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Abstract. The influence of the thermal conductivity of the regenerator solid on the
performance of a flat plate active magnetic regenerator (AMR) is investigated using an
established numerical AMR model. The cooling power at different (fixed) temperature
spans is used as a measure of the performance for a range of thermal conductivities,
operating frequencies, a long and short regenerator, and finally a regenerator with a low
and a high number of transfer units (NTU) regenerator. In this way the performance
is mapped out and the impact of the thermal conductivity of the solid is probed.
Modeling shows that under certain operating conditions, the AMR cycle is sensitive
to the solid conductivity. It is found that as the operating frequency is increased it is
not only sufficient to have a high NTU regenerator but the regenerator performance
will also benefit from increased thermal conductivity in the solid. It is also found that
a longer regenerator is generally better performing than a shorter one under the other-
wise exact same conditions. This suggests that the thermal conductivity of candidate
magnetocaloric materials should be considered when selecting them for use in a device.

Keywords: Active magnetic regenerator; thermal conductivity; parallel plate heat ex-
changer; magnetocaloric effect; magnetic refrigeration

PACS numbers: 44.05.+¢,44.15.+4a,44.30.4v,75.30.Sg
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1. Introduction

Magnetic refrigeration is an emerging technology that may improve energy efficiency
of refrigeration devices in general and in particular significantly reduce the release of
refrigerant gases with large global warming potentials [1]. A magnetic refrigerator that
works at room temperature is based on the active magnetic regenerator (AMR) principle.
During the AMR cycle one or multiple solid magnetic materials are periodically
magnetized/demagnetized thus increasing/decreasing their temperature due to the
magnetocaloric effect (MCE). This is synchronized with an oscillating flow of a heat
transfer fluid that removes excess heat and rejects it to the ambient at one end of the
system (denoted the hot end) and absorbs a cooling load at the other (cold) end [2].

The MCE is related to the change of magnetic entropy when the magnetic field
applied to a magnetic material is varied. It may manifest itself as an adiabatic
temperature change or an isothermal entropy change [3] depending on the condition
under which the field is applied. For practical AMR devices applied magnetic fields of
between one and two Tesla are considered viable (these may be generated by practical
permanent magnets) [4], which result in an adiabatic temperature change of the order
of a few Kelvin. The magnetocaloric solid material is therefore organized as a thermal
regenerator matrix. In this way a temperature span several times greater than the
adiabatic temperature change may be obtained.

The application of the MCE as both the active refrigerant and as a thermal
regenerator results in significant demands on many different properties of the solid
material. Other than the MCE properties, which are studied in great detail in the
literature [1, 5], these include mechanical and shaping properties and the thermal
properties mass density, ps, specific heat, cg, and thermal conductivity, ks, with subscript
s denoting solid.

An efficient thermal regenerator should generally be able to transfer heat from the
interior of the solid to the heat transfer fluid at a sufficient rate as well as minimize
conduction losses due to the temperature gradient in the axial direction caused by
the temperature difference between the hot and cold ends. This means that an ideal
regenerator solid material should have an infinite thermal conductivity transverse to
the direction of the flow and zero thermal conductivity in the direction of the flow
(in the following denoted the axial direction). Such an extremely anisotropic material
hardly exists and it is therefore quite relevant to investigate the influence of a finite,
and isotropic, thermal conductivity of the solid.

The operating frequency of an AMR device is generally considered to be critical
for the overall performance [4]. At higher frequencies the cooling power density has
been shown to increase [6], [7] as long as the regenerator is efficient at transferring heat
between the solid and fluid. At lower frequencies the heat transfer is less important
whereas the power density decreases and the axial conduction will have a more significant
impact. These trends are quantified in the following using a previously published 2-
dimensional numerical AMR model that numerically resolves the thermal conduction in
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the axial direction and perpendicular to the direction of the flow [8]. A simplified model
magnetocaloric material is assumed [9] so that the only varied material parameter is the
thermal conductivity.

The influence on heat transfer performance of the thermal conductivity of a single
sphere was investigated in Ref. [10]. The heat transfer characteristics of the sphere
were found to be highly dependent on cycle frequency and solid conduction, however,
the study was used to develop a correction factor for 1D regenerator models to account
for temperature gradients in the solid material and did not predict AMR performance.
A correction to the convective heat transfer coefficient, i, based on the Fourier and Biot
numbers was suggested in line with the earlier work presented in Refs. [11, 12].

2. Numerical AMR model

In order to study the influence of the solid thermal conductivity a 2-dimensional AMR
is applied. The model was published in Ref. [8] and simulates a parallel flat plate
regenerator. The model solves the unsteady partial differential heat transfer equations
in two dimensions. These may be expressed as

oT, ks

- 2T+ ¢ 1
ot pscsv + Quce (1)
0T; ke —,
— = —VI; —u- VI 2
ot prfv f u-Vv fy ( )

where T is temperature, t is time, QMCE is the magnetic work term, u is the flow
velocity field, k is the thermal conductivity, p is the mass density and ¢ the specific
heat. Subscript f indicates the fluid domain and s indicates the solid domain. The AMR
cycle is divided into four steps. Firstly, the magnetocaloric material is magnetized, thus
increasing the temperature. This is implemented as a step-change for simplicity. Thus,
the magnetic work term in Eq. 1 is only non-zero twice per cycle (once for magnetization
and once for demagnetization). Secondly, the heat transfer fluid is moved from the cold
to the hot end through the regenerator. This is the cold to hot blow period. Thirdly,
the material is demagnetized thus decreasing the temperature. Finally, the heat transfer
fluid is moved from the hot to the cold side.

During the AMR cycle heat is rejected at the hot end, Quet, at the hot side
temperature Tio, and a cooling load is absorbed at the cold end, Qcom, at a fixed
temperature Toq. The AMR cycle is repeated until cyclic steady state is reached. This
is defined as the point when the relative change of both Qhot and Qcold from the previous
cycle to the current one is less than 1076, Details about the numerical implementation
may be found in Ref. [§].

2.1. Magnetocaloric and thermal properties

A set of thermal properties are necessary as input to the model. The present work
is focused on the influence of the thermal conductivity of the solid and the remaining
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Table I. The thermal properties of the solid and fluid applied in the model.
Property | k [W/mK] p [kg/m’] ¢ [J/kgK]
Solid 1-100 7900 300
Fluid 0.6 1000 4200

Table II. Thermal conductivity of magnetocaloric materials currently applied in
various AMR devices. The values are reported at room temperature.

Material k [W/mK] Ref.
LaCaSrMnO 1 [17]
LaFeCoSi 8 [18]
Gd, GdEr, GdTh 10 19]

parameters have therefore been chosen to be constant and similar to those of gadolinium
(for the solid) and water (for the fluid). Table I gives the properties used in this
investigation.

Magnetocaloric materials that are currently being used in experimental devices
typically have conductivities from 1 to about 10 W/mK. Reported in literature these are
the following series LaCaSrMnO [13, 14], LaFeCoSi and LaFeSiH [14, 6] and gadolinium
[15, 16]. Their thermal conductivities are provided in Table II. For the present study is
was decided to cover this range of thermal conductivity and extent it somewhat so that
it ranges from 1 to 100 W/mK.

The magnetocaloric effect is simplified significantly in this study. A constant
adiabatic temperature change AT, = 3 K is assumed and the specific heat in
zero magnetic field is likewise constant with a value of 300 J/kgK. In order to
be thermodynamically self-consistent the specific heat while magnetized is found by
combining the constant adiabatic temperature change and specific heat in zero field
through the defining relation

s(T,H = Hy) = s(T + AT,(T), H = H,). (3)

Here, H, and H, are the initial and final magnetic fields, respectively, and in particular
the initial field is assumed to be zero. The specific entropy is denoted s. This is
found by integrating ¢/T" at constant field with respect to temperature. The specific
entropy in field is then used to derive the specific heat in field that is then a function of
temperature, albeit only slightly varying. A very similar model material was considered
in Ref. [9] and is useful for this investigation as it eliminates variables associated with
experimental MCE data such as temperature dependence and experimental uncertainty.
The magnetic field change is assumed constant and homogeneous throughout the entire
magnetic plate such that demagnetizing effects are ignored.
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Table III. Operating and geometric parameter variations.

Parameter Value range
L [m] 0.05 and 0.2
He, Hg [mm)] 0.2, 0.3 and 0.4, 0.6
f [Hz] 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0
Teoa [K] 265-295, steps of 5 K
Thot [K] 295

2.2. Model cases

In the following the various parameter variations (or model cases) are described and
justified. A summary is given in Table III.

2.2.1. Regenerator length 'The major variation in this investigation is obviously that
of the thermal conductivity of the solid. It is, however, quite relevant to consider this
variation for different AMR cases. Two values of the length, L, of the regenerator
are considered, 0.05 and 0.20 m, respectively. These are denoted as short and long
regenerators. A longer regenerator is expected to have fewer losses due to axial
conduction than a shorter one. This will be quantified in the results section. In all
cases modeled here, the total regenerator volume is held constant, so a long regenerator
will have a smaller cross-sectional area for fluid flow.

2.2.2.  Regenerator effectiveness A common way of classifying the heat transfer
effectiveness of a thermal regenerator is to consider the number of transfer units defined

as
hAuT

™meCe
NukaHT

ekt el s 4
2fSOWLsCsdh ( )
e

B 2fmgcs (5)

Here, the heat transfer surface area, mass flow rate of the heat transfer fluid, Nusselt

NTU =

¥

number of the regenerator, operating frequency, mass of the solid, and the hydraulic
diameter have been introduced and are denoted by Ayr, myg, Nu, f, ms and dp,
respectively. The thermal utilization, ¢, has also been introduced. This ratio describes
the ratio of the thermal mass of the moved fluid to the thermal mass of the regenerator
solid.

Generally, as the NTU increases the regenerator effectiveness increases [20]. For
a parallel plate regenerator with an incompressible laminar flow, which is considered
here, the Nusselt number is roughly constant [21]. The only geometric parameter that
can change the regenerator effectiveness is therefore the hydraulic diameter, which for
parallel plates is d, = 2H; where Hy is the flow channel thickness. A smaller channel
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thickness thus yields a more effective regenerator. Two cases are therefore considered:
one with Hy = 0.2 mm and one where H;y = 0.4 mm. These are called high and low
NTU regenerators, respectively, in the following.
The porosity of the regenerator is defined as
Hy

€= 1 H (6)
where Hy is the solid plate thickness. Keeping this value fixed at 0.4 and the thermal
utilization, defined in Eq. 5, constant at 0.5 in all model cases implies that the plate

thickness should follow the flow channel thickness. Se Tab. III for details.

2.2.3. Operating frequency It is clear that the operating frequency, f, of an AMR
device is very important for the resulting performance. A higher frequency means that
the MCE is magnetized and demagnetized more often per unit time, increasing the
potential for cooling power. At the same time, the fluid flow rate must also increase to
maintain the utilization, which reduces the NTU. A low frequency may yield a cooling
power density that is too low and parasitic losses may become dominating. On the other
hand, a high frequency operation can reduce regenerator efficiency as the fluid velocity
becomes too high for efficient regeneration. The operating frequency is therefore varied
from 0.25 Hz to 4 Hz in this study, which corresponds to recently published devices [22].

2.2.4. Temperature span and cooling power The model is used in a mode where the
cold and hot side temperatures are prescribed. The hot side is at all times T},,; = 295 K
and the cold side varies from T, q = 295K down to 265 K in steps of 5 K. The resulting
Qcold as a function of the temperature span, defined as AT = T}t — Tiola, is then found.

The results presented in the following section are then given as normalized cooling
powers (ranging from 0 to 1) at a fixed temperature span.

This means that the resulting cooling power from the model (in units of W/kg)
has been divided by the maximum cooling power within the relevant parameter space.
The relevant parameter space includes the range of operating frequency, solid thermal
conductivity, regenerator length and regenerator effectiveness given in Table III but is
at a fixed temperature span. The results given in Figures 1-3 are thus scaled with the
same number (230 W /kg) and are thus directly comparable.

The results given in Figs. 4-5 are scaled with a number different from that in the
previous figures and the results between the two sets of figures are therefore not directly
comparable. The reason for this is the difference in the fixed temperature spans in the
two cases that makes direct comparison irrelevant.

In this way it is straightforward to probe the impact of the variations in the
parameters on the cooling power of the regenerator, since all the results may be compared
directly (for a given fixed AT).
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Figure 1. (Color online) The normalized cooling power as a function of the solid
thermal conductivity for a short regenerator (L = 0.05 m). The normalization is done
using the maximum cooling power of 230 W /kg. (a) The NTU is low (Hf = 0.4 mm).
(b) The NTU is large (Hf = 0.2 mm). The legend indicates AMR operating frequencies.

3. Results and discussion

3.1. Fized temperature span of 10 K

In Fig. 1 the normalized cooling power for the short regenerator is given. T'wo plots are
shown: one where the NTU is low (Fig. 1(a)) and one where it is large (Fig. 1(b)). In
both plots the normalized cooling power as a function of the solid thermal conductivity
is given at different AMR operating frequencies. The low-NTU regenerator is not able to
maintain a sufficient temperature span above 1 Hz (see Fig. 1(a)) and negative cooling
powers are not plotted. The temperature span is fixed at 10 K.

As the frequency increases it is quite clear that the sensitivity of the performance
to the solid thermal conductivity becomes more pronounced. At low conductivities the
normalized cooling power is a very steep function of the thermal conductivity (Fig.
1(b)). This is due to the fact that as the frequency increases the required heat transfer
rate from the internal part of the solid to its surface, and thus contact with the heat
transfer fluid, also has to increase in order for the performance to be maintained.

It is also evident from Fig. 1 that an optimal solid conductivity exists. When the
thermal conductivity becomes too high the regenerator performance is reduced due to
the effect of axial conduction. At higher frequencies this effect is less pronounced, albeit
still present (see Fig. 1(b)). If the thermal conductivity is too low, the solid cannot
transport the magnetic work from its interior to the fluid. It is also evident from Fig. 1
that materials with low conductivity provide the best results for low frequency operation
when the regenerator is relatively short.

The normalized cooling power as a function of thermal conductivity of the solid in
the case of a long regenerator is given in Fig. 2. The results are similar to those of the



The influence of the solid thermal conductivity on active magnetic regenerators

1

e o o o
o N » ©

1N
»

Normalized cooling power
o o
[ Ul

10 15 20
Thermal conductivity [W/mK]

25

30

© o o ©o
o N ™ t©

Normalized cooling power
o o o
1

©
[N}

N

(8

10 15 20
Thermal conductivity [W/mK]

25

30

9

(a) (b)

Figure 2. (Color online) The normalized cooling power as a function of solid thermal
conductivity for a long regenerator (L = 0.2 m). The normalization is done using the
maximum cooling power of 230 W/kg. (a) The NTU is small (Hy = 0.4 mm). (b) The
NTU is large (Hr = 0.2 mm). The legend indicates AMR operating frequencies.

short regenerator, although one clear difference is observed. As the thermal conductivity
of the solid increases the cooling power generally also increases or becomes constant as
opposed to the short regenerator case (Fig. 1) where the cooling power decreases at
high conductivities due to the axial conduction losses. Since the temperature span in
both cases is the same, the axial conduction is reduced in the long regenerator simply
because of the increased conduction path.

It is also clear from Fig. 2 that the overall performance, at a given frequency and
conductivity, is better than for the short case (Fig. 1). It is therefore clear that a longer
flat plate regenerator is generally better than a shorter one under the same operating
conditions. This is, however, from a strictly AMR point of view and not taking into
account external factors such as the design of permanent magnets. It should also be
kept in mind that these results are for parallel plates. When considering packed sphere
regenerators, where the pressure drop is significantly larger, a longer regenerator may
be difficult to realize.

Figure 3(a) shows the normalized maximum cooling power with respect to the
thermal conductivity as a function of operating frequency for the four cases of different
regenerator geometries (still at a fixed temperature span of 10 K). Figure 3(b) shows
the corresponding values of the thermal conductivities at the maximum cooling powers.
The cooling power clearly has a maximum as a function of operating frequency, which
is dependent on the NTU of the regenerator. The longer regenerators are also seen to
be superior to the shorter regenerator, which was also concluded from Figs. 1-2.

The solid thermal conductivity at which the maximum cooling power occurs
increases with increasing operating frequency. It may thus be concluded that AMR
devices operating at higher frequencies would benefit from an MCM with higher thermal
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Figure 3. (Color online) (a) The maximum cooling power as a function of operating
frequency at a fixed temperature span of 10 K. (b) The corresponding solid thermal
conductivity at which the maximum occurs. The legend describes the four different
geometries considered.
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Figure 4. (Color online) The normalized cooling power as a function of solid thermal
conductivity for a short regenerator (L = 0.05 m) at a fixed temperature span of 20 K.
The normalization is done using the maximum cooling power of 115 W /kg. (a) The
NTU is small. (b) The NTU is large.

conductivity. Again, this is due to the increased demand on the heat conduction through
the solid transverse to the axial direction at higher frequencies.
3.2. Fized temperature span of 20 K

As the temperature span is increased the axial conduction will also increase.
Furthermore, the requirement of the regenerator effectiveness is also increased. Figure
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Figure 5. (Color online) The normalized cooling power as a function of solid thermal
conductivity for a long regenerator (L = 0.2 m) at a fixed temperature span of 20 K.
The normalization is done using the maximum cooling power of 115 W/kg. (a) The
NTU is small. (b) The NTU is large.

4 gives the cooling power as a function of the solid thermal conductivity for the short
regenerator (at the small and large values of the NTU, respectively) and Fig. 5 for
the long regenerator. The normalization is done for the present parameter space at a
temperature span of 20 K and the results may therefore not be compared directly to
those presented in Figs. 1-2.

It is clear that since the plate and channel thicknesses are held constant, the possible
range of operating frequencies with a positive cooling power is decreased as the imposed
temperature span is increased. That is to be expected from basic AMR theory since
the time for heat transfer decreases as the frequency increases and thus the number of
transfer units will decrease. Imposing a larger temperature span therefore significantly
decreases the availability of cooling power in the regenerator.

What is of greater interest is the fact that in the case of the short regenerator
(Fig. 4) the dependence of the cooling power on the solid thermal conductivity is more
pronounced. At the higher operating frequencies a clear optimum exists, which also
increases as a function of the frequency, as was the case for the smaller temperature
span.

For the long regenerator (Fig. 5) it is seen that it is still beneficial to increase
the thermal conductivity at higher frequencies. It is, however, also apparent that at
an operating frequency of 2 Hz, the dependency on the thermal conductivity is much
greater when the temperature span is 20 K (Fig. 5(b)) rather than 10 K (Fig. 2(b)).
However, at low frequency operation the performance remains only slightly dependent
on solid thermal conductivity.

It should be noted that at an operating frequency of 4 Hz none of the considered
regenerators are able to produce a positive cooling power at the fixed temperature span



The influence of the solid thermal conductivity on active magnetic regenerators 12

of 20 K and these curves are therefore not plotted in Figs. 4-5.

4. Conclusion

A 2-dimensional numerical AMR model was applied in order to study the effect
of the solid thermal conductivity on the performance of flat plate active magnetic
regenerators. Several operating frequencies, regenerator effectivenesses and regenerator
lengths were considered. It is found that the AMR performance may be highly sensitive
to the thermal conductivity depending on the operating conditions, but only a limited
parameter space was considered. Modeling showed that there exists an optimum solid
thermal conductivity for a given geometry and operating condition that balances thermal
transport from the MCM to the heat transfer fluid and axial conduction losses.

It was shown that performance can be greatly affected by the regenerator length,
which is directly related to axial conduction losses. The importance of the solid thermal
conductivity was shown to depend on the operating frequency of the device. Generally,
if the AMR device is operated at a high frequency, the sensitivity of the performance to
variations in the thermal conductivity is increased. The model predicted that for a long
regenerator a conductivity of 50 W/mK is necessary to achieve maximum cooling power
for 2 Hz operation, which is significantly higher than current high performance MCMs
have. For flat plate regenerators, modeling showed that longer regenerators performed
better, as the increased conduction path reduced axial conduction losses associated with
the higher solid conductivity.

It is also concluded that when operating the AMR at low frequencies (< 1Hz), the
thermal conductivity has little impact on the performance and that the trend is that
a smaller conductivity is better. This is due to the fact that axial conduction losses
are relatively larger for lower operating frequencies since the cooling power density is
smaller than at higher frequencies.
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