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Low computational cost semi-analytical magnetostatic
model for magnetocaloric refrigeration systems

A.PLAIT!S. GIURGEA,! T. de LAROCHELAMBERT,® P. NIKA,! C. ESPANET?
FEMTO-ST Institute, Univ. Bourgogne Franche-Comte, UTBM, CNRS,
Energy Department, Parc Technologique, 2 av. Jean Moulin, F-90000 Belfort, France

Abstract - The analysis of the active magnetic refrigeration (AMR) cycle for different wave-
forms of both the magnetic field and the velocity of the heat transfer fluid is an essential chal-
lenge in designing and implementing heating and cooling systems based on the magnetocaloric
effect. One of the most important issue is the correct modelling of the magnetic and thermal
behavior of the active magnetocaloric materials (MCM) in order to estimate precisely cooling
capacity of the magnetocaloric system. As the multiphysics coupling implies successive calls
for both the thermal and the magnetic modelling subroutines, the execution time of these sub-

routines has to be as short as possible.

For this purpose, a new magnetostatic model based on reluctance network has been performed
to calculate the internal magnetic field and the internal magnetic flux density of the active mag-
netocaloric material (gadolinium, Gd) inside the air gap of the magnetic circuit. Compared to a
3D Finite Element Model (FEM), our magnetostatic semi-analytical model leads to a sharp drop
of the computation time, while offering a similar precision for all magnetic quantities in the

whole magnetocaloric system.
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Magnetostatic model
Reluctance network

Magnetic equivalent circuit

Nomenclature

I electrical current intensity, A 40 Un magnetomotive force, A

H  magnetic field, Am™ 41 N  turn coil

B magnetic flux density, T 42

T temperature, K 43 Greek symbols

R reluctance, H* 44 o  vacuum permeability, H m™
L length, m 45 ®  magnetic flux, Wh

S section, m? 46 ©  magnetomotive force, A

1. Introduction

The magnetic refrigeration and heat pumping is an emerging technology which offers

environmental benefits compared to conventional vapor compression machines.

The magnetic refrigeration is based on the magnetocaloric effect (MCE) exhibited by
some materials at room temperature. The magnetocaloric effect occurs during the critical tran-
sition paramagnetic/ferromagnetic of these ferromagnetic materials: any change in external
magnetic field around the Curie temperature induces a reversible change in the correlated elec-
tronic spin entropy, directly related to strong specific thermal power density production/absorp-
tion. When these magnetization changes occur in an adiabatic way, they produce an adiabatic
temperature change ATad, Which is a characteristic property of the magnetic material and de-
pends on both the magnetic field evolution and the initial temperature. Since the best ATaq is in
the range of only a few kelvins per tesla, an active magnetic refrigeration (AMR) cycle has to
be imposed to magnetocaloric regenerators —micro-heat exchangers composed of magnetoca-

loric plates or spheres, etc.— to produce larger temperature gradients and significant thermal
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power for heating or cooling purposes. An AMR cycle imposes a fluid (coolant) to flow alter-
natively through the regenerator while synchronizing the magnetization-demagnetization of the

regenerator.?

For several years, the Energy department of the FEMTO-ST Institute has been developing
research on high efficiency magnetocaloric devices using magnetocaloric properties of some
materials around ambient temperature.® This technology is meant to provide large-scale eco-
logical solutions for refrigeration and heat pumping, since the theoretical efficiency of the AMR
cycles is much higher than conventional vapor compression technologies. On the other hand,
its operation does not require any use of greenhouse gases, unlike conventional refrigeration

machines.

However, the design of such efficient magnetocaloric devices still requires further re-
search for faster precise simulation codes and multiphysics models. This paper aims at exposing
the theoretical basis and numerical results of a new model based on reluctance network applied
to the Magnetic Equivalent Circuit of our magnetocaloric device, and showing the large im-
provements provided in computational time for the simulation of large magnetocaloric systems,

while offering a good compromise on its accuracy.

Even if models using reluctance network have been widely developed in electrical ma-
chine modeling, there are very few reluctance network model in the magnetic refrigeration do-
main.

Dai and al.* evaluate the influence of the gadolinium stack on the magnetic flux inside
the air gaps of a magnetic circuit including permanent magnet, using an average permeability
of the gap based on a simplified reluctance network, with an averaged magnetic flux density in
the air gap. The magnetic field inside the gadolinium plates and the permeability of gadolinium
are simply calculated by the means of the average field Brillouin function. The authors show
that the change in temperature of the gadolinium stack strongly modifies the magnetic field in
the gap, so that iso-field phases cannot be used for an accurate modeling of Ericsson cycles.
However, nonlinear behavior of the ferromagnetic circuits is not considered.

More recently, Vuarnoz and al.®> express the overall reluctance of the air gap as a series-
parallel assembly of mean reluctances of the magnetocaloric plates, fluid layers and air gaps,
allowing for the calculation of the mean magnetic flux and the corresponding magnetic flux
density inside the plates. Using this model to calculate a simplified ATaq-based magnetocaloric
heat-source term in a simple 1D thermo-fluidic model of an AMR cycle with imposed external
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magnetic field, the authors find rather underpredicted values of the plates and fluid tempera-
tures, however with less discrepancy compared to the results of simple uniform magnetic field
models. Their calculations as well as their experimental results confirm the inability of perma-
nent magnets to impose a constant internal magnetic field during cold or hot blows in AMR
cycles, as shown previously in Ref. 4.

In this paper, a new magnetostatic model based on reluctance network is applied to the
global magnetocaloric system in order to calculate the internal magnetic field and the internal
magnetic flux density of the active magnetocaloric material (gadolinium, Gd). The model takes
into account the non-linear behavior and non-homogeneity of the ferromagnetic materials,

while highly reducing the computation time compared to a previous FEM model.

2. Experimental prototype

In the magnetic refrigeration domain, different prototypes based on active magnetic re-

generative refrigeration (AMRR) principles were built and tested for more than twenty years.®

A specific experimental prototype has been developed and created in our laboratory (Fig.
1), including a controlled power source for pulsed magnetic field (powerful electromagnet) and
a controlled hydraulic cylinder specially designed to produce precise flow sequences through
an active magnetocaloric regenerator block inserted between two micro-heat exchangers at both
ends. The regenerator consists of 14 pure gadolinium rectangular parallel plates —12 central
plates (13 x 1 x 45 mm?®) and 2 external plates (13 x 0.5 x 45 mm?), all 0.5 mm apart from each
other (Fig. 2) —; it is arranged inside the electromagnet 21 mm wide air-gap. The purpose of the
bench is to characterize the thermofluidic behavior of the magnetocaloric regenerator and to

optimize its refrigeration performances.”®
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FIG. 2: Experimental magnetocaloric regenerator module

3. Magnetostatic modelling of the magnetocaloric system

Many numerical models of AMR cycles have been developed in the last ten years. Among
the most recent models, some consider the magnetic field equal to the applied field;® some
others consider the magnetic flux density to be uniform in the whole material.!° More precise
models simply evaluate the internal magnetic field at each point of the regenerator by using
averaged demagnetizing factors.!
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In our previous work, a magnetostatic finite element model (FEM) was developed and
implemented in a multiphysics analysis of the refrigeration test bench, and a significant mag-
netic field heterogeneity was observed.'? This heterogeneity can be explained by the strong
dependence of the internal magnetization of the magnetocaloric material on the temperature
close to its Curie point combined with the temperature gradient between cold and hot sides of
the magnetocaloric regenerator. Another inhomogeneity factor is produced by 3D phenomena
in the magnetic field distribution inside the air-gap of the magnetocaloric test bench. **

However, even if the magnetostatic FEM model offers a very accurate resolution of Max-
well equations, its main drawback is the highly time-consuming calculation to solve these equa-
tions in the whole magnetic domain. The computation time of the magnetostatic model is cru-
cial, since it has to be used in each loop of the iterative calculation process until convergence
of the multiphysics analysis, which requires a huge number of calls of the magnetostatic FEM
model for each magnetocaloric operating point.®

In this work, a semi-analytical model is designed for both the magnetic flux density and
the magnetic field calculation inside the whole magnetic system, allowing much faster calcula-
tion than the FEM model with comparable precision, and accounting for the heterogeneous
distribution of the magnetic field in the AMR cycle.

Since the main objective of our test bench is to precisely characterize the AMR cycle, it
is important to estimate the magnitude of the magnetic field distribution inside the regenerator,
accounting for the non-linear behavior of both the external magnetic circuit and the active mag-

netic regenerator.*

3.1. Magnetic device geometry and AMR discretization

The electromagnet working was first simulated with FEM. The ferromagnetic circuit of
the experimental prototype has an “8-shaped” structure presented in Fig. 3. It is composed of
soft Fe-Si sheets, and a cylindric hole is arranged along the center line to enable further optical
measurements of the fluid velocity (micro-PIV measurements). The pulse-controlled magnetic
field is produced by 4 large coils with 90 turns each (colored rectangles on the side view, Fig.
3).
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FIG. 3: Electromagnet structure

The electromagnet produces a magnetic field around 1 tesla in the air-gap (90 x 50 x 21
mm?). The magnetic field in the gadolinium plates is numerically simulated using a magneto-

static formulation.

The temperature distribution in the magnetocaloric material of the AMR involves the
corresponding B(H) local distribution. Therefore, the magnetic state of the gadolinium plates
inserted in the air-gap is numerically simulated and different “sensors” (calculation points) are

numerically placed inside the plates, in order to display the evaluated local flux density.

As shown in Fig. 4, the discretization considers the number N, of indexed i rectangular
parallel plates, which are divided into Ns of indexed k equal elements, leading to NsN, elements
called eixwith i € [1, Np] and k € [1, Ns]. The discretization resolution of the regenerator can

thus be easily increased if higher precision is required.
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FIG. 4: Discretization of the gadolinium regenerator in XY plane
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3.2. FEM model

The internal magnetic flux density B and internal magnetic field H of each segment is
calculated for electrical coil currents ranging from 0 to 50 A with 5 A steps. The results obtained
with a 3D FEM using Flux© magnetostatic solver can be considered as a reference, since this
computation code can take complex magnetic phenomena into account, such as 3D effects, non-
linear B(H) behavior, magnetic flux losses, demagnetization, etc. In particular, the demagnet-
izing field has a strong influence on the internal magnetic field, on the magnetic flux density
and on the magnetization inside the AMR.® Therefore, oversimplified hypothesis on demagnet-
izing factors should be avoided when calculating the internal magnetic field in AMR materials.

FEM models lead to a very precise magnetic analysis but are highly time-consuming
(about five minutes for each magnetostatic resolution point of our experimental prototype with
a 2.80 GHz dual-core PC). Even if the FEM model is accurate, the computation cost seems to
be prohibitive when this model is coupled to a multiphysics simulation loop. In this case indeed,
a huge number of successive estimation points are required to insure convergence, leading to a
very large computation time. The numerical results of FEM calculations are exhibited below

and compared to those obtained with our semi-analytical model in section 4.

3.3. Semi-analytical model based on reluctance network

In the present work, a semi-analytical model has been designed to accurately model the
distribution of the internal magnetic field at each point of the regenerator for each time step
during the AMR cycle, allowing much faster calculation than FEM with comparable precision,

while accounting for the heterogeneous distribution of the magnetic field in the AMR.

3.3.1. Mapping the non-linear behavior of the external ferromagnetic yoke

The first feature of our semi-analytical model is to take into account the non-linear be-

havior of the external ferromagnetic yoke of the test bench, by means of experimental measures
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of the magnetic flux density in the empty air-gap. The calculation scheme is displayed in Fig.
5.

air gap magnetic flux density By and B;
¥
magnetic flux: @, = By. S, + ZB,S;

!

air gap reluctance: R,
i

total air gap magnetomotive force:
Um() = RO q)faf

!

ferromagnetic yoke magnetomotive force:
Unke =N1-U,y

empty
air gap

FIG. 5: Calculation scheme of mmf for the external ferromagnetic yoke with empty air-gap

During this step, the magnetomotive force (mmf) of the ferromagnetic circuit Umre is cal-
culated. The magnetic flux density of the central air gap Bo is precisely measured in the core of
the empty air-gap with a gauss-meter (as shown in 0), for currents ranging from 0 to 55 A with
a 5 A step. This leads to the magnetic flux in the central air gap ®o [Wb] depending on the
magnetic flux density and the associated air-gap section So = 90 x 50 mm? (red part in Fig. 6
and Fig. 7):

®, =B,S,. 1)
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From there, the reluctance of the whole air-gap (2) is calculated considering the leakage
flux between magnetic poles outside the central rectangular air-gap (external trapezoidal air

where Lj and S;j are the length and section of the j™ among n = 50 subdivisions of the symmetric

trapezoidal leakage flux zone (an example of segmentation with n = 10 is presented in blue in



232
233
234

235
236
237

238
239
240

241

242
243

244

245
246
247

Fig. 6). The magnetic flux density Bj in the externals trapezoidal air gap was measured and
linearly estimated along the n = 50 subdivisions (the values for j = 1, n/2, n are displayed in Fig.

7). The magnetic flux in the whole empty air gap @ [Wh] expresses then as:
®, =B, S, +2) B;S;. @)
j=1

In these conditions, the mmf values Umo (equation 4) of the empty air gap are obtained
using this experimental method and compared with those calculated by the FEM, leading to a

relative difference smaller than 0.4%:
UmO = RO (Dtot . (4)

An equivalent diagram of the magnetic circuit with an empty air gap is displayed in Fig.
8 showing the relation between the global magnetomotive force equal to NI, the magnetomotive

force of the ferromagnetic circuit and the magnetomotive force of the empty air gap.

cDmr( Uan)

(I)fr)f( Um Fe)

o
U

NI = (jml-'e + UmO

FIG. 8: Equivalent diagram for the calculation of the ferromagnetic circuit mmf

Therefore, the magnetomotive force Umre across the ferromagnetic circuit can be deduced
from the equivalent Kirchhoff voltage law for magnetic circuit (5), where | is the intensity of

the electric current flowing in the coils and N is the number of coil turns (Fig. 9).

UmFe:NI_UmOZNI_ROq)tot' ®)

11



248
249
250

251

252
253

254
255
256
257
258
259
260
261
262

Umre dependence on @y is obtained by evaluating (5) for an experimental dataset of currents.
Interpolation can map Pwot(Umre) and Umre(Drot) dependences.
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FIG. 9: Obtaining the magnetomotive force of the ferromagnetic circuit

3.3.2. Computing magnetic flux distribution in the AMR regenerator

In the second step, we analyse the magnetic flux distribution in the AMR regenerator
plates for an inhomogeneous temperature distribution. The magnetic flux density distribution
Bi« for each element ejx is computed in the discretized regenerator, for a given coil current at a
given temperature distribution Tix in the regenerator. This step considers the magnetic behavior
of the ferromagnetic yoke Umre(®1ot) Obtained previously and represented in Fig. 9.

Fig. 10 displays the magnetic equivalent diagram of the air-gap with gadolinium plates.

12
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FIG. 10: Magnetic equivalent diagram of the air-gap with gadolinium plates

The parallel-series circuit, supplied with the coil’s mmf (NI) involves the non-linear be-
havior Umre(®tot) Of external ferromagnetic yoke, the non-linear dependence ®ix(Umcd ik) Of
each discretization element ek of the regenerator and the reluctances of air regions. We can
observe two kinds of air regions: a region in the air gap, corresponding to the external magnetic
flux ®air through the Rair reluctance, and a set of NpNs regions located on the path of the mag-
netic flux through each element ejx of the regenerator of Ry reluctance. Each element e is

bounded by two Ri reluctances in series with its non-linear Umcad i k(®ix) (as shown in Fig. 11).

Since the temperature Tik of each element eix is known, the curve Bik(Hix) is determined
by the approximation of the experimental MCM characteristic curves B(H, T) for T = Tix. This
allows to calculate the spatial distribution of the characteristic Umcd ik(®ik), using (6) and (7),

where Sik is the element section and | the width of the element:

(Di,k = Bi,k(Hi,k7Ti,k)Si,k ) (6)

13
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The mmf Umca ik Of each element in series with two Ri reluctances leads to the global

mmf Umo in the air gap, as a function of the flux ®;x through the element e; :

Umo :UmGdi,k +2(Di,kR1- (8)

/ "

v <

FIG. 11: 3D view of the air-gap with some gadolinium plates

In order to identify the magnetic flux distribution in the air spacing of the air-gap, it is
necessary to compute the reluctance Rair with (9):

Np
i:i_zi with R, = Lo , 9)
Rir  Ro ia R HoS)

air

where Ry is the reluctance of the parallelipedic air space crossed by the magnetic flux flowing

through the cross-section Sk of the gadolinium k plate.

The magnetic flux of the air spacing inside the air-gap is calculated by (10), considering

the linear dependence of the magnetic flux in the air gap:

14
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This leads to the mapping function ®wt(Umo) of the global air gap flux noted ®y function of the
total mmf of the gap including the regenerator (Umo). For a given magnetomotive force Umo, the
global magnetic flux is obtained by adding all element fluxes ®ix with the magnetic flux ®air

in the air gap (11):

Np Ns

(Dtot(UmO)zqu)i,k(umo)+q)air(um0)' (ll)

k=1 i=1
What remains to be done is to compute the cartography ®(®uot) of the total magnetomo-
tive force corresponding to a total magnetic flux, by adding the magnetomotive force in the
global air gap, using the inverse interpolation of ®wt(Umo) obtained with (11). Thus, (N.I) is
obtained by interpolation of © for a regular dataset of the magnetic flux between 0 and a max-

imum value, according to Kirchhoff's law for magnetic circuit (12):
®: N I :UmFe (q)tot)+Um0 (thot)- (12)

The proposed algorithm contains several sub-functions considering the nonlinearities in
active magnetic materials (gadolinium plates, ferromagnetic yoke). In Table. I, we observe the
complete scheme of the algorithm. The different steps are exposed in detail below, and two

preliminary computations are necessary:

- external ferromagnetic circuit behavior ®ot(Umre)

- Rairand Ry air reluctances

(D Inputs: Tix, |

(2) Mapping ®@;ix(Umo), equations (6) to (8)

a) Obtaining magnetic behavior interpolation functions B(H)ix for each element ek
b) Transforming B(H)x into a flux mmf interpolation function @ix(Umcdix) — EQq (6) and (7)
c) Transforming Umeq Variable in Umo — Eq (8)

(3) Considering the linear dependence of the magnetic flux ®air(Umo) in the air gap — Eq (10)

(4) Mapping function of the global air gap flux ®w(Umo) — Eq (11)

(5) Computing the cartography ©(®) — Eq (12)

(6) Computing the total mmf @y for a given current |

15
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(7) Obtaining the gap mmf Umo by interpolation of ®i(Umo)

Obtaining the magnetic flux @i through each element by interpolation of ®;(Umo)

(9) Obtaining the mmf Umcaix Of each element with the dependence ®;x(Umcd i)

Obtaining the internal magnetic flux density Bix and internal magnetic field H; x of each element

TABLE. I: Complete scheme of the air-gap with gadolinium plates and equivalences

3.3.3. Graphical interpretation of the algorithm

Thereafter, in these conditions, a series of interpolations have to be performed in order to

obtain the internal Bix and Hix values of each element of the magnetocaloric material:

the global magnetic flux through the gap @t is calculated from the current I in the coils
(consequently NI) and the mapping ®1t(NI). Thus, the first curve fit method can be per-
formed (step (6) in Table. I and interpolation @ in Fig. 12);

the second interpolation is performed to obtain the mmf of the gap Umo, which depends
on the curve ®i(Umo), using the values of the magnetic flux in the gap obtained with the

previous interpolation (step (7) in Table. | and interpolation @ in Fig. 12);

the next interpolation aims at obtaining the magnetic flux in each segment using the mmf
calculated previously. For this purpose, it is necessary to use the curve connecting the
magnetic flux of the segment and the mmf of the gap since the dependence ®ik(Umo) is

known for each element ey (step (8) in Table. | and interpolation € in Fig. 12);

the last curve fit method is achieved to obtain the mmf of each element, which depends
on the curve ®ix(Umacd ik), using the values of the magnetic flux of the corresponding

segment obtained with the previous interpolation (step (9) in Table. I and interpolation
O in Fig. 12).

16
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FIG. 12: Successive interpolations for obtaining the magnetic flux and the magnetomotive force in
each segment

The ultimate step is to get the internal magnetic flux density Bik and internal magnetic
field Hi of each element, by dividing ®ix and Umcdix respectively by the section Sik and the
length | (see example in Fig. 13). So, the characteristics Bix (Hik) of the magnetocaloric material
(gadolinium in our case) are obtained after achievement of all the steps with our code developed

in Python language.

17
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FIG. 13: Obtaining the internal magnetic flux density and magnetic field of an element ejx

4. Results and comparisons

The results obtained by the FEM (Flux3D®©) for the magnetic flux density calculation in
a ten-fold segmented plate of gadolinium at imposed uniform temperature T = 293 K are com-
pared to the results of our semi-analytical model. The outputs for the central and the external
elements of the central plate are presented in Fig. 14 and Fig. 15, respectively (the correspond-
ing segments are highlighted in blue in Fig. 4). The maximum difference between these results
is lower than 2%.
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FIG. 14: Magnetic curve of the central element (central gadolinium plate)
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FIG. 15: Magnetic curve of the external element (central gadolinium plate)

The difference between the magnetic flux density curves of the two elements shows how
much the magnetic flux density is depending on the position of the element inside the air gap,
even if the temperature is uniform. Indeed, the external lines of the magnetic flux density con-
centrate at the ends of the regenerator plates, so that the magnetic flux density is higher (0.05
T) at the ends than at the center of the plates.

More thoroughly, it has been shown in Ref. 13 that strong inhomogeneities in the mag-
netic field inside an empty air gap are induced when introducing a magnetocaloric plate into an
applied magnetic field, leading to a higher magnetic field intensity in the air, along with a large
drop of the latter inside the plate very close to the ends. This is due to both the magnetic per-
meability of gadolinium (ur ~ 1.5) and the demagnetizing field on the boundary surfaces, which
increases the axial demagnetization factor close to the ends of the regenerator plate. Since the
magnetic flux is conservative, the decrease of the magnetic field intensity at each end of the
magnetocaloric plate leads to a shift of the magnetic curve toward lower values of H, as shown
in Fig. 15.

Moreover, both the magnetic flux density and the magnetic field depend strongly on tem-
perature, more particularly around the Curie temperature (Tc ~ 293 K for gadolinium). The
comparison will further focus on the magnetic flux distribution in the central gadolinium plate,
with imposed temperatures at each end (left cold side 290 K; right hot side 299 K). For this

purpose, Fig. 16 shows the magnetic flux density distributions in the central gadolinium plate
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. 16: Magnetic flux density distribution comparison

The accuracy of the semi-analytical model can be highlighted in the case of a linear tem-

perature gradient from 290K to 299K imposed between the cold and the hot sides of the regen-

erator. The dependency of the internal magnetic flux density on the internal magnetic field in

the gadolinium central plate divided into 10 equal elements is calculated with our semi-analyt-
ical model and with Flux3D® and displayed on Fig. 17 and Fig. 18, respectively.
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FIG. 17: B(H) curves at each point of the regenerator at corresponding temperature (semi-analytical)
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FIG. 18: B(H) curves at each point of the regenerator at corresponding temperature (FEM)

As can be seen in both figures, the magnetic flux density is much higher at the cold side
of the plate, because of a higher magnetization due to the ferromagnetic state of the gadolinium
under its Curie temperature, while being much lower at the hot side above the Curie temperature
(paramagnetic state).

No significant difference can be detected between the two figures, which confirms the
good accuracy of our semi-analytical model. No discrepancy higher than 3% was obtained be-

tween these two simulations.

As a final comparison, the two different methods for obtaining internal magnetic field
and magnetic flux density of the magnetocaloric material exhibit the following advantages and
drawbacks:

- the finite element method (FEM) leads to very precise magnetic analysis (3D phenomena)
but is highly time-consuming when using a fine spatial resolution grid. For instance, the
calculation time needed for achieving the FEM numerical simulation applied to the evolution
of internal magnetic field and magnetic flux density in the whole magnetic system with a 5A
step [0 : 50, 5A] is around 35 min with a 2.80 GHz dual-core PC;

- the semi-analytical model always requires much less time than the FEM resolution and offers
good analysis precision with very similar results. The calculation time needed for the same

analysis under same conditions drops to around 5 s with the same computer.
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5. Conclusions

A semi-analytical model based on a reluctance network is proposed to calculate the inter-
nal magnetic field H and internal magnetic flux density B when introducing a magnetocaloric
stack of parallel plates into a magnetic air gap. The computation time needed with our model
for obtaining internal magnetic field H and magnetic flux density B at each point of the whole
magnetic system is around four hundred time shorter, compared to a complete FEM solver

resolution for the same system in the same conditions.

The semi-analytical model is directly applicable and can easily be extended to rotary
magnetocaloric devices. A multiphysics analysis will be described in a further paper, in which
the presented magnetostatic model is combined with a thermo-fluidic model, allowing to
achieve the simulation of 5 AMR cycles applied to the whole system within only 5 minutes,
instead of 4 hours with 3D FEM*? (using a 2.80 GHz dual-core PC). Besides, the magnetic
results obtained with our semi-analytical model are very close to those of the FEM solver

Flux3D®, which proves the efficiency of our model.

Moreover, our semi-analytical model was applied efficiently to an optimization process
of an AMR refrigeration system. The model involves the multi-physics phenomena occurring
during the magnetic refrigeration process and simulates both the magnetocaloric material be-
havior, the instantaneous heat exchanges and the evolution of the whole magnetocaloric system
undergoing successive AMR cycles with a controlled periodic applied magnetic field. This al-
lows to simulate the experimental behavior of our magnetocaloric test bench developed at the
FEMTO-ST Institute.

More generally, our analytical reluctance-based model could easily be adapted to any
other magnetocaloric regenerator device to save huge calculation time without losing precision

and to allow easier multi-parametric optimization.
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