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h i g h l i g h t s

� A framework is presented for analyzing multilayered active magnetic regenerators.
� The semi-analytic AMR element model is validated with multilayer performance data.
� A temperature span of 40 K is measured near a simulated optimum.
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a b s t r a c t

The active magnetic regenerator (AMR) cycle has the potential to reduce energy consumption and miti-
gate environmental pollutants. While layering regenerators with spatially varying Curie (or transition)
temperatures has been shown to significantly increase AMR performance, layering strategies have yet
to be developed. A central issue is the need for a modeling tool capable of efficiently screening the prob-
lems parameter space. A semi-analytic AMR element model is developed and validated with experiments
over a broad range of operating conditions and regenerator compositions using second-order magne-
tocaloric materials. An optimization is performed and a temperature span of 40 K is measured in close
proximity to the simulated optimum.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetic heat pumps using solid-state magnetocaloric materi-
als (MCM) have the potential to reduce energy consumption and
mitigate environmental pollutants [1]. Applications near room
temperature typically use an active magnetic regenerator (AMR)
cycle to overcome the limited magnetic entropy change of magne-
tocaloric materials [2]. While AMR systems still face technical chal-
lenges [3,4], performance can be improved by layering
regenerators with spatially varying Curie (or transition) tempera-
tures [5].

Jacobs et al. (2014) [6] presented the performance of a six-layer
La(Fe,Co,Si)13 regenerator demonstrating 2.5 kW of cooling power
at a temperature span of 11 K. Govindappa et al. (2017) [7] inves-
tigated MnFeP1�xAsx multilayer regenerators and measured a no-
load temperature span of 32 K. While experimental [8–15] and
numerical [16–22] multilayering studies have shown promising
performance improvements, optimum layering strategies for
specific performance goals have not been developed. Simplified

modeling tools can play a role by efficiently identifying promising
regions in an extensive parameter space. Solutions to the reduced
problem can then be further refined using more sophisticated
modeling tools and AMR devices.

The present work continues the analysis of multilayered AMRs
using second-order magnetocaloric materials previously described
using experimental and numerical methods [23,24]. A flexible and
computationally efficient modeling tool is developed and validated
with four regenerator compositions tested over a wide range of
operating parameters. The validated model is coupled with a
hybrid optimization algorithm to analyze design modifications.
An optimized design vector maximizing the no-load temperature
span is then implemented and tested in a subsequent experimental
investigation.

2. Model description

The following sections present the energy balance equations for
the semi-analytic AMR element model and the constitutive rela-
tions describing magnetocaloric material properties. The model is
implemented in Python using the open-source SciPy package [25].
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2.1. Semi-analytic AMR model

State-of-the-art AMR models numerically solve the coupled
energy equations for the solid and fluid phases [26–30]. Using this
methodology, Tusek et al. (2011) [31] optimized the displaced vol-
ume, frequency and sphere diameter of a gadolinium AMR. Park
et al. (2015) [18] optimized a multilayer regenerator composition
for a specific cryogenic device, and Bjørk et al. (2016) [32] found
the geometry, Halbach cylinder and operating conditions of a
gadolinium regenerator that minimized cost for a defined operat-
ing scheme. Using a new methodology, Aprea et al. (2017) [33]
trained an artificial neural network with experimental data to con-
trol frequency and displaced volume. While these works identified
performance improvements, the convergence time of numerical
AMR models using readily available computational hardware lim-
its the parameter space that can be explored. Furthermore, the
necessity of training data limits the scope of machine learning
algorithms. Non-linearities and the complexity of coupled phe-
nomena can also complicate the interpretation of simulated
results.

Rowe (2012) [34,35] proposed the use of analytical expressions
to describe the magnetic work and cooling power in an AMR. These
expressions were obtained under the assumption of local thermal
equilibrium between the solid and fluid phases in the regenerator
matrix, which results in a single differential energy equation for
the porous media [36]. An effective conductivity incorporating
finite convection accounts for non-equilibrium between solid and
fluid. In addition, an effective specific heat and reduced adiabatic
temperature change are used. The derived magnetic work and
cooling power expressions yield a fast solution and have been val-
idated with a number of experimental devices. Using the formula-
tion presented by Burdyny et al. (2014) [37], the cooling power of a
material undergoing an AMR cycle is:
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where ms is the mass of magnetocaloric material, cs is the effective
solid specific heat, f is the operating frequency, TH and TC are the hot

and cold temperatures on the boundaries of the regenerator and f is
defined as the effective reduced adiabatic temperature change
(DTad=T). Utilization (U) is a measure of the displaced fluid volume
in a regenerative blow and is defined as the ratio of the fluid to solid
thermal mass:

U ¼ mdcp
mscs

ð2Þ

where md is the mass of displaced fluid and cp is the average fluid
specific heat. The term semi-analytic stems from a modification
proposed by Burdyny et al. (2014) to include the thermal mass
ratio (R):

R ¼ 1þmfcp
mscs

ð3Þ

where mf is the entrained fluid mass in the pores. j is the effective
thermal conductivity which contains a contribution from thermal
diffusion and a degradation factor to account for finite convective
heat transfer. Further implementation details can be found in Ref.
[37].

The net work input, _Wnet, is the sum of the magnetic and pump
work, where the latter is based on the average pressure drop. In the
case of particle beds, pressure drop is numerically estimated using
Ergun’s relation (1952) [38]. The semi-analytic expression for mag-
netic work is given by:
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2.2. Property implementation

In the semi-analytic AMR expressions, the solid phase specific
heat and the adiabatic temperature change are determined using
material properties for discrete low and high magnetic field
strengths (BH;BL) defined by the average magnetic field over each
blow period. Demagnetization effects produce a lower internal
field, Bint , relative to the applied field:

Nomenclature

Roman
B magnetic flux density [T]
c specific heat [J kg�1 K�1]
_ExQ exergetic cooling power [W]
f operating frequency [Hz]
m mass [kg]
nreg number of regenerators [–]
ND demagnetization factor [–]
_Q c cooling capacity [W]
R thermal mass ratio [–]
s entropy [J kg�1 K�1]
T temperature [K]
V volume [m3]

Greek
� regenerator porosity [–]
j effective thermal conductivity [–] or thermal conduc-

tance [W/K]
U utilization [–]
q density [kg m�3]
r specific magnetization [A m2 kg�1]
l0 permeability of free space [H m�1]

f reduced magnetocaloric effect [–]

Subscripts and Superscripts
ad adiabatic
AMR Active Magnetic Regenerator
app applied
OC ambient-to-cold
C cold reservoir or cold side
Curie Curie or transition temperature
D displaced
f fluid
H hot reservoir or high field
HC hot-to-cold
I interface
int internal
L low field
M magnetic
p constant pressure, pump or parasitic
s solid
span temperature span
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