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Abstract

In this work, we report a detailed study of the thermodynamic performance of Pr0.6Sr0.4MnO3 in a functional magnetic cooling

system up to the theoretical limit of its magnetocaloric effect. For this purpose, a one-dimensional numerical model of the active

magnetic regenerator (AMR) cycle is developed, while the required magnetocaloric properties of the oxide are calculated in the

framework of mean field theory. The obtained results are deeply analyzed and then compared with the reference gadolinium

metal. Particularly, it is revealed that using Pr0.6Sr0.4MnO3 as refrigerant requires high magnetic fields to generate reasonable

temperature spans for practical applications, as it was found that under a magnetic field of 8 T, the studied oxide can generate

an AMR temperature span of 33 K. The thermodynamic efficiency was evaluated by directly considering the work arising from

the magnetic forces between the Pr0.6Sr0.4MnO3 regenerator and the magnetic field source, as the associated magnetic work is

numerically calculated by using Altair Flux 3D software. From the obtained results, it was found that the coefficient of performance

can be enhanced by a factor of two when balancing magnetic forces, despite of the moderate magnetocaloric effect shown by

Pr0.6Sr0.4MnO3 under the practical fields going from 1 to 2 T. Moreover, the hidden thermodynamic performances of this compound

are also pointed out by investigating its magnetocaloric properties in the theoretical limit zone. In this way, our calculations unveil

that it is possible to reach cold source temperatures under −22 °C even when using helium as heat transfer fluid.

Keywords: Magnetocaloric effect, Magnetic refrigeration, AMRR, Magnetocaloric oxides

1. Introduction

In recent years, renewable energies are evolving remarkably

worldwide to tackle the global warming crisis. One of the most

concerning fields is refrigeration, responsible for 20% of global

electricity consumption (Dupont et al., 2019). Currently, the

cooling process is based on traditional compression and ex-

pansion techniques of synthetic fluids such as chlorofluorocar-

bons (CFCs) and hydrochlorofluorocarbons (HCFCs) (Brück,

2005). However, the latter’s are greenhouse gases, represent-

ing the main factor for raising the planet’s temperature (Molina

and Rowland, 1974; Seinfeld and Pandis, 2016; Velders et al.,

2009). Moreover, both the Kyoto and Montreal Protocols re-

strict the commercialization and utilization of these hazardous

refrigerants (Protocol, 1987). Furthermore, owing to their low

efficiency, traditional cooling technologies require much more

energy. Hence, in order to save energy and protect the envi-

ronment, scientists are working on the development of more

efficient clean cooling systems. In this context, magnetic re-

frigeration is considered as one of the best alternative solutions

(Greco et al., 2019; Gschneidner Jr et al., 2005; Ismail et al.,

2021; Tishin and Spichkin, 2016). This promising technology is
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based on utilizing the magnetocaloric effect (MCE), an intrinsic

property of magnetic materials, and it can be defined as the ther-

mal response (heating or cooling) of magnetocaloric materials

when subjected to external magnetic field changes (Moya et al.,

2014; Zarkevich and Zverev, 2020). Furthermore, in refriger-

ation and heat pumps applications, the MCE can be amplified

by using the active magnetic refrigeration (AMR) cycle (Bar-

clay, 1982; Kamran et al., 2020), on which are based the vast

majority of magnetic refrigerators. The latter can be composed

usually of: (i) a permanent magnet as a magnetic field source,

(ii) a regenerator that contains a magnetocaloric material and

heat transfer fluid channels, (iii) a hydraulic pump to ensure the

fluid oscillation, and finally (iv) an electric motor to achieve

the magnetization/demagnetization processes. For more details

about magnetic refrigerators, we refer the interested reader to

Refs. (Franco et al., 2012; Kitanovski, 2020; Kitanovski et al.,

2015; Tušek and Kitanovski, 2015; Yu et al., 2010).

The thermodynamic performance of magnetic cooling devices

depends strongly on the used magnetocaloric material as re-

frigerant. Therefore, choosing the right material based on its

magnetic and magnetocaloric properties is critical for the de-

velopment of this emerging cooling technique. Consequently,

it is highly recommended to search for magnetocaloric mate-

rials with outstanding performance (Gottschall et al., 2019b).

Specifically, advanced theoretical approaches to determine the
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Nomenclature

Roman letters
B Magnetic field, T

C Specific heat capacity, J kg−1 K−1

Dh Hydraulic diameter, m

f Friction factor

gJ Landé factor

h Heat transfer coefficient, W m−2 K−1

J Angular momentum quantum number

kB Boltzmann constant, J K−1

L Length, m

M Magnetization, μB f.u.−1

m Mass, kg

M0 Saturation magnetization, μB f.u.−1

Nc Number of cycles

Nu Nusselt number

p Pressure, Pa

Pr Prandtl number

Qcold Cooling power, W

R Gas constant, J K−1 mol−1

RCP Relative cooling power, J kg−1

Re Reynolds number

S Specific entropy, J kg−1 K−1

t Time, s

T Transversal average temperature, K

W Work, J

V Fluid velocity, m s−1

x, y, z Spatial coordinates, m

Greek letters
Δ Finite difference

η Efficiency

λ Thermal conductivity, W m−1 K−1

μB Bohr magneton

ρ density, kg m−3

σ Relative magnetization

τ Time period, s

υ volume, m3

ε Porosity of matrix

Sub- and supper-scripts
ad Adiabatic

c Curie

D Debye

E Electronic

f, r Fluid and regenerator

FWHM Full width half maximum

I, F Initial and final time instants

L Lattice

m Magnetic

mag Magnetization

max Maximum

s Solid

Abbreviations
1D One-dimensional

AMR Active magnetic regenerator

CCS Clean cooling system

COP Coefficient of performance

Gd Gadolinium

MCE Magnetocaloric effect

MFT Mean-field theory

PDE Partial differential equation

materials properties and developed models to predict the ther-

modynamic performance are needed before proceeding with the

experimental process to minimize costs and errors. As it is al-

ready recognized, gadolinium metal (Gd) is the reference ma-

terial used in the vast majority of magnetic refrigeration pro-

totypes, and usually, any new materials are compared to its gi-

ant magnetocaloric effect near room temperature (Brown, 1976;

Gottschall et al., 2019a). However, Gd and other intermetal-

lic materials represent many issues, such as high cost, toxicity,

and chemical instabilities (corrosion and oxidation) in an aque-

ous environment, which restrict their utilization as refrigerants

in commercial applications (Balli et al., 2017; Gschneidner Jr

et al., 2005; Zhang et al., 2021). Recently, the R1−xAxMnO3

manganites (R = lanthanide and A = divalent alkaline earth)

have attracted researchers’ interest mainly due to their high

chemical and mechanical stability, which compensate for their

moderate magnetocaloric effect (Franco et al., 2018). This

family of materials usually exhibit a relatively low adiabatic

temperature change over the room-temperature range mainly

because of their large specific heat combined with the sec-

ond order character of their magnetic phase transition (Barman

et al., 2019; Phan and Yu, 2007; Smith et al., 2012). How-

ever, their magnetocaloric properties can be significantly opti-

mized by any electronic or structural changes caused by doping

or other physical effects (Giri et al., 2019; Matte et al., 2018;

Moya et al., 2013). Several research studies on manganese ox-

ides (Balli et al., 2018; Engelbrecht et al., 2011; Legait et al.,

2014; Phan et al., 2005a,b), such as La2/3(Ca,Sr)1/3MnO3 and

Pr1−xSrxMnO3, have indicated that these compounds can be uti-

lized as active materials in magnetic refrigeration applications,

as they exhibit a high transition temperature and a large magne-

tization (Guillou et al., 2012; Phan and Yu, 2007). Specifically,

the direct implementation of these oxides (single or multilayers)

as refrigerants in functional magnetic cooling devices leads to

a maximum temperature span between 5 and 9.3 K under mag-

netic fields lower than 1.1 T (Bahl et al., 2012; Guillou et al.,

2012).

It is worthy to mention that magnetic cooling has already un-

veiled encouraging performance at laboratory scale. Currently

engineers and scientists are focusing on the development of new

designs and the optimization of existing preindustrial devices

(Alahmer et al., 2021; Dall’Olio et al., 2021; Huang et al., 2019;

Trevizoli et al., 2017; Yu et al., 2010). In this way, the optimiza-

tion of operating parameters is crucial, while numerical simula-
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tions allows sensitivity analyses of the employed AMR cycles

by considering several parameters such as the geometry of the

regenerator matrix, characteristics of the used magnetocaloric

materials, fluid’s type, frequency and flow rate (Allab et al.,

2005; Eustache et al., 2021; Kitanovski et al., 2014; Nielsen

et al., 2011; Petersen et al., 2008; Silva et al., 2021; Tagliafico

et al., 2010). Such a numerical study would enable us first to

avoid the challenging experimental tests usually associated with

numerous device configurations, and further to adequately sim-

ulate a material’s behavior in a magnetic refrigeration device.

In this paper, the performance of Pr0.6Sr0.4MnO3 magne-

tocaloric oxide in a practical magnetic refrigeration system is

deeply investigated aiming to depict its real potential. This

magnetocaloric oxide shows a strong chemical resistance with

a curie temperature of 305 K, being suitable candidate for mag-

netic cooling applications near the ambient temperature. On

the other hand, it exhibits an entropy and adiabatic tempera-

ture changes of about 1.6 J kg−1 K−1 and 0.8 K, respectively,

in the field variation of 1 T (Daivajna and Rao, 2016; Mah-

eswar Repaka et al., 2012). Moreover, it is worth noting also

that the large electrical resistance shown by Pr0.6Sr0.4MnO3;

due to the fewer metal elements; can minimize the thermal

losses caused by the eddy currents during the magnetization-

demagnetization process (Guillou et al., 2012; Smith et al.,

2012). This particularly motivated us to study and predict the

Pr0.6Sr0.4MnO3 thermodynamic performance in both standard

and near-theoretical limit conditions, aiming to get a better un-

derstanding of its real potential in magnetic cooling. This was

carried out by adopting a global approach going from predict-

ing the needed Pr0.6Sr0.4MnO3 properties to the determination

of the thermodynamic performance. For this purpose, both an-
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Fig. 1: (a) Magnetization as a function of temperature and applied field for Pr0.6Sr0.4MnO3. (b) Temperature dependence of the magnetization for Pr0.6Sr0.4MnO3

under different magnetic fields. (c) Calculated magnetic entropy changes as function of temperature under different magnetic fields. Experimental results for

comparison are taken from Refs. (Maheswar Repaka et al., 2012)
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alytical and numerical methods were used. This includes the

mean-field theory to predict the magnetic and magnetocaloric

properties, a numerical model to simulate the involved heat ex-

change in functional devices, and electromagnetic simulations

to accurately determine the involved magnetic forces and asso-

ciate works accordingly. Additionally, the calculated proper-

ties and performances are reasonably validated and compared

to available experimental data. On the other hand we have also

demonstrated in this paper that the Pr0.6Sr0.4MnO3 cooling per-

formance can be markedly enhanced (twice larger) when bal-

ancing the AMR regenerator even under relatively low mag-

netic fields (1T).

2. Magnetic and magnetocaloric properties of
Pr0.6Sr0.4MnO3

From a thermodynamic point of view, the full entropy S of

magnetic materials is a combination of the magnetic entropy

S m, arising from the distribution of spins in the material, the

lattice entropy S L, related to the crystal lattice of the atoms,

and the electronic entropy S E , considered negligible (Waske

et al., 2018). Such combination of S can be expressed as fol-

lows (Balli et al., 2012a),

S = S m + S L + S E . (1)

In the presence of a magnetic field, the magnetic moments are

aligned, leading to the reduction of the magnetic entropy. If this

process is adiabatic and reversible, then the material’s full en-

tropy is conserved, and the magnetic entropy reduction is com-

pensated by the increase of the lattice entropy, causing an in-

crease in the temperature of the material. The adiabatic mag-

netization results in a temperature variation called the adiabatic

temperature change ΔTad. Besides, if the process is isother-

mal, the application of a magnetic field on a material without

varying its temperature produces a magnetic entropy variation

ΔS m. The two parameters ΔTad and ΔS m, and the specific heat

of the material Cp as a function of both magnetic field intensity

and temperature are necessary values prior to the AMR cycle

simulations. In this regard, the theoretical predictions of these

parameters for the here investigated oxide, employing MFT and

the Neumann-Kopp’s approach, are presented in the following

section.

In the absence of magneto-volume effects, the magnetization of

materials representing localized valence electrons can be de-

scribed as a function of temperature and magnetic field, us-

ing the Brillouin function, BJ (y), given by (Balli et al., 2017;

De Oliveira and Von Ranke, 2010; Tishin and Spichkin, 2016),

σ = BJ (y) =
2J + 1

2J
coth

(
2J + 1

2J
y
)
− 1

2J
coth

(
1

2J
y
)
, (2)

with

y =
1

T

[
3Tc

( J
J + 1

)
σ +

gJμBJ
kB

B
]
, (3)

where σ =
M
M0

is the relative magnetization, J is the an-

gular momentum quantum number, Tc is the Curie tempera-

ture, gJ is the Landé factor, μB is the Bohr magneton, and

kB is the Boltzmann constant. The first term of Eq. (3) de-

fines the exchange interactions, while the second term describes

the Zeeman energy. The gJ parameter is generally assumed

for complex magnetic substances (gJ = 2), while J effective

value can be deduced from magnetic saturation (3.58 μB f.u.−1)
(Maheswar Repaka et al., 2012), and it is supposed to be ap-

proximately 1.78. The magnetic entropy is given by Smart

model (Balli et al., 2017; De Oliveira and Von Ranke, 2010;

Tishin and Spichkin, 2016),

S m = R ×

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ln

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
sinh

(
2J + 1

2J
y
)

sinh
( y
2J

)
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
− yBJ (y)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (4)

where R is the universal gas constant. Moreover, while varying

the magnetic field from Bi to Bf , the corresponding change in

entropy can be calculated according to the following relation,

ΔS m

(
T,ΔB = Bf − Bi

)
= S m

(
T, Bf

)
− S m (T, Bi) . (5)

The resolution of the above equations allows us to repre-

sent as a function of both temperature and magnetic field, in

Fig. 1(a), the magnetic isotherms, in Fig. 1(b), the thermo-

magnetic curves, and in Fig. 1(c), the entropy change evolution.

The obtained results are compared with available experimen-

tal measurements reported mainly in Ref. (Maheswar Repaka

et al., 2012). Firstly, we can observe that the studied compound

exhibits a maximum entropy change ΔS max
m that is peaked on

its Curie temperature (Tc = 305 K) of 1.61 J kg−1 K−1 cal-

culated using MFT in the magnetic field change of 1 T. The

maximum calculated entropy change obtained from magnetiza-

tion measurements of Repaka et al. (Maheswar Repaka et al.,

2012) is about 1.648 J kg−1 K−1, unveiling a good agreement

with achieved MFT calculations. These results prove the abil-

ity of MFT-based calculations to provide a good estimation for

the MCE of Pr0.6Sr0.4MnO3 around its Curie temperature. Be-

sides, a non-negligible difference can be observed between ex-

perimental data and MFT calculations at temperatures below

Tc. Such marked deviation can be due to the MFT’s simplistic

nature and its inability to properly represent the magnetization

at this region as several parameters are not taken into accounts,

such as anisotropy effects and domain effect at 0 T (Balli et al.,

2017). Furthermore, the observed peak at Tc = 305 K orig-

inates from the significant variation in magnetization near the

ferromagnetism-paramagnetism (FM-PM) phase transition as

shown in Fig. 1(b). Moreover, when increasing the magnetic

field, the peak position remains unchanged as the phase tran-

sition taking place at Tc is second order in nature (Chmaissem

et al., 2003; Martin et al., 1999; Rocco et al., 2013). In addi-

tion to the entropy change, the relative cooling power (RCP) is

an important parameter that describes the efficiency of a mag-

netocaloric material. From Table 1, we can see the similarity

4
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Fig. 2: Computed total specific heat capacity as function of temperature for

Pr0.6Sr0.4MnO3 in cases of: (i) absence of applied magnetic field using both

Eq. (8) and Eq. (9), (ii) presence of an applied magnetic field of 5 T using

Eq. (9). Results are compared with available experimental data at B = 0 T

taken from Refs. (Daivajna et al., 2014; Lees et al., 1999).

of the magnetocaloric properties of Pr0.6Sr0.4MnO3 with other

manganese oxides at room temperature.

The total specific heat of a material can be described as a com-

bination of lattice CL, electronic CE , and magnetic Cm contribu-

tions, as follows (Balli et al., 2017; De Oliveira and Von Ranke,

2010; Tishin and Spichkin, 2016),

CP = Cm +CL +CE , (6)

where the magnetic specific heat Cm is given by the following

relation,

Cm = T
∂S m

∂T
, (7)

and using the Debye model, the lattice specific heat CL can be

expressed as,

CL = 9R ×
(

T
TD

)3 ∫ TD
T

0

x4ex

(ex − 1)2
dx, (8)

where TD is the Debye temperature. The direct use of the com-

pound Debye temperature to calculate CL, using Eq. (8), lead

to overestimated values, as shown in Fig. 2. However, in alloys

and compounds cases, we found that it is preferable to adopt

Neumann and Kopp’s law for a reasonable estimation of spe-

cific heat (Kopp and Graham, 1865). In this case, the lattice

specific heat capacity of an AxBy compound can be calculated

by,

CAx By = x CA + y CB, (9)

where CA and CB are the individual lattice specific heats of con-

stituent elements A and B, while x and y are their concentra-

tions, respectively.

Fig. 2 shows the Pr0.6Sr0.4MnO3 calculated specific heat ver-

sus temperature in the absence and presence of external applied

magnetic fields. The reported results are compared with avail-

able experimental data taken from Refs. (Daivajna and Rao,

2016; Lees et al., 1999). The plot clearly illustrates the phase

transition near the Curie point, with a decrease in its maxi-

mum value while increasing the magnetic field. The theoret-

ical specific heat of Pr0.6Sr0.4MnO3 at room temperature in ab-

sence of magnetic field is 140.09 J mol−1 K−1. The latter agree

nicely with the value reported by Daivajna et al. (Daivajna and

Rao, 2016) (� 140 J mol−1 K−1). However, less agreement is

observed with measurement performed by Lees et al. (Lees

et al., 1999), which could be attributed to sample imperfec-

tions. Moreover, the difference between the calculated and ex-

perimental values at temperatures below Tc is more probably

associated with the challenging character of specific heat mea-

surements. Also, this could explains the difference between

the performed experimental measurements by Daivajna et al.
(Daivajna and Rao, 2016) and by Lees et al. (Lees et al., 1999),

reported in Fig. 2. On the other hand, it has been already re-

ported that a structural transition occurs at low temperatures,

which induces a magnetic phase transition from ferromagnetic

to antiferromagnetic state resulting in a mixture of both phases

(Bingham et al., 2009; Maheswar Repaka et al., 2012). How-

ever, such situation cannot be accurately described by MFT cal-

culations (Du Trémolet de Lacheisserie et al., 2005).

The adiabatic temperature change of magnetocaloric materials

that exhibit a second-order magnetic transition (i.e., continuous

change in magnetization over the temperature variation) can be

approached by using the following relation (Balli et al., 2017;

De Oliveira and Von Ranke, 2010; Tishin and Spichkin, 2016),

ΔTad = − T
CP
ΔS . (10)

Table 1: The magnetic ordering temperature and magnetocaloric parameters of Pr0.6Sr0.4MnO3 in comparison with previous experimental reported data. Cost values

are taken from Ref (Aprea et al., 2015).

Material Tc (K) μ0H (T) −ΔS max (J kg−1 K−1) RCP (J kg−1) Cost (€ kg−1) Ref.

Gd 294 5 10.2 410 3000 (Dan’Kov et al., 1998)

La0.8Ba0.2MnO3 295 5 4.45 230 - (Ghodhbane et al., 2013)

La0.5Bi0.2Sr0.3MnO3 296 5 4.21 251 - (Barik and Mahendiran, 2010)

La0.7Sr0.3Mn0.93Fe0.07O3 296 5 4 225 - (Barik et al., 2011)

Pr0.5Y0.10Sr0.40MnO3 310 5 3.54 247 1050 (Sakka et al., 2016)

Pr0.6Sr0.4MnO3 294 5 4.7 261 1050 (Rocco et al., 2013)

Pr0.6Sr0.4MnO3 305 5 4.58 269 1050 This work
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Fig. 3: Adiabatic temperature changes of Pr0.6Sr0.4MnO3 as function of both

temperature and applied magnetic field.

From Eq. (10), we can deduce that the material must exhibit

a low specific heat and a high entropy change to have a giant

magnetocaloric effect in term of adiabatic temperature change.

In fact, a good candidate material for active magnetic refriger-

ation applications should possess higher ΔTad. The behavior of

ΔTad as a function of the temperature and the magnetic field

shown in Fig. 3, unveils the expected trends, as both a maxi-

mum around the transition temperature and an increase of ΔTad

with respect to the applied magnetic field are observed.

For Pr0.6Sr0.4MnO3, ΔTad increases while increasing the mag-

netic field, and exhibits a linear variation with a value of 0.8 K

under 1 T and 2.64 K under 6 T at 305 K. The linear behaviour

of ΔTad means that large thermal effect can be extracted under

high magnetic field. The obtained experimental value of ΔTad

by Daivajna et al. (Daivajna and Rao, 2016) is 2.2 K under

an applied magnetic field of 6 T. Such achieved agreement be-

tween experimental measurements and theoretical calculations

indicates the reliability of the employed MFT approach.

3. Active magnetic regenerator cycle modeling

A magnetocaloric material’s response to an external magnetic

field (i.e., magnetization-demagnetization) is comparable to

gas’s response to compression and expansion in conventional

thermodynamic refrigeration systems. However, in order to

reach significant temperature differences between hot and cold

heat sources, the adiabatic temperature change can be ampli-

fied using the specific active magnetic regenerator (AMR) cy-

cle, which consists of four steps, including two adiabatic and

two isofield processes (Lebouc et al., 2005).

To get insight about the implementation of Pr0.6Sr0.4MnO3 ma-

terial in an AMR device, numerical simulations of its perfor-

mance are necessary. In addition to the basic concepts and

equations used in the existing models of the AMRR cycle,

e.g. (Allab et al., 2005; Bouchekara, 2008; Engelbrecht, 2008;

Vuarnoz and Kawanami, 2012), where all the losses caused by

radiation, magnetic hysteresis and eddy current are neglected,

and the fluid used is incompressible with a constant physi-

cal properties, the developed one-dimensional (1D) numerical

model in this study takes also into consideration the fact that

the ΔTad and CP depend on the material’s temperature and the

magnetic field.

3.1. Governing equations

Based on the law of energy conservation, the main equations

describing the heat transfer between the solid material and the

carrier fluid in a 1D model (Bouchekara and Nahas, 2012) are

given by the following partial differential equations (PDEs),

mf C f

(
∂T f

∂t
+ V
∂T f

∂x

)
= hS

(
Tr − T f

)
, (11)

and

mrCr (B,Tr)

(
∂Tr

∂t
+ λe f fυ

∂2Tr

∂x2

)
= hS

(
T f − Tr

)
, (12)

where the index f and r are related respectively to the fluid

and the regenerator, C is the specific heat, T is the temper-

ature, x is the position, t is the time, h is the heat transfer

coefficient, υ is the volume of the solid and λe f f is the ef-

fective thermal conductivity, it is assumed to be equal to the

conductivity of the Pr0.6Sr0.4MnO3 material, that is roughly

λe f f � λm = 1.9 W m−1 K−1 (Guillou et al., 2012). This ap-

proximation is particularly appropriate when magnetocaloric

materials exhibit low thermal conductivity and/or low thickness

(Bouchekara, 2008). The contribution of adiabatic phases will

be introduced as initial conditions for the regenerative material.

In fact, at each start of the two flows, the temperature profiles

in the material will be reset by,

Tr (t = 0, x) = Tr (t = τ, x) ± ΔTad (B,Tr) , (13)

with τ is the period of fluid flow, andΔTad(B,Tr) is the adiabatic

temperature change, which depends on the material’s tempera-

ture and the applied magnetic field. The sign (+) of Eq. (13)

corresponds to the magnetization phase, while the sign (-) is for

demagnetization.

The calculation of the exchange coefficient h requires three di-

mensionless numbers: (i) Reynolds number characterizing the

fluid’s flow, (ii) Prandle (Pr) number that depends on the fluid’s

physical properties, and (iii) Nusselt number. For an inter-

nal laminar flow through parallel plates, the Nusselt number is

given by the following relationship (Rohsenow et al., 1998),

Nu = h × Dh

λ f
= 0.664 × Re1/2 × Pr1/3, (14)

with Dh being the hydraulic diameter of the regenerator and λ f

is the fluid thermal conductivity. The resolution of Eqs. (11)

and (12) was carried out by using the finite difference method

(Siddikov et al., 2005). After each cycle, the temperature profile

in the fluid and the regenerator, as well as the cooling capacity

are calculated, and the calculation is repeated until steady state

6



is reached, using a numerical program developed on MATLAB

commercial software. The steady state is defined as |Tcold(Cn)−
Tcold(Cn−1)| = |Thot(Cn) − Thot(Cn−1)| = 0 (Chiba et al., 2014),

where Tcold and Thot are the temperatures of the cold and hot

sources respectively, or in another word are the temperatures of

the regenerator’s two ends, which correspond to x=0 and x=L

with L is the length of the regenarator plates, and C is the cycle

number.

3.2. Model results
The reliability of the above AMR model was validated by using

extracted experimental data from the magnetic cooling proto-

type developed by Clean Cooling Systems SA (CCS) at the Uni-

versity of Applied Sciences of western Switzerland (Balli et al.,

2012b; Sari and Balli, 2014). Such prototype is constituted

of two parallel regenerators composed of gadolinium plates,

where each regenerator is divided into two separated parts (see

Fig. S1). In this paper, we mainly focus on the performance of

the Pr0.6Sr0.4MnO3 oxide when used as refrigerant in a AMR-

system, which is similar to that reported in Refs. (Balli et al.,

2012b; Sari and Balli, 2014). The characteristic parameters as

well as the working conditions of studied Pr0.6Sr0.4MnO3-based

AMR regenerator are given in Table 2.

Fig. 4 shows the calculated temperature evolution of a regenera-

tor composed of Gd as refrigerant compared with experimental
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Fig. 4: Calculated (solid line) and experimental (dashed line) temperature evo-

lution of a regenerator composed of Gd as refrigerant.

Table 2: Characteristic parameters used in the magnetic refrigerator’s numerical

modeling.

Heat transfer fluid Water

Fluid flow 20 g s−1

Pr0.6Sr0.4MnO3 plates dimensions 1mm*8mm*100mm

Operation frequency 0.5 Hz

Fluid thickness 0.2 mm

Mass of MCM 800 g
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Fig. 5: Temperature evolution versus the number of cycles calculated for

Pr0.6Sr0.4MnO3 regenerator at both cold and hot ends.

measurements. Simulations on Gd indicate a good agreement

with experimental data (Sari and Balli, 2014), confirming then

the reliability of the used AMR model. Fig. 5 shows the tem-

perature evolution at both sides (i.e., hot and cold ends) of the

Pr0.6Sr0.4MnO3 material as a function of the AMR cycle num-

bers. As can be seen, the two curves reach their steady-state

after a transitory regime. The obtained maximum temperature

span under a magnetic field of 1 T is about 9 K after 200 cycles.

We observe that such obtained maximum temperature span is

about 10 times higher than the initial ΔTad. Furthermore, in ad-

dition to the temperature span, the cooling power Qc is one of

the critical performance parameters of magnetocaloric devices,

defined as the quantity of heat transferred per unit of time from

the cold side to the hot side. It is given by the following relation

(Chiba, 2015),

Qc = ṁ f C f

(
Tc − T f , c

)
, (15)

with

T f , c =
1

τ

∫ τ

1

T (x = L, t) dt. (16)

Fig. 6(a) shows the temperature span ΔTspan dependence of the

cooling power for the Pr0.6Sr0.4MnO3 regenerator. High cool-

ing powers can be generated at low-temperature spans. The

maximum reached power is 17.5 W (under 1 T) for ΔT = 0

K. The cooling power shows an almost linear decrease as a

function of temperature span. Moreover, our simulations re-

veal that the implementation of Pr0.6Sr0.4MnO3 as a refriger-

ant material would provide higher performance particularly un-

der sufficiently high magnetic fields. As shown in Fig. 6(b),

an almost positive linear relationship between the temperature

span and the magnetic field can be observed. Furthermore, us-

ing a magnetic field source of 8 T, the Pr0.6Sr0.4MnO3 material

can generate an AMR temperature span of about 33 K. How-

ever, such a temperature difference can be obtained by using

7
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Fig. 6: (a) Cooling power versus regenerator temperature span for an applied magnetic field of 1 T. (b) Temperature span as a function of the magnetic field.

Gd metal as a refrigerant under only 1.45 T. Additionally, the

temperature span ΔTspan evolution as a function of frequency is

also evaluated (see Fig. S2).

In a magnetic refrigeration system, the expended energy

mainly depends on the provided mechanical work during

the magnetization-demagnetization of magnetocaloric materi-

als and the circulation of the heat transfer fluid throughout the

regenerator. In this case, the coefficient of performance (COP)

is defined as the ratio of the cooling power and the input work

(Kitanovski et al., 2015),

COP =
Qc

Wmag +Wpump
, (17)

where Wpump is the fluid pumping work, and Wmag is the motor’s

magnetic work that drives the refrigerant material in and outside

of the magnetic field region. Moreover, Wpump can be calculated

using the following equation (Tishin and Spichkin, 2016),

Wpump =
ṁ × Δp
ρ f × ηpump

, (18)

where ṁ is the mass flow rate, ρ f is the fluid density, ηpump is the

pump efficiency, and Δp is the pressure drop given as follows

(Tishin and Spichkin, 2016),

Δp =
2 f ρ f (υ · ε)2 L

Dh
, (19)

where f is the friction factor, υ is the kinematic viscosity, ε is
the porosity of the matrix, L is the length, and Dh is the hy-

draulic diameter. Moreover, Wmag can be expressed as follows,

Wmag =

∫
�F �dl, (20)

where �F represents the magnetic force, and �dl is the displace-

ment of the magnetocaloric material (Balli et al., 2012b).

According to Eq. (20), the determination of the magnetic work

requires the calculation of involved magnetic interaction forces

between the magnetocaloric regenerator and the magnetic field

source. For this purpose, 3D finite-element simulations based

on Flux3D software (alt) were carried out. Flux3D software

uses maxwell’s equations to determine the magnetic potential

Vm in static condition based on the following equation,

div[−μgrad(Vm) + μ0Mr] = 0, (21)

where μ0 is the vacuum permeability, μ is the magnetic perme-

ability, and Mr is the remanence. From this potential, all the

system’s magnetic characteristics can be simulated (e.g., mag-

netic forces, magnetic field, etc.). The simulated magnetic field

source is based on the modified Halbach rotation theorem. It

consists of several Nd-Fe-B permanent magnets, judiciously

arranged to produce a magnetic field with the mean value of

roughly 1 T as shown in Fig. 7. The magnetocaloric regener-

ator has the underlined characteristics in Table 2. It is mag-

netized and demagnetized following a linear motion. In order

to estimate the involved magnetic interaction forces during the

magnetization/demagnetization phases, it is necessary to pro-

vide the exact orientation and geometry of the Pr0.6Sr0.4MnO3

plates as well as their relative magnetic permeability. The latter

is given by (Balli et al., 2011),

μr = 1 + χ = 1 +
M
H
, (22)

where M represents the magnetization, H is the external applied

field and χ is the magnetic susceptibility, which is deduced from

the magnetization isotherm curves reported in Fig. 1(a). For

Pr0.6Sr0.4MnO3 compound, the relative permeability around its

Tc = 305 K is found to be approximately 1.2.

The experienced forces by the Pr0.6Sr0.4MnO3 regenerator dur-

ing the magnetization-demagnetization cycle are shown in

Fig. 7(b). The associated magnetic work is deduced from Eq.

8
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Fig. 7: (a) Magnetic induction distribution along the magnetic source’ axis. (b) Magnetic forces as a function of active material displacement in the cases of single

and balanced regenerators.

(20) while the pump work is calculated with the help of Eq.

(19), which leads to a maximum COP of 0.5 under 1 T. How-

ever, in order to reduce the magnetic work, the regenerator is

divided into two parts separated by a distance of 20 mm. In

this case, when the first part of the regenerator is demagne-

tized, the second part is automatically magnetized (see Fig.

S1), which allows us to balance the magnetic forces, as can be

clearly seen in Fig. 7(b). Consequently, the magnetic work is re-

duced by 80 %, increasing thus markedly the maximum COP of

Pr0.6Sr0.4MnO3 regenerator that reaches about 1. From a prac-

tical point of view, this value is comparable with the maximum

COP that can be reached by a conventional refrigerator (Sari

and Balli, 2014). However, larger COP can be obtained by in-

ducing large thermal effects in the Pr0.6Sr0.4MnO3 regenerator,

which would be achieved by subjecting the latter to high mag-

netic fields and/or strain effects (Bouhani et al., 2020). From

obtained results, it is clearly observed that the coefficient of

performance for Pr0.6Sr0.4MnO3 is lower than that of Gd (Chiba

et al., 2014), under similar working conditions. This is mainly

due to the relatively moderate magnetocaloric effect exhibited

by the Pr0.6Sr0.4MnO3 oxide which is about 3 times lower than

that of Gd. However, even though the Pr0.6Sr0.4MnO3 oxides

exbibit low magnetocaloric performance when compared to

the benchmark Gd material, their magnetic and magnetocaloric

properties can be improved and modulated through both chem-

ical and mechanical effects. On the other hand, this family of

materials shows additional practical advantages such as high

chemical stability, lower thermal and field hysteresis, lower cost

of constituent elements, and high electrical resistance that pre-

vents eddy currents.

4. Theoretical limit assessment

In order to explore the hidden thermodynamic performances of

Pr0.6Sr0.4MnO3, we theoretically raised the external magnetic

field until the complete order of its magnetic moments was

achieved. Fig. 8(a) represents the adiabatic temperature change

as function of temperature. The inset indicates the magnetic en-

tropy change calculated by MFT for both standard conditions

and near the theoretical limit case. At room temperature, the

limit values of adiabatic temperature and isothermal entropy

changes were found to be as high as 29 K and 12.5 J mol−1
K−1 (57 J kg−1 K−1), respectively. These values are 30 times

larger than those calculated in the practical magnetic field of

1.5 T. However, unrealistic magnetic fields of about 1500 T are

needed to attain such high MCE values. Using the above AMR-

numerical model, the performance of Pr0.6Sr0.4MnO3 are also

investigated over the theoretical limit region of its MCE. For

this purpose, the gaseous helium is used as carrier fluid which

enables us to avoid the drawbacks associated with the water

freezing. First, we have plotted the helium’s physical proper-

ties as a function of temperature (Hel), then we have fitted the

results to obtain the characteristic equations. The latters were

integrated in the AMR model, to simulate the device operation

using helium as a heat transfer fluid. Fig. 8(b) represents the

temperature evolution at both cold and hot sources as a func-

tion of cycles number. In this way, our calculation reveals that

after just 25 min, a cold source temperature under −22 °C and a

span of about 112 °C can be reached. Lower temperatures and

greater spans would be obtained if the steady-state is achieved.

On the other hand, the temperature span present a similar fea-

ture to the one reported in Ref. (Zhang et al., 2010) for a recip-

rocating magnetic cooling machine that uses Gd as refrigerant

and helium as a heat transfer fluid.

Of course, the application of high magnetic fields to reach the

MCE theoretical limit in Pr0.6Sr0.4MnO3 is out of question due

to the required unrealistic values (1500 T). However, outstand-

ing thermal effects could be generated by taking advantage of

the coupling between different degrees of freedom in this family

9



Fig. 8: (a) Calculated adiabatic temperature changes as a function of temperature for Pr0.6Sr0.4MnO3 under 1.5 T and 1500 T. The inset displays the associated

magnetic entropy variation. (b) Temperature spans calculated in the case where the helium is chosen as heat transfer fluid. (c) Time evolution of the solid temperature

at both cold and hot ends. The inset displays the beginning of the cycles.

of materials, involving structural, electronic, orbital, and mag-

netic ordering parameters. For example, the simultaneous ap-

plication of several excitations such as magnetic field, electri-

cal field and strain effects would lead to unusual MCEs. In a

recently reported work, Bouhani et al. (Bouhani et al., 2020)

were able to induce in PrVO3 thin films a magnetic entropy

change that approaches the theoretical limit when subjecting

them to strain effects. Consequently, this would open the way

for boosting the MCE in the family of strongly correlated ma-

terials such as RMnO3 manganites.

5. Conclusions and outlook

In this work, the magnetic and magnetocaloric properties of

Pr0.6Sr0.4MnO3 oxide as well as their performance in a AMR-

system were studied to figure out its real potential in magnetic

cooling. The needed magnetocaloric parameters such as spe-

cific heat, magnetization, adiabatic temperature change, and en-

tropy change were calculated in the framework of Mean Field

Theory. The letter seems to be a good approach for predicting

the magnetic and magnetocaloric properties of Pr0.6Sr0.4MnO3

oxide, unveiling thus the localized feature of the magnetism in

this compound. On the other hand, we have discovered that the

use of Neumann & Kopp’s law gives a good predictions of CL

near to the ambient temperature. Besides, AMR simulations

reveal that a maximum temperature span of 9 K, a maximum

cooling power of about 17.5 W, and a maximum COP of 0.5
can be achieved under the practical magnetic field of 1 T. How-

ever, such performance can be markedly amplified by balancing

magnetic forces in the regenerator. In fact, when the latter is di-

vided into two separated parts, the COP becomes twice larger

in a similar magnetic field. On the other hand, it was observed

that the temperature span increases linearly with magnetic field

to reach a value of 33 K under 8 T. But, such a temperature dif-

ference can be achieved by using gadolinium metal under only

about 1.45 T, which is mainly due to the large adiabatic temper-

10



ature change shown by this rare-earth element. Furthermore,

the performance of Pr0.6Sr0.4MnO3 oxide close to the theoreti-

cal limit of its MCE were also carried out. Particularly, it was

found that in this case, cold temperatures under -22 °C can be

reached by using only the gaseous helium as carrier fluid. Un-

fortunately, unrealistic magnetic fields of roughly 1500 T cal-

culated by using MFT are required to attain the MCE theoreti-

cal limit in Pr0.6Sr0.4MnO3. The achieved results will open the

way to the search for other practical alternative stimulus such

as strain effects to attain such limit, as demonstrated in our re-

cently reported work.
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