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Abstract: 

The aim of this work is to assess the influence of a magnetic sample on the applied magnetic field 

inside the air gap of a magnetic circuit. Different magnetic sources including an electromagnet, a 

permanent magnet in a soft ferromagnetic toroidal yoke, as well as 2D and 3D Halbach cylinders are 

considered, using a numerical model. Gadolinium is chosen as magnetic material for the sample, due 

to its strong magnetocaloric properties and its wide use in magnetic refrigeration prototypes. We find 

that using uniform theoretical demagnetizing factors for cylinders or spheres results in a deviation of 

less than 2% in the calculation of internal magnetic fields at temperatures above the Curie point of 

gadolinium. Below the Curie point, a stronger magnetization of the cylinders and spheres leads to a 

larger deviation which can reach 8% when using uniform demagnetizing factors for internal magnetic 

field calculations. Published by AIP Publishing. https://doi.org/10.1063/1.4986936 
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b regenerator plate thickness (m) 

B magnetic flux density (T) 

Br remanent magnetic flux density (T) 

H magnetic field (A.m
-1

) 

Ha applied magnetic field (A.m
-1

) 

Hc intrinsic coercivity (A.m
-1

) 

Hd demagnetizing field (A.m
-1

) 

He empty air gap magnetic field (A.m
-1

) 

Hint internal magnetic field (A.m
-1

) 

Hj magnetic field of windings (A.m
-1

) 

I electric intensity (A) 

M magnetization (A.m
-1

) 

N coil number of turns 

Nd demagnetizing factor 

r radial position (m) 

R radius (m) 

S section area (m
2
) 

Sm magnetic entropy (J.kg
-1

.K
-1

) 

T temperature (K) 

wm magnetic energy density (J.m
-3

) 

Vm scalar magnetic potential (A) 

x, y axial, transverse position (m) 

 angular position (rad) 

 

 

1. Introduction 

The magnetocaloric effect (MCE) is the temperature change exhibited by magnetic materials 

submitted to a magnetic field change.
1
 Most of the magnetocaloric materials usually studied exhibit 

soft ferromagnetic properties. These materials are sorted according to the nature of their phase 

transition at their Curie temperature, in the vicinity of which the MCE is maximum.
2
 The MCE can be 

characterized both by the isothermal magnetic entropy change, ∆Sm, and by the adiabatic temperature 

change, ∆Tad, which is the temperature increase of the magnetocaloric material when submitted to an 
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applied magnetic field change under adiabatic conditions. The maximum ∆Tad in pure Gd is about 4 K 

at Tc ≈ 293 K for a 0 to 1 T change in the magnetic field. Such high values of ∆Tad  have also been 

obtained in f or d metallic compounds.
3
  

The adiabatic temperature change being only around a few kelvins in usual applied fields with 

permanent magnets, magnetocaloric materials are used as active materials in magnetocaloric devices 

for heating or cooling to produce higher temperature gradients. For this purpose, in order to transfer 

heat efficiently from cold source to hot sink in a cooling or heating device, the magnetocaloric 

materials are shaped as a regenerator (micro-plate or microspheres heat exchanger) that is crossed by 

an alternating flow, thus leading to so-called active magnetic regenerative (AMR) cycles
4
 that are 

widely used in experimental devices. A regenerator can be fundamentally considered as a porous 

medium through which a coolant fluid can alternatively flow. The thermal efficiency of such a 

regenerator depends on its specific surface area, on its geometric structure, on the thermo-physical 

properties of both the magnetocaloric material and the fluid, along with the flow characteristics. 

Only few magnetocaloric device experiments use ordinary electromagnets to produce controlled high 

magnetic fields in large air gaps housing magnetocaloric regenerators,
5,6

 since the magnetic field 

production requires large inverters to feed the electromagnet with the necessary current, leading to 

prohibitive electric power consumption and low energy efficiency. However, electromagnets can be 

very useful in fundamental magnetocaloric test devices for time-controlled magnetization and heat 

exchange measurement in regenerators,
7
 since the magnetic field can thus be easily controlled.    

For application and industrial development purposes, most experimental devices rather use permanent 

magnets as magnetic field sources for AMR cycles, by combining magnet or regenerator movements 

and alternating flow through regenerators,
8
 thus offering higher compactness and efficiency. 

A central challenge in designing magnetocaloric devices is to correctly model the effect of the 

regenerator magnetization on (i) the whole magnetic field in electromagnets; (ii) the working point of 

permanent magnets (and therefore the available magnetic energy of magnetocaloric machines); (iii) 

the magnetic forces and torques undergone by the regenerators entering or leaving the air gaps in these 

machines.
9 

The stray-field from the regenerator affects the applied magnetic flux density. An increasing number 

of papers have recently reported experimental and theoretical studies of the stray- and demagnetizing 

fields in magnetocaloric materials. Bahl and Nielsen
10

 measured the adiabatic temperature change ∆Tad 

in gadolinium samples and sheets (purity 99.7%) in up to 1.6 T applied magnetic fields with different 

orientations; they showed that the demagnetization field should be taken into account when reporting 

∆Tad.  Dai et al.
11

 used simplified formulae including the mean-field theory (MFT) parameters of 

gadolinium Br, Hc, µ(H, T), leakage and reluctance factors to calculate the equivalent reluctance of 

equally spaced thin gadolinium sheets inserted into NdFeB magnetic circuits, in order to estimate their 
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effect on the refrigeration power of a magnetocaloric machine. The average magnetic field in the 

gadolinium stack was calculated as a function of temperature for different geometries. The adiabatic 

temperature change was derived and found to be in good agreement with experimental results. 

Trevizoli et al.
12

 measured the adiabatic temperature change ∆Tad in commercial-grade samples of 

gadolinium undergoing 0.03 to 1.65 T magnetic field changes with different orientations in order to 

obtain demagnetizing factors; they included their results in a 2D mathematical AMR model. This was 

used to quantify the temperature distribution in the parallel plate regenerator and thus to estimate the 

real cooling power. As a result, they concluded that the demagnetization field may induce important 

efficiency losses as high as 29%, that can however be minimized with some geometry modification of 

the regenerator. 

The demagnetizing field is closely related to both the local magnetization and the global shape of the 

magnetic sample. It is well-known that the magnetization M


 and demagnetizing field dH


 vectors are 

uniform only in ellipsoids or infinite shapes with a uniform applied magnetic field aH


.
13,14

 The 

demagnetizing tensor dN  of the sample, defined by 

 MNH dd


  (1) 

reduces to principal demagnetizing factors Ndxx, Ndyy, Ndzz along the three principal axes of the 

magnetic sample when the demagnetizing field is uniform. In certain cases, such as a finite cylinder or 

rectangular prism, analytical expressions for average values (assuming a constant magnetization) of 

the demagnetization factors can be obtained.
15-17

 Techniques such as Fourier transforms and finite 

element methods can be used to accurately solve Maxwell’s equations in order to calculate local 

demagnetizing field and factors in magnetic material of arbitrary shape.
16

 Through the superposition 

principle, the effective internal local magnetic field inside the magnetic sample is expressed as 

 daint HHH


 . (2) 

In the case of magnetocaloric materials submitted to non-uniform applied magnetic fields, the solution 

of the thermal and magnetic equations requires numerical iterations, since the local magnetization 

M(Hint, T) of the material closely depends on both temperature and the internal field. The local applied 

field depends on the magnetic circuit which in turn is modified by the stray field in its regenerative 

part, so that the problem is recursive. Moreover, phenomena such as magnetic saturation, flux leakages 

and other 3D effects may necessarily be included in the calculations for better accuracy. 

In this paper, the magnetocaloric regenerators are supposed to be made of pure gadolinium. 

Demagnetization factors of the magnetocaloric samples do not need to be evaluated by theoretical 

formulae but instead result from precise calculation of the demagnetizing field in the whole sample, as 

presented hereunder (see section 2.1).  
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Since any displacement of the working point of permanent magnets due to the magnetization-

demagnetization process in the magnetocaloric regenerator will impact the overall efficiency of a 

magnetocaloric device, this study aims at evaluating this displacement accurately in the case of 

magnetic circuits with permanent magnet, and comparing the results in common standard geometries 

for various shapes of gadolinium samples in 2D and 3D cases.     

2. Methodology 

2.1. Magnetostatic model 

The following Maxwell’s equations are solved by finite element method (FEM) in the magnetostatic 

case, using the commercial softwares Flux2D
TM

 and Flux3D
TM

:
18 

 jH


)(rot  (3) 

 jmred HVH


 )(grad  (4) 

   0div 0  rr BH


 (5) 

where jH


, Vmred and rB


 are the magnetic field produced by the windings only, the reduced scalar 

magnetic potential without windings and the remanent magnetic flux density, respectively. 

After defining the magnetic and physical properties and geometries of each part of the system, 

automatic meshes are generated and refined in high flux density zones. A Dirichlet condition Vmred = 0 

is applied to the whole domain limit (infinite box). The above equations are solved for local magnetic 

field vector H


 at each node, which is identical to the internal magnetic field intH


 inside the magnetic 

materials, hence accounting for demagnetizing field, non-linearities and magnetic saturation. 

2.2. Magnetic state modeling of gadolinium 

The magnetic behavior of gadolinium is introduced in the 2D and 3D Flux codes as a set of parametric 

B(Hint)T curves, calculated at each temperature T from experimental data M(µ0Ha, T) obtained in the 

G2Elab (Grenoble, France) with a high purity (> 99.9%) sample.
19

 

These data are corrected for the demagnetizing field using a critical thermodynamic model of the 

magnetic state of gadolinium, the best average demagnetizing factor Nd being determined as a 

parameter along with other critical and magnetic parameters by means of least square methods and 

confirmed by analytical methods.
20

 The corrected magnetization curves M(Hint, T) of gadolinium are 
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then used to calculate all needed magnetic curves B(Hint)T which are then implemented as material data 

in the magnetostatic code: 

 ),()( 00 THMHHB intintTint  . (6) 

For the sake of simplicity, only two extreme values of temperature Thot = 312 K and Tcold = 271 K 

around the Curie temperature Tc = 293 K of gadolinium are used for the simulated cases in this paper. 

Corresponding corrected magnetization curves are shown in Fig. 1, in adequacy with a lot of available 

data obtained for Gd in the related literature.
21-25 

 

 

FIG. 1: Magnetization curves of gadolinium for hot and cold temperatures 

 

3. 2D modeling of magnetic circuits with magnetized regenerators 

3.1. Regenerator plate in electromagnet air gap 

We first consider a generic example of a plate of gadolinium in an air gap, the magnetic field being 

provided by an electromagnet. The general design of the system is shown in Fig. 2 and consists of a 

soft ferromagnetic toroidal yoke (NO Fe-Si M800-65A) with internal and external radii chosen as of Ri 

= 131 mm and Re = 171 mm, and an air gap length ag = 40 mm. The magnetic field is produced by 

means of a 500 turns coil with a current of 100 A opposite the air gap. Obviously, this configuration is 

not optimal and induces significant magnetic flux losses, but it is simple and enables the production of 

a rather homogeneous field inside the air gap. 

The regenerator in the center of the air gap consists of a single gadolinium rectangular plate of 

variable length a and thickness b, and with a constant aspect ratio, a/b, of 19/3. This value was chosen 

for convenience in order to obtain a significant demagnetizing field and to keep the smallest thickness 

realistic.  
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FIG. 2. 2D modeling of toroidal electromagnet (coil 500 turns, I = 100 A). The air gap is shown in green, the 

magnocaloric plate in yellow and the windings in purple. 

 

The axial magnetic field profiles calculated along the center line x of the air gap with and without the 

gadolinium plate are shown in Fig. 3(a) at high temperature Thot = 312 K (paramagnetic state of 

gadolinium) and in Fig. 3(b) at cold temperature Tcold = 271 K (ferromagnetic state of gadolinium). 

The axis origin coincides with the air gap center. 

 

 

FIG. 3. Effect of gadolinium plate size on magnetic field in the electromagnet air gap. 

(a) Thot = 312 K; (b) Tcold = 271 K  
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It is observed for both temperatures that the magnetic field intensity in the air is higher in the presence 

of a regenerator plate for constant magnetomotive force NI, owing to a decrease in the air gap 

reluctance.  

The enhancement of the magnetic field as well as its discontinuous drop at the edge of the regenerator 

are pronounced; this is due to both the magnetic permeability of gadolinium (µr ~ 1.5) and the 

demagnetizing field on the boundary surfaces, which increases the axial demagnetization factor Ndxx 

close to the ends of the regenerator plate, as shown in Refs. 14 and 16.  

Since the magnetization of gadolinium increases at lower temperatures, the demagnetizing field 

increases as well. As can be seen in Fig. 3(b), the steep change of H across the frontiers of the 

gadolinium plate is about five times the one in Fig. 3(a), the demagnetizing factor being the same for 

each plate length. It must be kept in mind that the limit of the average demagnetization factor Ndzz for 

infinite plate length c is zero, Ndxx  0.168 and Ndyy  0.832 with aspect ratio a/b = 19/3.  

3.2. Regenerator plate in air gap with permanent magnet source 
 

We now consider a case where the windings are removed and replaced by a permanent magnet as 

magnetic field source (Fig. 4). A high density grade NdFeB magnet has been chosen with remanence 

Br = 1.43 T and intrinsic coercivity Hc = 1083 kA m
-1 

(1.36 T) in order to obtain a sufficiently large 

magnetization of gadolinium and a higher sensibility to the demagnetizing field.  

 

FIG. 4: 2D modeling of the magnetic circuit with permanent magnet 

3.2.1. Working point of a permanent magnet 

For a permanent magnet in a soft ferromagnetic yoke with an air gap, the magnetic energy density 

produced in the air gap is directly proportional to the magnetic energy density in the magnet. When 

introducing a magnetocaloric regenerator in the air gap, a change in B and H will take place in the 

whole magnetic circuit and modify the working point of the magnet and thus its energy density. 
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The working point of a permanent magnet is usually defined as the coordinates along the easy axis 

(Hx, Bx) of point P on the recoil curve representing the magnetic state of the magnet inside the 

magnetic circuit. It can also be characterized by the section-averaged energy density:  

 

xS

xxx

x

m dSHB
S

Pw
2

1
)(  (7) 

Here, the working point P is placed on the recoil curve using the section-averaged flux density and 

magnetic field inside the magnet: 

 

xS

xx

x

x dSB
S

PB
1

)(  ; 

xS

xx

x

x dSH
S

PH
1

)(  (8) 

The maximum magnetic energy density of the NdFeB magnet chosen for this simulation is wm max  

193.75 kJ m
-3

. 

3.2.2. Effect of temperature on the working point 

In order to determine the effect of the temperature of the gadolinium plate on the working point of the 

magnet, two series of simulations have been achieved for five sizes of the gadolinium plate, one at 

high temperature Thot = 312 K, the other at low temperature Tcold = 271 K. The previous value of the 

aspect ratio a/b = 19/3 was maintained. 

As can be seen on Fig. 5, the longer the gadolinium plate, the lower the magnetic energy density wm of 

the magnet. The drop of energy density reaches 1.15% at 312 K (paramagnetic state of gadolinium) 

and 10.2% at 271 K (ferromagnetic state of gadolinium), which results from higher magnetization in 

cold gadolinium plates when introduced into the air gap for magnetization in AMR cycles, as shown in 

Fig.6. 

 

 

FIG. 5: Magnetic energy density of the permanent magnet with gadolinium plate in air gap 
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When plotting the working point on the recoil curve of the magnet (Fig. 6), it appears that introducing 

the regenerator into the air gap results in a significant sweep of the working point towards the 

remanence, an effect that increases as the plate length increases or the temperature decreases. 

Therefore, the operating point of the magnet moves away from its initial position, so that the magnetic 

energy density wm = BH/2 becomes lower than its maximum value resulting in a loss in energy 

density. 

 

FIG. 6: Working point of permanent magnet for different plate lengths and temperatures  

(triangles: Tcold = 271 K; circles: Thot = 312 K)   

 

This displacement is caused by the translation of the working line (H, B) towards H = 0 due to the 

magnetization M of the gadolinium plate inside the air gap. 

 

4. 2D modeling of Halbach cylinder  

We also consider the influence of gadolinium on the magnetic field produced by a Halbach cylinder, 

as this is a commonly used permanent magnet assembly for use in magnetic refrigeration.
26

 The 

considered Halbach cylinder is divided into 32 equivalent segments (index p = -15 to p = 16) with 

different magnetization directions according to the following radial and azimuthal components: 

 




















 









 



32

2
sin

32

2
cos

pMM

pMM

HalbHalb

HalbHalb
r

 (9) 

where HalbM  is the remanent magnetization of the Halbach cylinder, so that the resulting magnetic 

field is almost uniform inside the whole inner air gap (1% drop in the range -0.95 < x/Ri < 0.95; max. 

7.5% drop at x/Ri = ±1). The main characteristics of the Halbach cylinder are detailed in Tab. 1. 
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FIG. 7: 2D modeling of the Halbach cylinder with regenerator cylinders 

 

4.1. 2D Magnetic field in hot gadolinium cylinders inside Halbach cylinder  

The internal magnetic field Hint x = Happ x – NdxxMx along the x axis in hot gadolinium cylinders (Thot = 

312 K) of infinite length centered inside the Halbach cylinder has been calculated for different 

cylinder radii R and compared to its value when the Halbach cylinder is empty (Fig. 7). 

As expected, the internal magnetic field within the gadolinium cylinders is as homogeneous as the 

magnetic field in the empty Halbach cylinder, because of symmetry that in turn causes the 

magnetization M and the demagnetization factors (Ndxx  Ndyy  ½ ; Ndzz  0) to be uniform as 

expected. 

The demagnetizing field in the hot cylinders induces a drop of the internal field of around 19% 

compared to the magnetic field He in the empty Halbach cylinder. Even if this drop is a bit more 

pronounced for a smaller radius R, it remains quite similar for the different gadolinium cylinders.  

However, to test the uniformity of the demagnetizing field and factor inside the gadolinium cylinders, 

the obtained internal magnetic field Hint is compared to the standard internal magnetic field Hint° = He 

– M/2 that would be obtained if the magnetization of the cylinders were uniform in a uniform applied 

field Ha = He. The resulting curves Hint/Hint° are presented in Fig. 8. 

TABLE I 

HALBACH CYLINDER CHARACTERISTICS 

Dimensions Values 

External/inner radius Re /Ri 1.75 

Number of segments 32 

Remanent induction 1.43 T 

Radius of Gd discs R/Ri 0.1 0.25 0.5 0.75 0.95 
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 FIG. 8: Normalized magnetic field within 2D hot gadolinium cylinders in a 2D Halbach cylinder 

 (Hint°, standard internal magnetic field; Thot = 312 K). 

As expected in the 2D case, the internal field Hint remains very close to the standard internal magnetic 

field and quite independent of the radius of the gadolinium cylinders. 

As a consequence, the demagnetizing factor in 2D magnetocaloric cylinders inside the air gap of a 2D 

Halbach cylinder can be accurately assumed as uniform and equal to the theoretical value Nd = 1/2 in 

the x and y directions. Furthermore, the internal magnetic field Hint = Ha + Hd can be estimated from 

Ha ≈ He with great accuracy using Hd = -NdM with Nd = 1/2. 

4.2. 2D Magnetic field in cold gadolinium cylinders inside Halbach cylinder 

The simulations have been conducted for the same gadolinium cylinders at cold temperature Tcold = 

271 K in the Halbach cylinder in order to evaluate the effect of higher demagnetization in 

ferromagnetic gadolinium on the magnetic field inside the Halbach cylinder.  

The high magnetization of gadolinium in ferromagnetic state far below its Curie temperature causes 

the drop of internal magnetic field to be much more significant compared to the previous case. The 

decrease is around 76 %.  

Again, it is interesting to test the uniformity of the demagnetizing field and factor inside strongly 

magnetized cold gadolinium cylinders in the ferromagnetic state, using the standard internal magnetic 

field Hint° = He – M/2. The normalized curves Hint/Hint° are shown on Fig. 9. 
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 FIG. 9: Normalized magnetic field within 2D cold gadolinium cylinders in a 2D Halbach cylinder 

 (Hint°, standard internal magnetic field; Tcold = 271 K). 

It is clear that the internal field Hint remains close to the approximated internal field, with a relative 

difference ranging from 0.05% to about 5% as a function of the radius of the gadolinium cylinders. 

Therefore, the theoretical demagnetizing factor Nd = 1/2 and the applied magnetic field Ha ≈ He can be 

applied in 2D cold magnetocaloric cylinders inside the air gap of a 2D Halbach cylinder if their radius 

remains small compared to the inner radius of the Halbach cylinder. However, the discrepancy still 

remains weak (< 5%) even for large radii, so that this approximation can be considered as valid for 2D 

calculations in magnetocaloric cylinders in the uniform applied field produced by Halbach cylinders. 

In addition, the working point of the permanent magnets does not change significantly with the size of 

the gadolinium cylinder. 

As a conclusion, the homogeneity of the internal magnetic field due to the symmetry of the system and 

the uniformity of the magnetic flux density does not seem to be significantly affected by the 

temperature, i.e. the magnetization, of the gadolinium, even for very small R/Ri ratios, which is not the 

case for the gadolinium plates in magnetic circuits (Fig. 3(a) and 3(b)). 

 

5. 3D modeling of Halbach cylinder  

The Halbach cylinder is now modeled with the code Flux3D
TM

 to account for 3D effects. In particular, 

its length L is carefully chosen so that it is long enough (L/R >> 1) to generate a homogeneous 

magnetic field inside the air gap where a gadolinium sphere of various radii R will be placed (Fig. 10). 

For comparison, the external and internal radii Re and Ri of the 3D Halbach cylinder are kept identical 

to the previous 2D simulation of the Halbach cylinder, and the x axis is the main magnetic field 

direction inside air gap. Likewise, the different values of the gadolinium sphere radius R are the same 

as those of the 2D gadolinium cylinders.  
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 FIG. 10: 3D Halbach cylinder (Re/Ri = 1.75; L/Ri = 12.5) and gadolinium sphere model 

Here again, the main purpose is to find the magnetic field and magnetization inside gadolinium 

spheres of different radii and to compare them to the case for which the theoretical value Nd = 1/3 is 

uniformly imposed in the spheres.  

5.1. 3D magnetic field in hot gadolinium spheres inside a long Halbach cylinder 

We wish to examine the change in magnetic field inside the gadolinium sphere according to the sphere 

size, to determine the influence of the magnetization and demagnetizing field on the Halbach cylinder 

itself. 

The internal magnetic field is very uniform, from about 87 % of He for the smallest radius, to 89 % of 

He for the largest sphere, R/Ri = 0.95.  It is less uniform in the orthogonal azimuthal directions,  = 

±π/2, where the magnetization inside the greatest sphere becomes sensitive to the small inhomogeneity 

of the applied magnetic field in the air gap very close to the inner side walls in these directions.  

As also considered in the 2D case, in order to have more insight into the demagnetizing field and 

factor in the gadolinium spheres, it is of interest to normalize the internal magnetic field Hint obtained 

in this 3D simulation by the standard internal magnetic field Hint° = He – M/3. The result is presented 

in Fig. 11. 

 

 FIG. 11: Normalized magnetic field within hot gadolinium spheres in a 3D Halbach cylinder 

 (Hint°, standard internal magnetic field; Thot = 312 K). 



 

15 

 

As can be seen from the figure, the internal field Hint remains very close (0 to 2% relative difference) 

to the approximate solution, and is independent of the size of the gadolinium sphere. Thus, the 

demagnetizing factor in magnetic spheres in the air gap of a Halbach cylinder can be correctly 

assumed to be uniform and equal to its theoretical value Nd = 1/3 for all directions in the case of hot 

gadolinium spheres in paramagnetic state.  

5.2. 3D magnetic field in cold gadolinium spheres inside a long Halbach cylinder 

We consider the same setup as above, except with a cold temperature Tcold = 271 K of the gadolinium. 

As expected, the higher magnetization of the gadolinium sphere induces a larger decrease in the 

internal field, of around 50%, for small radii. 

By normalizing to the standard internal field, Hint° = He – M/3, the validity of assuming a constant and 

homogeneous demagnetization factor can be tested. This is shown in Fig. 12. 

 

 

 FIG. 12: Normalized magnetic field within cold gadolinium spheres in a 3D Halbach cylinder 

 (Hint°, standard internal magnetic field; Tcold = 271 K). 

It can be observed that the difference between Hint and the ideal case Hint° remains very small but 

slightly higher (up to 8%) than for the high temperature, low magnetization gadolinium spheres. 

Therefore, the approximation of homogeneity for magnetization and demagnetizing factor is less 

correct in the case of cold gadolinium spheres than for cylinders.  

Considering the results of the previous simulation of gadolinium plates inserted in a magnetic torus 

with permanent magnet (see section 3.2), the significant relative difference (Hint – Hint°)/ Hint° 

observed at low temperature can be interpreted by the following two coupled phenomena. Firstly, the 

small inhomogeneity of the magnetic field very close to the inside wall of the Halbach cylinder in 

orthogonal azimuthal directions  = ±π/2 results in amplified inhomogeneity in magnetization inside 

the spheres, although remaining small (lower than 8%). Secondly, the stronger magnetization imposes 

the working point of the Halbach cylinder to move slightly towards the remanence. 
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Thus, when good precision is required in predicting the performances of AMR cycles involving 

magnetocaloric spheres as regenerators moving into or out of Halbach cylinders, simply applying a 

uniform demagnetization factor Nd = 1/3 may not completely match this objective during phases where 

the magnetocaloric spheres are submitted to high magnetic fields at temperatures below their Curie 

temperature. 

 

6. Conclusion 

To assess the influence of magnetocaloric regenerators on the magnetic field inside magnetic circuits, 

various situations have been simulated considering electromagnets, permanent magnets and Halbach 

cylinders interacting with gadolinium plates, cylinders and spheres in 2D and 3D computations. The 

major role of the temperature has been highlighted in each case, because of the strong change in the 

magnetic state of gadolinium around its Curie temperature. 

In electromagnet circuits, the introduction of magnetic plates into the air gap leads to a significant 

increase of the magnetic field in the air gap induced by the reluctance decrease, as well as a drop of the 

internal magnetic field inside the plates due to a non-uniform demagnetizing field. These 

modifications are stronger at low temperature since the magnetization is higher. Therefore, when using 

electromagnets in experimental test benches for magnetocaloric applications, particular attention must 

be paid to the important change in the air gap reluctance while moving magnetic materials of various 

geometries into the latter. The large modification of the magnetic field requires complete calculations 

of the whole magnetic circuit for good precision of the magnetocaloric properties and refrigeration 

performances in AMR cycles. Moreover, assuming uniform demagnetization factors in rectangular 

regenerator plates may lead to erroneous estimations in magnetocaloric effect.  

In permanent magnet circuits, introducing magnetic plates causes the working point of the magnet to 

move towards the remanence, leading to a significant magnetic field and magnetic energy density 

decrease of the permanent magnet that is more pronounced at temperatures below the Curie 

temperature. The change in magnetic energy density of the magnet may reach more than 10% and the 

change in magnetic field or flux density more than 1%, when introducing cold magnetocaloric plates, 

depending on the size of the magnetocaloric samples.  

When using Halbach magnets, good homogeneity of the magnetic field can be reached, inducing an 

almost homogeneous magnetization and demagnetizing field inside magnetocaloric cylinders. As 

expected, the drop of internal magnetic field is significant at low temperature and coherent with a 

uniform demagnetizing factor Nd = 1/2 for magnetocaloric cylinders and Nd = 1/3 for magnetocaloric 

spheres. 
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Therefore, simply applying uniform theoretical demagnetizing factors for cylinders or spheres offers 

good enough precision (less than 2 % deviation) in calculation of applied and internal magnetic fields 

at temperatures above the Curie point of the magnetocaloric material. 

However, temperatures below the Curie point induce stronger magnetization of the magnetocaloric 

cylinders and spheres, which, along with a small inhomogeneity, can lead to less precision (up to 8%) 

when using uniform demagnetizing factors for applied and internal magnetic field calculations. This 

should be taken into account for the sake of precision when calculating the MCE or the AMR cycle 

efficiencies.   

The results given above indicate that this discrepancy could reach some percent for magnetic field, 

leading therefore to some uncertainty in the estimation of MCE and for AMR efficiencies.  

As a conclusion, the design of magnetic systems for magnetocaloric applications such as magnetic 

refrigeration, air conditioning and heat pumping requires careful attention to the change in magnetic 

field and working point of permanent magnets when magnetocaloric regenerators move into or out of 

air gaps. 
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