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Abstract

In this paper we make use of the concepts of out-of-equilibrium thermodynamics applied to systems with hysteresis in order
to model the magnetic material employed as a working substance in magnetic refrigeration cycles. The approach developed
leads to a detailed description of heat fluxes as well as the entropy production connected with hysteresis. As an example we
discuss Carnot and AMR refrigeration cycles where hysteresis effects are included.
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1. Introduction

The magnetocaloric effect has been studied for a long
time for its potential use in refrigeration cycles. Recent prog-
resses in material science, notably with the development of
new materials exhibiting magnetocaloric effect (see the re-
views of [1,2]), have generated a renewed interest in the de-
velopment of magnetic refrigeration systems working
around room temperature. Materials of interest include
rare-earth-based ferromagnets, like Gd, Y—Fe and Gd—Fe,
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with a Curie point around room temperature, and alloys
like Gd—Si—Ge [1], which display the so-called giant mag-
netocaloric effect connected to the presence of a first-order
phase transformation induced by magnetic field.

The technological outlook promised by the introduction of
this new family of materials has been accompanied by a grow-
ing interest in their physical properties including, temperature
changes and entropy changes achievable by magnetic field. In
this context, the fact that the working material displays hyster-
esis [3] calls for a better physical understanding of the role of
irreversibility in the magnetization process.

Within the limits of equilibrium thermodynamics all the
machinery of classical Gibbs thermostatics may be suc-
cessfully used to describe the materials and to derive the
performance of thermodynamic cycles. For example, the tem-
perature change or entropy change due to a magnetic field
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Nomenclature

specific entropy

T absolute temperature
M magnetization
o permeability of vacuum
magnetic field
ds variation of the specific entropy
JeS variation of the exchanged specific entropy
dis variation of the specific entropy production
M saturation magnetization
Am magnetic moment of the Preisach unit
hy local interaction field of the Preisach unit
h local coercive field of the Preisach unit

p(he, hy) Preisach distribution

b(h.) state line

Zu normalized local interaction field of the
Preisach unit

Ze normalized local coercive field of the Preisach
unit

Ou h, scaling factor

0. h scaling factor

P(z¢,zy) mnormalized Preisach distribution

b(z) normalized state line

H normalized magnetic field

M specific Gibbs free energy of the magnetic
subsystem

M specific free energy of the magnetic
subsystem

SM specific entropy of the magnetic subsystem

SB specific entropy of the non-magnetic subsystem

SR specific entropy of the regenerative fluid

VB volume of the magnetic material

VR volume of the regenerative fluid

H may be derived from the graphical representation of the spe-
cific entropy s(7, H) constitutive relation in the s—7 plane [4].
The performance of different kinds of cycles (Carnot, Ericsson,
Bryton, AMR) can be directly derived from these diagrams.

However, if the material displays hysteresis, the equilib-
rium s—7 diagram is no longer sufficient to describe the ma-
terial behavior. Internal entropy production takes place
during the magnetization process and a specific out-of-
equilibrium approach to the material behavior is needed.

The aim of our study is to develop a modelling approach
permitting one to represent the out-of-equilibrium properties
of the magnetic material. The constitutive relation is re-
placed by the entropy balance equation ds = J;s + J.S, in
which the measurable quantity, i.e. the heat flux 79.s, is pro-
portional to the exchanged entropy d.s and the internal en-
tropy production term J;s is present.

The model we describe in this paper is far from being
a general theory of hysteretic systems. However, it has the
merit of working out in detail a case for which both the sys-
tem entropy s and the entropy production d;s can be ex-
pressed in closed analytical forms. Furthermore, the
equations of state describing the magnetization as a function
of the field and temperature have been shown to be an excel-
lent tool for the description of ferromagnetic materials be-
havior [5,6]. In addition, the formalism of our approach
bears strong similarities with a well known approach to
out-of-equilibrium systems which is known as thermody-
namics of materials with memory [7].

Irreversible thermodynamics is the appropriate context to
study dissipation phenomena associated with hysteresis. In
recent papers (see Ref. [8] for a review) the thermodynamics
of hysteresis was studied for a system made of the superpo-
sition of non-interacting two-level systems (TLS) using an
internal variables thermodynamic approach. When the mag-
netic field H and the temperature T are externally controlled

quantities, explicit expressions for the magnetization M, the
entropy s and the entropy production d;s were derived. One
of the merits of this approach is that the isothermal constitu-
tive relation M(H;T) is equivalent to the very well known
Preisach model of hysteresis [8] whose applications to mag-
netic materials have been extensively studied.

A common way to describe systems characterized by
long-living non-equilibrium states consists in the introduc-
tion of a proper set of additional variables, vanishing when
the system reaches equilibrium, which are assumed to still
enable the use of state functions, like Gibbs free energy,
when the system is not at equilibrium. One of the main prop-
erties of these non-equilibrium variables is that they appear
in the constitutive relations, but not in the work expression of
the first law. For this reason they are called internal variables
[7]. In our case internal variables account for dissipative pro-
cesses taking place along hysteresis curves. This approach is
extensively discussed in Ref. [8].

In Section 2 we make use of the internal variable ap-
proach in order to formulate the thermodynamics of hyster-
esis for a system consisting of the superposition of two-level
subsystems (Preisach model) [8]. The approach gives the ex-
plicit expressions for the magnetization, the entropy and the
entropy production for a system with hysteresis [8]. The re-
sulting model is an appropriate description of the magnetic
part (M) of a ferromagnetic body.

In Section 3 we discuss how this approach can be em-
ployed to model the thermodynamic behavior of a ferromag-
netic body in order to predict the exchanged heat along
a thermodynamic transformation [9,10].

In Section 4 we employ the same model to compute ther-
modynamic transformations in refrigeration cycles. Due to
the conceptual difficulties associated with constitutive laws
with hysteresis, the literature dealing with the design and
optimization of thermodynamic cycles for magnetic
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