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Highlights

• Magnetocaloric systems are evaluated for refrigerant T-dependent con-

ductivities.

• The temperature span and power is affected 15 % for changes of con-

ductivity of 50

• The impact on longitudinal and axial thermal conduction is discussed.
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Abstract

Due to the dynamic nature of the active magnetic regenerative mechanism

in magnetocaloric refrigeration, the thermal conductivity of the refrigerant is

a critical parameter. Experimental studies have shown how the thermal con-

ductivity of high-performance magnetic refrigerants can drastically change

around their Curie temperatures (TC). However, this fact has been largely

ignored in the numerical simulation of devices, raising the need to assess the

impact of this approximation, particularly when the simulations are aimed

at optimizing or dimensioning a particular device geometry. In this paper

we show how, by employing a unidimensional numerical model of a magnetic

refrigerator with parallel plates, two different temperature dependent ther-

mal conductivity scenarios of the refrigerant affect the resulting temperature

span and cooling power. By considering a gadolinium-like material as the

refrigerant with thermal conductivities varying 50% near its TC , a change

of the resulting device temperature span of ∼ 15% is reached. The cooling
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power is also affected, changing also ∼ 15% when the considered systems are

at half their respective maximum temperature span. Our results are also dis-

cussed in terms of other geometries where the impact of these effects can be

even larger, namely in cases where the axial thermal conduction in the AMR

element is not negligible, or the time-scale of longitudinal thermal processes

has a larger impact on the optimum operating frequency.

Keywords: Magnetic refrigeration, Active magnetic regeneration,

Magnetocaloric effect

1. Introduction

Magnetocaloric refrigeration has been pointed out as one of the most re-

liable alternatives to vapor compression-based systems since it has a high

efficiency and does not need to use nocive gases [1]. It relies on the magne-

tocaloric effect where magnetization and demagnetization of magnetocaloric

materials is followed by a change of entropy [2]. Today, the most commonly

used magnetocaloric refrigeration mechanism relies on the active magnetic

regenerative (AMR) cycle, which can be seen as a cascade of Brayton cycles

(two adiabatic and two isofield processes). In the AMR cycle, a magnetic

field (H) is applied to a porous magnetocaloric material followed by the flow

of a fluid in the material in one direction. In the second stage, H is removed

and the fluid flows in the opposite direction [2–5]. Since the magnetocaloric

material (MCM) is used as both the refrigerant and heat reservoir, it behaves

as a regenerator in a dynamic process [6].

One way to maximize the heat transfer process between the fluid and the
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Nomenclature

Greek

∆ Difference

ν frequency (Hz)

ρ density (kgm−3)

τ period of the fluid flow

(s)

Superscript

n time index

Roman

C specific heat (Jkg−1K−1)

CHEX Cold heat exchanger

COP coefficient of perfor-

mance

H magnetic field (Am−1)

HEX Heat exchanger

HHEX Hot heat exchanger

k thermal conductivity

(Wm−1K−1)

l regenerator length unit

(m)

MCM Magnetocaloric mate-

rial

p heat transfer power per

volume (Wm−3)

s stroke (cm)

T temperature (K)

t time (s)

v velocity (ms−1)

x position (m)

A cross-sectional area

(m2)

a specific surface

D Diameter(m)

m mass (Kg)

Nu Nusselt number

Subscript

ad adiabatic

f fluid

H at constant magnetic

field

i space index

max maximum

s solid

C Curie

Gd Gadolinium

h hydraulic

r ratio
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MCM is by optimizing the utilization factor defined by [2]:

U =
ṁfCH,fτ

mMCM〈Cp,MCM〉
, (1)

where ṁf is the mass flow rate of the fluid, CH,f is the heat capacity of the

fluid, τ is the period of the fluid flow, mMCM is the mass of the MCM, and

〈Cp,MCM〉 is the average of the heat capacity of the MCM. A large utilization

factor increases the heat transfer processes in such a way that the regenerative

effect vanishes. On the other hand a small utilization factor reduces the

heat transfer processes between the fluid and the MCM, which decreases the

regenerative effect as well, and, therefore, reduces the final temperature span.

Since the AMR process is dynamic, it strongly depends on the thermal

conductivities (k), in particular that of the MCM. This fact makes the uti-

lization factor only applicable for certain systems where the heat conduction

on directions perpendicular to the fluid flow (longitudinal direction) is a very

fast process [7]. By considering ∆l as the maximum solid distance in the

perpendicular direction to the fluid flow within the MCM, one can deduce

that the utilization factor can only be applied if

∆l <

√
kτ

CHρ′
, (2)

where ρ′ is the unidimensional density of the MCM. Equation 2 is applied

for the majority of the regenerator geometries. In particular, the thickness of

parallel plates and the diameter of packed spheres are, in general, small. On

the contrary, the dynamic AMR process strongly depends on the axial heat

conduction since the time constant of the heat transfer processes are typically

large due to the length of the regenerator: on one hand the fluid transfers
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heat from one section of the magnetocaloric material to another section; on

the other hand heat is conducted axially within the magnetocaloric material.

Therefore, the goal of the regenerative process is to reduce as much as possible

axial conduction but still have heat transfer processes between the fluid and

the magnetocaloric material.

One important aspect of the thermal conductivity (k) of magnetocaloric

materials is its dependence with temperature. In that respect, several inves-

tigations have been reporting considerable variations. M. B. Salamon and M.

Jaime compiled data of manganites concerning their transport properties for

several structures, in particular LaCaMnO3 can change k one order of magni-

tute in the range 200-300 K [8]. Fujieda et al. reported data for the thermal

conductivities of LaFeSi and GdSiGe compound families, where in some cases

it was shown a change of ∼ 100% within the range 200-300 K [9, 10]. Luy-

bina et al. developed a novel bulk La(Fe, Si)13/Cu composite that showed

a significant k in the same range window of 200-300 K [11]. Gamzatov et

al. measured the thermal conductivity of Pr0.6Sr0.4Mn1−xFexO3 manganites,

again with a change in thermal conductivity near 100% between 200 and 300

K [12]. More recently, Wada et al. studied the temperature dependence of k

of Mn1.03As0.70Sb0.30 and Ru-doped or Ni-doped (MnFeRu)2(PSi). The au-

thors reported the duplication of k in the temperature window of 200-300 K

[13]. In summary, near room temperature several magnetocaloric materials

change considerably their thermal conductivities.

Incorporating correct values of k into physical models is of paramount

importance. However, only fixed values of k has been considered in model-

ing magnetocaloric system [14–20]. In this work we performed a systematic
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numerical investigation on the implications of using different types of k(T )

curves with temperature on the performance of active magnetic regenerative

systems (temperature span and cooling power). We show that using different

curves of k(T ) in a gadolinium MCM leads to a change of the temperature

span and cooling power of an active magnetic refrigerator with a parallel

plates regenerator.

2. Model

The python heatrapy package was used to compute the active magnetic

refrigerator [21]. The modeled system is unidimensional and is described in

Ref. [22] for hydraulic active magnetic regenerative systems. As depicted

in Fig. 1, it consists of four unidimensional elements: one fluid, one MCM

plate, one hot reservoir (HR), also known as hot heat exchanger (HHEX),

and one cold reservoir (CR), also known as cold heat exchanger (CHEX).

The heat transfer processes taking place between them takes into account

the geometry of the plates. This concept has been used in several numerical

investigations [15] and are, in principle, enough for describing the overall

process of the active magnetic regenerative effect. The governing equations

are the following [23]:

ρsCH,s
∂Ts
∂t
− ∂

∂x

(
ks
∂Ts
∂x

)
+ ps = 0, (3)

ρfCH,f

(
∂Tf
∂t

+ v
∂Tf
∂x

)
− ∂

∂x

(
kf
∂Tf
∂x

)
+ pf = 0, (4)

where T is the temperature, x the space coordinate, t the time, ρ the density

of the material, CH the specific heat at constant H, k the thermal conduc-

tivity, v the velocity of the fluid, p the heat transfer power per volumne
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material Cp J/(KgK) k W/(mK) ρ Kg/m3 ∆T+
ad (K) ∆T−ad (K)

water 4200 0.6 1000 0 0

Gd t.d. t.d. 7900 t.d. t.d.

Cu 385 401 8933 0 0

Table 1: Physical properties of the used materials in the modeled system. t.d. stands for

temperature-dependent.

between the solids and fluid, and the subscript s and f defines the type of

material, solid or fluid, respectively. In the present model one considers the

fluid framework so that the fluid is static (v = 0) and the other three compo-

nents are moving forward and backward as shown in Fig. 1. In this context,

the convective term of Eq. 4 vanishes and the overall problem is reduced to

a heat conduction problem. The equations were solved by using the Crank-

Nicholsen implicit finit difference method with the ’implicit k(x)’ solver

of the heatrapy package [22]:

− (kn+1
i−1 + kn+1

i )T n+1
i−1 +

(γi + kn+1
i+1 + 2kn+1

i−1 )T n+1
i −

(kn+1
i+1 + kn+1

i ) =

= (kn+1
i−1 + kn+1

i )T ni−1+

(γi − kn+1
i+1 − 2kn+1

i − kn+1
i−1 )T ni +

+ (kn+1
i+1 + kn+1

i )T ni+1 + 4∆x2pn+1
i ,

(5)

where i and n stands for the space and time index, ∆x and ∆t stands for

the space and time steps respectively and γ =
4ρn+1

i Cn+1
i ∆x2

∆t
.

The heat transfer coefficients depend on the type of regenerator. Since
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the parallel plates regenerator is considered for the present model the heat

transfer between the solid and fluid is given by

pf =
NukfasA

Dh

(Tf − Ts), (6)

where Nu is the Nusselt number, that is approximately 7.541 for a set of

parallel plates [6, 24], and as, Dh, and A are the specific surface, the hydraulic

diameter, and the cross-sectional area, respectively. The heat transfer power

per length between the solids and fluid used by the MCM, CR and HR is

ps = −pf . The hydraulic diameter and specific surface are given by

Dh = 2lf , (7)

as =
2

ls + lf
, (8)

where ls and lf are the regenerator plate height and fluid channel height,

respectively. The magnetocaloric effect was considered by shifting the tem-

perature between time instants [22]:

T n+1
i = T ni ±∆T±ad(T

n
i ), (9)

where - and + stands for the removal and application of H, so that ∆T+
ad

and ∆T−ad accounts for the adiabatic temperature change when applying and

removing H, respectively.

To obtain temperature span values insulation was imposed for CR, and

HR was kept at a fixed operating temperature [25–27]. On the other hand, to

obtain cooling power quantities the temperature of both reservoirs were kept

at fixed values. The fixed temperature boundary conditions are considered

by keeping constant the temperature of the boundary point:

T n+1
b = T nb , (10)
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where b is the boundary space index. Thermal insulation is modeled by

keeping the temperature of the previous point equal of the boundary point:

T nb±1 = T nb . (11)

To investigate how the curve of thermal conductivities influences the per-

formance of an active magnetic refrigerator three curves were used as shown

in Fig. 2: one curve with constant k (equal to the thermal conductivity

of Gd at 293 K, 10 W/(mK)), one curve with increasing k with tempera-

ture (Gd+), and one curve with decreasing k with temperature, obeying the

following equations:

kGd− =




kmin, if T < TC
√

∆k2 − (T − TC + ∆k) + kmin, if T > TC

(12)

kGd+ =





√
∆k2 − (T − TC −∆k) + kmin, if T < TC

kmin, if T > TC

(13)

where kmin = 8.4 K, TC=293 K, and ∆k = 4.2 W/(mK). While k of Gd-

decreases 50 %, the k curve of Gd+ increases 50%, relative to kmin. A change

of 100%, reported by many investigations as described in the introduction

section, was not the choice of the present investigation since the temperature

window of magnetocaloric systems are more reduced (typically up to ∼ 20

K).

The used value for CH and ρ for Gd were extracted from Ref. [17] (Fig.

3). While CH is strongly dependent on temperature, ρ can be considered as

being fixed at 7900 Kg/m3. Water was chosen for the fluid. Note that for

dimensioning actual systems one must consider thermal properties of heat
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exchangers. For the simplicity of the current model, and to focus on the

purpose of the present investigation, we have used the thermal properties of

copper for both reservoirs. All the physical properties of the used materials

in the modeled system is listed in table 1. Finally, the used space and time

steps were 0.1 cm and 0.005 s, respectively. The length of the fluid, MCM,

HR and CR were 16 cm, 5 cm, 2 cm and 2 cm, respectively. The modeled

stroke that dictates the motion of the fluid was 2.5 cm, i.e. in the present

case the motion amplitude of the reservoirs and MCM was 2.5 cm. This value

allowed to incorporate a non-negligible regenerative effect. The considered

thickness of each parallel plate was 1 mm, and the spacing between them was

1 mm. These values can vary in some magnetocaloric prototypes described

in literature [2], although within the same order of magnitude considered in

the present investigation.

Finally, one should analyze the validity of the unidimensional model to

the considered AMR system. Petersen et al. compared 1D and 2D numerical

models for active magnetic regenerative refrigerators and concluded that 1D

models are sufficient to describe the related behavior if temperature gradients

in the perpendicular direction of the fluid flow is small [24]. This condition

can only be met if the longitudinal heat transfer processes are fast enough,

which can occur if Eq. 2 is verified. In the particular case of the present

system ∆l must be < 2.5 mm, which is verified since the thickness of each

parallel plate is 1 mm.
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3. Model validation and computation

For the temperature span investigation, both the frequency and the op-

erating temperature were sweeped. Therefore, a total of 3×17×30=1530

simulations were carried out (3 Gd investigations, 17 frequencies and 30 op-

erating temperatures). For the cooling power investigation the temperature

span was kept constant at 10 different values, ranging from 0 to 100% of

the maximum temperature span (no load temperature span). This was done

for the operating temperatures 298 K, 302 K and 305 K. In this case the

operating frequency was kept constant at 0.07 Hz. For the computation a

workstation with 28 physical cores Intel(R) Xeon(R) CPU E5-2690 v4 @ 2.60

GHz were used.

To validate the present simulations 4 tests were performed: (i) First, a

comparison of the used refrigeration system model with Gd for the MCM

was made with the numerical work of Petersen et al. [17]. For the frequency

of 0.167 Hz, a temperature span of 11.61 K was obtained with our model,

compared to 10.9 K of ref. [17] (error of ∼ 3.5 %). (ii) Another performed

validation was the verification of invariant temperature span when changing

the first magnetocaloric effect step. Applying H or removing H in the first

cycle of the operation led to the same results since the hot reservoir (HHEX)

is at a fixed temperature and the cold reservoir (CHEX) is insulated. (iii)

At the maximum temperature span, the cooling power must be 0, which

was verified in the cooling power study for all the considered three operating

temperatures, as observed in Fig. 6. (iv) Finally, at zero cooling power the

temperature span must be maximum (∆Tmax), which was also verified in the

cooling power study (see Fig. 6).
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4. Results and discussion

From Fig. 4 (g), (h), and (i) one can observe that three different regimes

occur for different operating temperatures. At 298 K, Gd+ has the largest no

load temperature span (∆Tmax), followed by Gd. The smallest ∆Tmax occurs

for Gd-. At the operating temperature of 302 K ∆Tmax is approximately

the same for all the MCM model types. For the operating temperature of

305 K, ∆Tmax is largest for Gd- and smallest for Gd+. Note that for large

frequencies the difference between the three MCM models vanishes. This can

be observed in all the plots of Fig. 4 (g-i). This behaviour occurs since for

large frequencies the period is too small for the axial conduction to occur

before switching the flow of the liquid, so that the axial conduction plays a

minor role in the heat transfer. The difference of the temperature span for

different MCM models when the frequencies tend to 0 also reduces. However,

in this case this reduction is due to the fact that in the limit of 0 Hz all the

curves must present the same value of 0 K.

Since Eq. 2 is verified for the present system, the role of the longitudinal

heat conduction is negligible on the dynamic AMR process. Therefore, it is

expected that the less the k (axial conduction) the largest the temperature

span. In fact, from Figs. 4 (a-i) one can observe that the smaller the average

k the largest temperature span. For example, for the operating temperature

298 K, Gd+ has an average k over the x-axis smaller than Gd and Gd-,

making Gd- a better material for small operating temperatures. The opposite

behavior occurs for large temperature spans, where the average k of Gd- is

smaller than Gd and Gd+. For the operating temperature of 302 K, the

average k is approximately the same for all the MCM models so that ∆Tmax
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is approximately the same.

Figure 5 shows the temperature span at 0.07 Hz as a function of operating

temperature for the three MCM model types. It is clear that two different

regimes occur: one at low operating temperatures (< 302 K), and one at

high operating temperatures (> 302 K). The separation in two regimes is

correlated with the average k of the MCM as pointed out in the last para-

graph. Since the k of Gd+ increases with temperature, the smallest average

k of the MCM in the stationary state occurs for small temperatures. On the

contrary, since the k of Gd- decreases with temperature, the smallest average

k in the stationary state occurs for large temperatures. The transition of the

MCM model type for the temperature span happens at ∼ 302 K, which cor-

responds to the operating temperature where half of the MCM is at kmin and

half at kmin+∆k for both Gd- and Gd+. At this operating temperature, the

average k of Gd- and Gd+ is approximately equal to the fixed k of Gd. Note

that in Fig. 4 (h) at small frequencies the three curves diverge. This fact

occurs since at this operating frequency the temperature span is smaller, and

thus the change of k along the x-axis is no longer centered in the middle of

the MCM, i.e. the difference of the average k for Gd- and Gd+ is no longer

negligible.

The impact of using different MCM models on the performance of a mag-

netocaloric refrigerator is somewhat different when the key parameter is the

cooling power. The main difference when compared to the temperature span

is related to the operating temperature. Figure 6 shows the cooling power

per area as a function of temperature span / maximum temperature span

ratio (∆Tr) for the three operating temperatures analyzed above (298K, 302
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K and 305 K). First, one can observe that the cooling power per area tends

to be the same for the three MCM models when approching ∆Tr to 0 and to

1. For ∆Tr = 0 the temperature of the MCM is approximately uniform and,

thus, the axial heat conduction has a minor role on the heat transfer pro-

cesses. For ∆Tr = 1, the system has attained ∆Tmax and the cooling power

per area has reached 0. From Fig. 6 it is clear that the maximum cooling

power per area reduces with the operating temperature from 298 K to 305

K. Moreover, Gd+ shows always the smallest values. This trend comes from

the fact that this difference among the three MCM model types occurs for

∆Tr 6= 1. Thus, the average k of Gd+ is always larger for the 3 operating

temperatures. Nevertheless, for smaller operating temperatures one expects

that the cooling power of Gd+ becomes largest compared to Gd and to Gd-.

Finally, one must note that the optimum operating frequency was marginally

changed for the three MCM model types. For instance, for the operating

temperatures depicted in Fig. 4 only the optimum operating frequency was

changed by a very small amount from Gd+ to Gd and to Gd- for the operat-

ing temperature 298 K. This occurs since the optimum operating frequency

is mostly dictated by the geometry, the heat transfer processes between the

MCM and fluid, the thermal properties of the fluid, and the longitudinal heat

transfer processes of the MCM. Since one uses the same geometry and fluid in

the present investigation, and since the heat transfer processes between the

MCM and fluid can be considered the same when using Gd, Gd- and Gd+,

only the longitudinal heat transfer processes can change when using different

MCM model types. However, as already pointed out previously, the longitu-

dinal heat processes for thin parallel plates are too fast and, therefore, they

15



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

do not limit the speed of the heat transfer processes of the overall system

(Eq. 2 verified). Using different k(T ) curves can only influence significantly

the operating frequency if using l values not satisfying 2, which is, in general,

not the case for parallel plate and packed spheres regenerators.

5. Conclusions

We have performed a systematic numerical investigation on the influence

of the temperature dependence of the thermal conductivity on the perfor-

mance of active magnetic regenerative refrigeration systems using parallel

plates MCMs as regenerator. We have used the heatrapy package to per-

form numerical simulations at 1.5D for regenerators based on parallel plates.

Changes of thermal conductivities of ∼ 50%, compatible with observed ex-

perimental data, can lead to variations of temperature spans and cooling

power quantities of ∼ 15%. k(T ) curves have impacts on the axial and longi-

tudinal heat transfer processes within the magnetocaloric material. However,

for most geometries, such as thin parallel plates regenerators, k values has

typically a minor role in the longitudinal heat transfer processes if the thick-

ness obey the condition <
√

kτf
CHρ′

. Therefore, in the present investigation

these variations come from the fact that axial conduction plays an impor-

tant role on the regenerative effect: the less axial conduction the better.

Moreover, since the longitudinal thermal processes are too fast, the opti-

mum operating frequency changed only marginally. Our results show clear

evidence that neglecting the temperature dependence of the thermal conduc-

tivity of the magnetocaloric material affects the resulting performance of the

magnetocaloric system.
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Figure 1: Geometry for the unidimensional active magnetic refrigerator model. The fluid is
static, while the MCM, hot and cold reservoirs (HR and CR, respectively) moves cyclically
in the horizontal direction. Heat is transferred between the fluid the the 3 remaining
elements (p).
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Figure 2: Temperature dependence of the thermal conductivity for three model materials:
Gd with fixed k (Gd), Gd with increasing k (Gd+), and Gd with decreasing k (Gd-).
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Figure 4: Thermal conductivity along the x-axis of the MCM at the stationary state for
Gd- at (a) 298 K, (b) 302 K and (c) 305 K, and for Gd+ at (d) 298 K, (e) 302 K and
(f) 305 K. Temperature span as a function of frequency of the 3 MCM model types for
the operating temperatures (g) 298 K, (h) 302 K and (i) 305 K.
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Figure 5: Temperature span of the modeled system as a function of operating temperature
for the three MCM model types. The system operates at 0.07 Hz.
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Figure 6: Cooling power per area as a function of temperature span / maximum tempera-
ture span ratio (∆Tr) for the three MCM model types and for the operating temperatures:
(a) 298 K, (b) 302 K and (c) 305 K
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