T(2,end/2:end)=T(2,end/2:end)-interp1((TMag'+AT(1,:,1)'-

Tc)/(Troom-Tc),AT(1,:,1)',T(2,end/2:end))/(Troom-Tc); 
        elseif Layers == 3 
            T(2,1:s11)=T(2,1:s11)-interp1((TMag'+AT(:,3)-Tc)/(Troom-

Tc),AT(:,3),T(2,1:s11))/(Troom-Tc); 
            T(2,s12:s21)=T(2,s12:s21)-interp1((TMag'+AT(:,2)-Tc)/(Troom-

Tc),AT(:,2),T(2,s12:s21))/(Troom-Tc); 
            T(2,s22:end)=T(2,s22:end)-interp1((TMag'+AT(:,1)-Tc)/(Troom-

Tc),AT(:,1),T(2,s22:end))/(Troom-Tc); 
        end 
        %% Cold blow 
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        if Layers == 1 || Layers == 2 
            [sol2,T,Qref] = coldblow2(x,t,T,k1,-

k2,k3,k4,k5,cH,TcH1,Tc,Troom,m,cf,tr); 
        elseif Layers == 3 
            [sol2,T,Qref] = coldblow3(x,t,T,k1,-

k2,k3,k4,k5,cH,TcH1,Tc,Troom,m,cf,tr); 
        end 

  
        %% Finding the steady state 
        control=max(abs(Taux(2,:)-T(2,:))./T(2,:)); 
        if control<Prec && Number_of_cycles>60 
            disp('Steady state reached.') 
            break 
        end 
        control1=control; 

         
    end 
    toc 
    Qrr(k)=Qrej; 
    Qcc(k)=Qref; 
    cop(k)=-Qref./(Qrej+Qref+Wp); 
    Warmb(:,:,:,k)=sol1; 
    Coldb(:,:,:,k)=sol2; 
    k=k+1; 
end 
Wmag=Qrr+Qcc; 
savefile=sprintf('%s_%s_layer_MagField_%g_Troom_%g_Frequency_%g_Hz.mat',Flu

id,layering,Mag_field,Troom,Frequency) 
save(savefile,'MCMmass','Aspect_ratio','Qrr','Qcc','cop','Uf','Wpump','Troo

m','Tc','Warmb','Coldb','Frequency','Mass_flow','Wmag','d','L') 

 

 

Warm blow and cold blow functions 

 
function [sol,T,Qrej] = 

warmblow2(x,t,T,k1,k2,k3,k4,k5,cH,TcH,Tc,Troom,m,cf,tr) 
cH1=cH(2,:,:); 
options = odeset('RelTol',5e-3,'AbsTol',1e-5); 
sol = pdepe(0,@(f1,f2,f3,f4) 

pdex1pde(f1,f2,f3,f4,k1,k2,k3,k4,k5,cH1,TcH),@(x1) pdex1ic(x1,T,x) , 

@(xl,ul,xr,ur,t)  pdex1bc(xl,ul,xr,ur,t,Tc),x,t,options); 
% Initializing variables for the next step 
T=[]; 
T(1,:)=sol(end,:,1); %Fluid temperature 
T(2,:)=sol(end,:,2); %Solid temperature 
% Qrej=m*cf*0.5*trapz(t*tr,(Troom-Tc)*(sol(:,end,1)-1)); 
Qrej=m*cf*0.5*mean((Troom-Tc)*(sol(:,end,1)-1)); 

  
% -------------------------------------------------------------- 
function [c,f,s] = pdex1pde(x,t,u,DuDx,k1,k2,k3,k4,k5,cH,TcH) 
c  = [1 1]'; 
if x<=0.5 
    a=2; 
else 
    a=1; 
end 
cs = interp1q(TcH,cH(:,:,a)',u(2)); 
f  = [k3;k5/cs].*DuDx; 
s  = [k1*(u(2)-u(1))-k2*DuDx(1);k4/cs*(u(1)-u(2))]; 
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% -------------------------------------------------------------- 
function u0 = pdex1ic(x1,T,x) 
if length(T(1,:))==100 
    u0=interp1q(linspace(0,1,100),T',x1)'; 
else 
u0 = interp1q(x,T',x1)'; 
end 
% -------------------------------------------------------------- 
function [pl,ql,pr,qr] = pdex1bc(xl,ul,xr,ur,t,Tc) 
pl = [ul(1); 0]; 
ql = [0 1]'; 
pr = [0 0]'; 
qr = [1 1]'; 

 
function [sol,T,Qrej] = warmblow3(x,t,T,k1,k2,k3,k4,k5, 

cH,TcH,Tc,Troom,m,cf,tr) 
cH1=cH(2,:,:); 
options = odeset('RelTol',5e-3,'AbsTol',1e-5); 
sol = pdepe(0,@(f1,f2,f3,f4) 

pdex1pde(f1,f2,f3,f4,k1,k2,k3,k4,k5,cH1,TcH),@(x1) pdex1ic(x1,T,x) , 

@(xl,ul,xr,ur,t)  pdex1bc(xl,ul,xr,ur,t,Tc),x,t,options); 
% Initializing variables for the next step 
T=[]; 
T(1,:)=sol(end,:,1); %Fluid temperature 
T(2,:)=sol(end,:,2); %Solid temperature 
% Qrej=m*cf*0.5*trapz(t*tr,(Troom-Tc)*(sol(:,end,1)-1)); 
Qrej=m*cf*0.5*mean((Troom-Tc)*(sol(:,end,1)-1)); 

  
% -------------------------------------------------------------- 
function [c,f,s] = pdex1pde(x,t,u,DuDx,k1,k2,k3,k4,k5,cH,TcH) 
c  = [1 1]'; 
% Single & double layers 
% if x<=0.5 
%     a=2; 
% else 
%     a=1; 
% end 
% Triple layer 
if x<=1/3 
    a=3; 
elseif x<=2/3 
    a=2; 
else 
    a=1; 
end 
cs = interp1q(TcH,cH(:,:,a)',u(2)); 
f  = [k3;k5/cs].*DuDx; 
s  = [k1*(u(2)-u(1))-k2*DuDx(1);k4/cs*(u(1)-u(2))]; 

  
% -------------------------------------------------------------- 
function u0 = pdex1ic(x1,T,x) 
if length(T(1,:))==100 
    u0=interp1q(linspace(0,1,100),T',x1)'; 
else 
u0 = interp1q(x,T',x1)'; 
end 
% -------------------------------------------------------------- 
function [pl,ql,pr,qr] = pdex1bc(xl,ul,xr,ur,t,Tc) 
pl = [ul(1); 0]; 
ql = [0 1]'; 
pr = [0 0]'; 



Ivan Montenegro Borbolla Assessment of magnetic cooling for domestic applications 
 

lxxv 
 
 

qr = [1 1]'; 

 
 
function [sol,T,Qref] = coldblow2(x,t,T,k1,k2,k3,k4,k5,cH,TcH, 

Tc,Troom,m,cf,tr) 
cH1=cH(1,:,:); 
options = odeset('RelTol',5e-3,'AbsTol',1e-5); 
sol = pdepe(0,@(f1,f2,f3,f4) 

pdex1pde(f1,f2,f3,f4,k1,k2,k3,k4,k5,cH1,TcH),@(x1) pdex1ic(x1,T,x) , 

@(xl,ul,xr,ur,t)  pdex1bc(xl,ul,xr,ur,t,Tc),x,t,options); 
% Initializing variables for the next step 
T=[]; 
T(1,:)=sol(end,:,1); %Fluid temperature 
T(2,:)=sol(end,:,2); %Solid temperature 
% Qref=m*cf*0.5*trapz(t*tr,(Troom-Tc)*sol(:,1,1)); 
Qref=m*cf*0.5*mean((Troom-Tc)*sol(:,1,1)); 
% -------------------------------------------------------------- 
function [c,f,s] = pdex1pde(x,t,u,DuDx,k1,k2,k3,k4,k5,cH,TcH) 
c  = [1 1]'; 
if x<=0.5 
    a=2; 
else 
    a=1; 
end 
cs = interp1q(TcH,cH(:,:,a)',u(2)); 
f  = [k3;k5/cs].*DuDx; 
s  = [k1*(u(2)-u(1))-k2*DuDx(1);k4/cs*(u(1)-u(2))]; 

  
% -------------------------------------------------------------- 
function u0 = pdex1ic(x1,T,x) 
if length(T(1,:))==100 
    u0=interp1q(linspace(0,1,100),T',x1)'; 
else 
u0 = interp1q(x,T',x1)'; 
end 
% -------------------------------------------------------------- 
function [pl,ql,pr,qr] = pdex1bc(xl,ul,xr,ur,t,Tc) 
pl = [0 0]'; 
ql = [1 1]'; 
pr = [ur(1)-1 0]'; 
qr = [0 1]'; 

 

 

 
function [sol,T,Qref] = 

coldblow3(x,t,T,k1,k2,k3,k4,k5,cH,TcH,Tc,Troom,m,cf,tr) 
cH1=cH(1,:,:); 
options = odeset('RelTol',5e-3,'AbsTol',1e-5); 
sol = pdepe(0,@(f1,f2,f3,f4) 

pdex1pde(f1,f2,f3,f4,k1,k2,k3,k4,k5,cH1,TcH),@(x1) pdex1ic(x1,T,x) , 

@(xl,ul,xr,ur,t)  pdex1bc(xl,ul,xr,ur,t,Tc),x,t,options); 
% Initializing variables for the next step 
T=[]; 
T(1,:)=sol(end,:,1); %Fluid temperature 
T(2,:)=sol(end,:,2); %Solid temperature 
% Qref=m*cf*0.5*trapz(t*tr,(Troom-Tc)*sol(:,1,1)); 
Qref=m*cf*0.5*mean((Troom-Tc)*sol(:,1,1)); 
% -------------------------------------------------------------- 
function [c,f,s] = pdex1pde(x,t,u,DuDx,k1,k2,k3,k4,k5,cH,TcH) 
c  = [1 1]'; 
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% Single & double layers 
% if x<=0.5 
%     a=2; 
% else 
%     a=1; 
% end 
% Triple layer 
if x<=1/3 
    a=3; 
elseif x<=2/3 
    a=2; 
else 
    a=1; 
end 
cs = interp1q(TcH,cH(:,:,a)',u(2)); 
f  = [k3;k5/cs].*DuDx; 
s  = [k1*(u(2)-u(1))-k2*DuDx(1);k4/cs*(u(1)-u(2))]; 

  
% -------------------------------------------------------------- 
function u0 = pdex1ic(x1,T,x) 
if length(T(1,:))==100 
    u0=interp1q(linspace(0,1,100),T',x1)'; 
else 
u0 = interp1q(x,T',x1)'; 
end 
% -------------------------------------------------------------- 
function [pl,ql,pr,qr] = pdex1bc(xl,ul,xr,ur,t,Tc) 
pl = [0 0]'; 
ql = [1 1]'; 
pr = [ur(1)-1 0]'; 
qr = [0 1]'; 

 

 


