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We present the experimental results for a rotary magnetocaloric prototype that uses the concept of active
magnetic regeneration, presenting an alternative to conventional vapor compression cooling systems. Thirteen
packed-bed regenerators subjected to a rotating two-pole permanent magnet with a maximum magnetic field of

lcjlicxl:r)lil;lllll:z:[llance 1.44 T are implemented. It is the first performance assessment of the prototype with gadolinium spheres as the
Experiment magnetocaloric refrigerant and water mixed with commercial ethylene glycol as the heat transfer fluid. The

importance of various operating parameters, such as fluid flow rate, cycle frequency, cold and hot reservoir
temperatures, and blow fraction on the system performance is reported. The cycle frequency and utilization
factor ranged from 0.5 to 1.7 Hz and 0.25 to 0.50, respectively. Operating near room temperature and employing
3.83 kg of gadolinium, the device produced cooling powers exceeding 800 W at a coefficient of performance of 4
or higher over a temperature span of above 10 K at 1.4 Hz. It was also shown that variations in the flow resistance
between the beds could significantly limit the system performance, and a method to correct those is presented.
The performance metrics presented here compare well with those of currently existing magnetocaloric devices.
Such a prototype could achieve efficiencies as high as conventional vapor compression systems without the use of
refrigerants that have high global warming potential.

of the cooling power (Q,) as a function of the reservoir temperature span

1. Introduction

Magnetocaloric cooling systems are based on the active magnetic
regenerator (AMR) cycle, which exploits the magnetocaloric effect
(MCE) of ferromagnetic materials. The MCE describes the reversible
temperature change when the material is adiabatically exposed to a
changing external magnetic field. By applying a magnetic field, the
magnetic moments of the atoms are aligned, causing the ferromagnetic
material to heat up, and, correspondingly, the material cools down upon
removal of the magnetic field. Magnetic heating and cooling have the
possibility of a very efficient refrigeration process. Although the MCE
was discovered almost 104 years ago by Weiss and Piccard [1], it took
another 59 years for Brown [2] to demonstrate the first prototype of a
magnetic heat pump operating near room temperature. In his device,
pure gadolinium (Gd) was used as the working substance, which exhibits
a second-order phase transition (i.e., the MCE) near room temperature
[3,4]. Since then, the AMR concept has been brought to life, with a
number of recent prototypes operating at different temperatures with Gd
alloys as the magnetocaloric material [5-16].

Commonly, the performance of the AMR cycle is evaluated in terms

* Corresponding author.
E-mail addresses: marv@dtu.dk (M. Masche), chrb@dtu.dk (C.R.H. Bahl).

https://doi.org/10.1016/j.applthermaleng.2021.117947

(AT), which is the difference between the temperatures of the hot and
cold reservoirs, Thor and T4, respectively. Other widely used parame-
ters to characterize the performance are the maximum cooling power
(Qc max) at zero span, the maximum temperature span (ATpqy) at no load,
and the coefficient of performance (COP), which is the ratio of cooling
power to total net input power. In the following, the most relevant rotary
AMR prototypes are briefly reviewed. In 2010, a rotary AMR device with
a maximum field strength (Bpqy) of 1.47 T and two beds filled with 0.11
kg of Gd demonstrated a Q'C,,,m of 50 W over a 10 K span with a COP of
0.3-0.5 at 4 Hz and a ATuq of 29 K at no load [5]. The AMR achieved a
maximum COP of 1.6 while providing a Q. of 50 W over a 2.5 K span and
at 1.4 Hz. Employing a modified magnet circuit (Byuq = 1.54 T) and
0.65 kg of Gd particles, the AT, at no load increased to 33 K at 0.8 Hz,
and a Q. oy Of 96 W was obtained [17].

In 2012, a 1.24 T rotary AMR prototype achieved a ATpqy of 25.4 K at
no load and a Q. of 100 W at a 20.5 K span at 2 Hz using 2.8 kg of Gd
spheres filled into 24 beds. The largest COP was 1.8 for a Q. of 400 W
and a span of 8.9 K at 1 Hz [6]. In 2013, further experiments yielded a
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Nomenclature

Acronyms

AMR Active Magnetic Regenerator
DTU Technical University of Denmark
MCM Magnetocaloric Material

MCE Magnetocaloric Effect

SOPT Second-Order Phase Transition
Roman symbols

B Magnetic flux density [T]

c Specific heat capacity [J ~kg’1~K’1]
CcOP Coefficient of Performance [-]

d Diameter [um]

f Operating (motor) frequency [Hz]
Exc Specific exergetic cooling power [W~kg*1]
Exc Exergetic cooling power [W]

Fy Blow fraction [%]

m Mass [kg]

P Pressure [bar]

q. Specific cooling power [W-kg 1]
QC Cooling power [W]

T Temperature [K]

Teold Cold reservoir temperature [K]

Thot Hot reservoir temperature [K]

u Relative standard uncertainty [%]
U Utilization factor [-]

1% Volumetric flow rate [L/h]

Wiesses ~ Iron losses [W]

Wmag Magnetic power into regenerator [W]
Wshaﬂ Shaft power [W]

Wpump Pumping power [W]

Greek symbols

Ap Pressure drop [bar]

AT Temperature span, Thor —Tcold [K]
n Second-law efficiency [%]

p Density [kg-m]

r Shaft torque [Nm]

T AMR cycle period [s]

Tp Single blow period [s]

Subscripts

f Fluid

max Maximum

P Particle

zero-span Q. mq of 1010 W at 1.8 Hz. Notable temperature spans of 18.9
K and 13.8 K were obtained at 1.5 Hz for a heat load of 200 W and 400
W, respectively [15]. A maximum second-law efficiency (17ymax) of
5.6 % was obtained at 1.5 Hz for a 12.9 K span and a Q. of 400 W, which
corresponds to a COP of 1.23 [12]. Later, Okamura and Hirano [18]
reported a Qcmx of 200 W and a COPpyq of 2.5ata5Kspanforal.l T
AMR using 1 kg of Gd. Another prototype with a 0.85 T permanent
magnet assembly achieved a ATy of 13.8 K and a Qumax of 200 W,
employing about 1.3 kg of Gd [19]. Also in 2013, a hybrid magnetic
refrigerator combined with a Stirling gas refrigerator was proposed that
comprised a Halbach cylinder (Bjqx = 1.5 T) and 198 g Gd sheets. Tests
with He gas as the heat transfer fluid yielded a ATp,q, of 21.5 K at no load
and a QC of 6 Wata 14.9 Kspan [20]. In 2014, a rotary AMR device with
a permanent magnet that could induce a Bjqy 0of 1.17 T provided a ATy
of 38 K and a Q. jnay 0f 300 W with AMRs filled with Gd [19]. In the same
year, a rotary AMR with B,;q, = 1.25 T and 1.2 kg of Gd provided a ATy
of 13.5 K at no load at a cycle frequency of 0.72 Hz [21]. Further testing
demonstrated a ATpqy of 11.9 K at no load at 0.93 Hz and a COPjpqy of
2.5 for a chmax of 200 W close to zero span at 0.38 Hz [11]. The 1.5 T

AMR built by Cheng et al. [22] produced a Qc,max of 147 W and a ATy
at no load above 25 K at 2 Hz, employing 1.5 kg of Gd and GdEr
particles.

In 2016, Trevizoli et al. [23] reported a Q; yqx Of 53.7 W at zero span
and 1 Hz and a AT}q, of 28 K at 0.5 Hz for a 3.6 W Q,, employing a single
packed-bed regenerator filled with 196 g of Gd. A peak COP of 4.6 was
calculated when the AMR provided a Q. of 11 W over a 5 K span and at
0.25 Hz, while a #y;max of 13.5 % was obtained for a Q of 6.5 W over a
15 K span and at 0.25 Hz. The AMR used a magnetic circuit with a peak
magnetic field of 1.69 T [24]. Moreover, Trevizoli et al. [25] found that
the heat gain from the ambient to the regenerator is the main factor in
reducing the AMR performance, underscoring the importance of a well-
insulated AMR design. In the same year, a rotary AMR with By, = 1.6 T
and two regenerators with 0.25 kg Gd particles demonstrated a
maximum cooling power of 18 W over a 3 K span and a ATy, of 21 K
[26]. Another AMR with a rotor-stator magnetic circuit (Bpg, = 1.0 T)
and eight pairs of beds, all filled with 1.7 kg of Gd, produced a ATy;qy of

12Kat1Hzanda Q'C,max of 150 W. The highest COP of 0.54 and 7 max of
1.16% were obtained at a 7.1 K span at 0.8 Hz and for an 80.4 W Q. [27].
Eriksen et al. [10] reported the performance of a rotary AMR device with
Bmax = 1.13 T and eleven regenerators filled a total of 1.7 kg of spheres
made of Gd and Gd(; x)Yx. At 0.75 Hz, the AMR demonstrated a ATqyx of
20 K atno load and a chmax of ca. 140 W over a span of around 5.5 K with
a COP of 4.6. Later, this device demonstrated a 5, max of 18% with a COP
of 3.6 ata Q. of 81.5 W at 0.61 Hz over a 15.5 K span [14]. Huang et al.
[28] presented a 0.875 T rotary AMR, employing seven regenerators
filled with a total of 1.18 kg of Gd. The device achieved a ATq 0f 11.6 K
atno load and at 1.7 Hz and a chmax at zero span of 162.4 W with a COP

0f 1.59. The COP,q, of 1.85 was obtained at 1.2 Hz for a Q, of ca. 100 W.
Recently, Lionte et al. [16] presented a high-performance AMR proto-
type with a permanent magnet system (Bpg = 0.51 T) and 5.5 kg of Gd
and Gd alloys, producing a Q. nax of 900 W at an 18.4 K span with a COP

of 9.7 and a QC of 768 W over a ATy of 21.4 K with a COP of 8.4.

The present study describes experimental results for a rotary AMR
device developed and built at the Department of Energy Conversion and
Storage (DTU Energy). Depending on the specific needs of the applica-
tion, the AMR device is able to provide a cooling or heating load [29].
The cooling/heating load can be measured at different operating con-
ditions, e.g., hot reservoir temperatures, fluid flow rates, cycle fre-
quencies, and blow fractions. A special focus has been directed to the
hydraulic system operation and control, which are important factors in
obtaining the optimum performance of the AMR cycle. Several studies
[30-35] highlight that flow imbalance effects can harm the cooling
performance of small-scale AMR devices, and corrective valve adjust-
ments demonstrate performance improvements [31]. The effect of flow
balancing in large-scale AMR devices with multiple regenerator beds has
not been extensively studied. Hence, this study was also aimed at
exploring the potential benefits of active valve control.

2. Experimental apparatus
A schematic section view and a photograph of the experimental

apparatus are shown in Fig. 1. The apparatus was constructed as a
rotary-type AMR, comprising a rotating two-pole permanent magnet, 13
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Fig. 1. Schematic section view of the AMR prototype. The inset shows an infrared image of an AMR bed during operation, making the cold and hot sides of the AMR

bed visible.

fixed trapezoid-shaped regenerator beds, and a parallel flow circuit. The
magnet produced by Bakker Magnetics is driven by an electric motor
(NORD Drivesystems SK 92172.1 A), and it provides a maximum mag-
netic flux density of 1.44 T in the two high-field regions and close to 0 T
in the two low-field regions. The flow circuit consists of 13 hot inlet
solenoid valves (ASCO SCE238), 13 hot outlet solenoid valves (SMC
33VX232FGAXB), 26 check valves (SMC XTO-674) mounted on the
regenerator cold side, four manifolds (i.e., two hot-side and two cold-
side manifolds), and a centrifugal pump (Grundfos CRNE 1-9). Ac-
cording to the manufacturer, the opening and closing response times of
the inlet valves are less than 25 and 40 ms, respectively, while the
opening and closing response times of the outlet valves are 40 ms. The
valves allow to remotely control the fluid flow through each regener-
ator, synchronized with the magnetic field. The pump circulates the heat
transfer fluid, which is a mixture of 90 vol% deionized water and 10 vol
% mono-ethylene glycol (automotive antifreeze) and connects the AMRs
with the external (heat sink and heat source) heat exchangers. After the
hot-to-cold blow (i.e., the hot blow), the fluid exiting the regenerator at
the cold end flows through an electric circulation heater to absorb a
cooling load, realizing the T,,4. The circulation heater installed on the
cold end is used to evaluate the cooling capacity of the device. The warm
fluid leaving the regenerator at the hot end after the cold-to-hot blow (i.
e., the cold blow) passes through a chiller, which controls the Thy. The
difference between the cold and hot reservoir temperatures is then
referred to as the established temperature span of the AMR apparatus.
More details on the design components and operation of the magneto-
caloric prototype are presented in [36] and [37], respectively.

The chiller (Julabo FL4003) and electric heater (Vulcanic DN 50)
were adjusted to simulate different loading conditions. Flow rate, system
pressure, magnet position, and shaft torque were monitored continu-
ously using a flow meter (OMEGA FPR 200), pressure transmitters
(Noding MeBtechnik P20-408-1110), a rotary encoder (Hohner HS10),
and a torque meter (Burster 8645-5175), respectively. Continuous
measurements of the fluid temperature were performed inside the four
manifolds and at the regenerator cold outlet (Tcoq,0u) Using resistance
thermometers (Pt100) and thermocouples (OMEGA Type E), respec-
tively. The locations of the pressure and temperature measurements are
indicated in Fig. 2. The percentage of the solenoid valve opening was
controlled by the encoder angle. Hence, the blow fraction (Fp) can be
determined [38]:

21’;;

Fy =7 (@)

Manifold Manifold
@ distributor || collector @

u
¥y
XK

Strainer

Solenoid valve

LU N

" Manifold || Manifold

@ distributor || collector
T_ Hot side heat <9 Pump

exchanger

Fig. 2. Simplified fluid flow schematic of the system.

Where 7, and 7 denote the periods of a single fluid blow and the whole
AMR cycle, respectively. The fluid flow and magnetic field profiles are
given in Ref. [37].

Each of the 13 AMR beds was filled with 295 g of commercial-grade
Gd spheres as the refrigerant. The material was collected from different
sources but with similar properties. The diameter of the spheres was
between 0.35 and 0.71 mm. A peak value of the specific entropy change
ina 1T field of 3.5 J/kg/K was measured at a peak temperature of 290.5
K. A total mass of 3.83 kg was used in the 13 tapered regenerator beds.

To ensure that the beds were filled properly and to assess the dif-
ference in flow resistance between them, the pressure drop along the
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packed beds was measured over a range of flow rates and compared to
the empirical Ergun equation [39] for flow in a packed bed with smooth
particles [40]. Fig. 3 shows the measured and predicted pressure drop
data. The pressure drop was defined as the difference between the
pressure at the inlet (cold side) and outlet (hot side) of the bed. Pre-
liminary tests showed no difference in the pressure drop between
pumping the fluid in the converging (cold blow) or diverging (hot blow)
direction of the regenerator housing. Hence, the measured data only
shows the data for the converging flow. A needle valve was used to
control the flow rate of the heat transfer fluid, and a pressure gauge was
used to monitor the pressure response. Therefore, only horizontal box-
plots are shown. Fig. 3 shows that the flow rate needed to obtain a
specific pressure drop through each bed varied, indicating differences in
the flow path resistances among the beds. The manual filling of the
magnetocaloric material (MCM) and differences in fittings, tubing, and
housing may explain the flow variations between the AMR beds. Overall,
the average porosity was calculated to be 38.1 (+0.3)%, defined as the
ratio of pore volume to regenerator (bulk) volume.

The measured pressure drop lies well between the pressure drop
curves predicted by the Ergun equation for the lower and upper ends of
the particle size range. The experimental data best fits the Ergun equa-
tion with a particle size of 500 pm. It should be noted that the dynamic
viscosity of an ethylene glycol-based water mixture is larger than pure
water [41]. This presents a pronounced increase in viscous losses and a
larger pressure drop across the bed, which results in higher pumping
power and hence decreases the device performance compared to pure
water as a heat transfer fluid [42].

3. Thermodynamic performance

The thermodynamic performance of the AMR device is characterized
as a refrigerator in terms of the cooling capacity (Q.), the second-law
efficiency (or exergy efficiency), and the cooling COP. The latter one
is a useful figure of merit for the performance of the thermodynamic
cycle, and it is calculated via:

COP = — 2

— @
Wmag + Wpump

Where Q, is the amount of heat removed from the cold reservoir and
calculated as:

0. = Vp;c;AT ., ®
1.2 /
Average - 13 beds | - ,/
-------- Ergun, dp = 350 um | .
—1.0 [ ----Ergun, dp = 500 ym Xg
g || Ergun, dp = 710 um / .
208 |
<
g
06 |
o© 1
e
204
0
<
o
0.2 r
0.0 —

0 50 100 150 200 250 300 350 400

Volumetric flow rate [L/h]

Fig. 3. Pressure drop along the 13 AMR beds as a function of the fluid flow rate
compared to the predicted pressure drop by Ergun’s equation. Boxplots indicate
the median of the measured data between the first and third quartiles, and
whiskers show the lowest and highest values.
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Where AT, is the temperature difference of the fluid between the inlet
and outlet of the electric circulation heater installed on the cold side, i.
e., Ts-Ta. ¢f, py and V are the fluid specific heat capacity, fluid density,
and volumetric fluid flow rate, respectively. The properties of the heat
transfer fluid were calculated using the commercial software Engineer-
ing Equation Solver [43].

In the COP calculation, only the power contributions delivered to the
magnetocaloric material are considered, i.e., the magnetic power (Wmag)
and the pumping power (Wpump). The power consumption of the sole-
noid valves is external to the AMRs. Hence, losses associated with the
flow distribution system are not included in the COP calculation.
Furthermore, the solenoid valves are custom-designed and hence not
optimized for the specific task, which explains their high power con-
sumption of around 60 W [36] at a blow fraction of 36%. In future AMR
designs, a more appropriate valve selection with fewer mechanical los-
ses may reduce the valve power consumption and hence the system COP.

Woump is the power needed to pump the working fluid through the
AMR beds and hence accounts for the fluid friction irreversibilities. It is
calculated as the product of fluid flow rate and pressure drop through
the AMR device. It can be determined as follows:

Wpunp =V (p1 = p2+ps = ps) 4)

Where p;, ps, and psz are the fluid pressures measured in the three
manifolds. The atmospheric pressure p4 is assumed to be zero. An ideal
pumping efficiency of 1 is assumed, as the pump is not optimized for
operating at a specific flow rate. Instead, an efficiency should be
considered when the pump is specifically designed for the intended use.

Wingg is the magnetic power performed on the regenerator material,
and it is calculated from the measured shaft power (Wshaﬁ) needed to
rotate the magnet. The power losses (Wiosses) associated with both eddy
currents induced in the laminated iron ring and bearing and coupling
friction are subtracted from the Wshaft. Hence, we can write:

Wmag =V shaft — Wlo:ses (5)

Where Wshaft is determined by the following equation.

Wingp = 27T, ©

Where f is the operating frequency, which is half of the AMR (or cycle)
frequency (famr), as two high fields are generated by the magnetic cir-
cuit. I is the mechanical torque directly measured at the shaft.

When the AMRs were installed, the measured shaft power was about
60 W at a frequency of 1 Hz. Compared to a previous study [37] that
applied multi-layered AMR beds filled with LaFeSi-based alloys, the
shaft power was about 65 W at 1 Hz. The lower power in the present
study is probably due to the more homogeneous material distribution in
the single-layer Gd bed.

The power losses are a function of fayr, similarly, as shown in [37],
and Wigses can then be approximated by a second-order polynomial:

W/{).&.xe.x = afAMRZ +ﬁfAMR7 (7)
o =293Ws,
£ =31.1Ws.

Eddy currents induced in the iron core scale approximately
quadratically with the cycle frequency, and friction scales approxi-
mately linearly [44]. Thus, the quadratic term of the second-order
polynomial is taken to represent the power lost due to eddy currents
induced in the laminated iron ring, and the linear term represents the
power loss from friction in the bearings. The coefficient of the linear
term (f) can be considered as an estimation of the total frictional
moment. Generally, the power dissipated inside the bearings due to
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friction depends on the bearing type, lubricant physical properties, shaft
rotational speed, and the loads applied [45]. To minimize power losses
due to eddy currents, the iron ring was built up from 23 laminations
(each 4 mm thick). The eddy current loss coefficient (@) presents an
estimation of the product of lamination thickness, total iron core vol-
ume, peak magnetic flux density, and electrical conductivity of the core
material [44]. In the results and discussion section, we subtract the
losses from the shaft power and just report W, as the magnetic or AMR
power.

In order to calculate the second-law efficiency (or exergy efficiency),
the ideal COP (COPj4.q)) when expressed in the Carnot cycle needs to be
defined first:

TCO
Id ®)

COPije) = 7 —
N Tt — Teoua

The second-law efficiency (i) can then be written as:

copP

= 9
COPidea/ ( )

M

The exergetic cooling power (EXQ) is another performance metric for
comparing refrigeration systems that combines the temperature span
and the cooling power of the device. It is a measure of the ability of the
AMR device to produce a useful cooling load, and it serves as the basis
for evaluating the cost structure of a magnetocaloric refrigerator. For
instance, if the exergetic cooling power is high, an AMR device with
more costly components may yield cooling loads at lower costs than
other devices with a lower cost structure [46]. Unlike the COP and the
ni, the exergetic cooling power is not influenced by the pressure drop.

- : Thut Qz'
E. =0, —1) == 10
i Q (Tmm ) COP jgear (10)

The relative standard uncertainties (u) of the calculated performance
parameters were estimated following the Taylor Series Method (TSM)
[47] for propagation of uncertainties, combining both random and
systematic uncertainties. The random uncertainty was calculated from
the standard deviation of the measured data, while the systematic un-
certainty refers to the accuracy in measuring an instrumentation sensor.
The accuracies for the different sensors used are listed in [37]. The
relative standard uncertainties of the performance parameters calcu-
lated in this study are summarized in Table 1. For the uncertainty of the
magnetic power, we only considered the system uncertainty, as the
variation of the torque (and hence power) measurements in the sam-
pling period originates from the interaction between the magnetic cir-
cuit and the regenerator beds. In other words, the magnetization and
demagnetization of the regenerator beds produce an alternating torque,
similar to that shown in [23,48], and hence the power measurement
variation is due to the AMR internal operation and not from random
error sources [48,49]. All presented performance data were averaged
over a period of 10 min after reaching steady-state operating conditions.
All the experimental results presented in the following chapter are
organized in an Excel spreadsheet in the Supplementary Material of this
article. The spreadsheet can also be used as a design tool to evaluate the
actual COP of a realistic AMR system.

4. Results and discussion
A large number of experiments have been carried out with the focus

on improving the performance of the AMR device. For mapping the
optimum AMR performance, the influence of various operating param-

Table 1
Estimated relative standard uncertainties of the calculated performance metrics.
QL Wpump Wmag AT cop s EXQ
u [%] 9.8 2.7 1.5 1.0 9.8 9.9 9.8
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eters has been studied. These parameters include the cycle frequency,
volumetric flow rate, cold and hot reservoir temperatures, blow fraction,
and timing between fluid flow profile and magnetic field profile (i.e., the
AMR cycle timing). In general, the operating parameters for an AMR
system need to be chosen carefully to ensure optimum performance. A
key parameter governing the AMR performance is the utilization factor.
It combines important operating parameters and relates the thermal
capacity of the working fluid flowing through the regenerator during
one blow (hot orcold blow) to the thermal capacity of the regenerator
material:

e
U= PrCr ’
2fimgc,

11

Where c, represents the average specific heat capacity of the refrigerant,
which is set to ¢; = 380 J kg_1 K_l, as per [50]. The total mass of the
MCM is m; = 3.83 kg. The relative uncertainty of the calculated utili-
zation factor is about 1.3%.

4.1. Effect of flow balancing

Fluid flow operation and control are important aspects in deter-
mining the optimum performance of the AMR device. The AMR per-
formance reduction for an unbalanced flow system is shown in several
studies [10,30,32,51]. In the present study, the 13 beds were filled
manually, so small variations in the flow path resistance are present, i.e.,
the flow resistance through each bed is not equal. This is indicated by the
boxplots in the measured data for the pressure drop in Fig. 3. Addi-
tionally, engineering tolerances in the production of fittings, tubing, and
solenoid valves may contribute to uneven flow resistances between the
AMR beds after mounting them on the experimental apparatus. In this
study, flow imbalances in the multi-bed AMR device can be corrected by
changing the percentage of the solenoid valve opening, which controls
the blow fraction through each regenerator bed.

The temperature of the fluid exiting the regenerator at the cold end
(i.e., the regenerator cold outlet temperature) can serve as an indicator
of how well the flow is balanced, as shown by Eriksen et al. [30]. The
authors found that an unbalanced flow had a significant impact on the
temperature profile in the AMR bed, particularly on the regenerator cold
outlet temperatures. Fig. 4 shows the regenerator cold outlet tempera-
tures obtained when operating the device at a frequency of 0.8 Hz,
average blow fractions of 36% in the cold blow and hot blow directions,
a flow rate of ca. 600 L/h (U = 0.30), and cold and hot reservoir tem-
peratures of 286 K and 301 K, respectively. It can be seen that the
variation of T¢4,0u can be narrowed by adjusting the blow fraction of
the hot outlet solenoid valves for beds that appear to have different flow

288 ‘ ——Reg#1 ——Reg#5 ——Reg#9 ——Reg#13
Reg#2 ——Reg#6 —Reg#10
——Reg#3 —Reg#7 Reg#11
—Reg#4 Reg#8 Reg#12
287 | C: 0 o
<
= L
~ 286
3
<
% S0 Shaft tc . |
= aft torque
S 28571 [E 45! -Mouing average ofshat oraue
. =
gm
|| fanee = 08 Hz &
284 | AT~ 15k S0
U =030 N
F, b= 36 % 0 4000 8000 12000
Time [s]
283

0 2000 4000 6000 8000 10000
Time [s]

Fig. 4. Regenerator cold outlet temperatures measured after the hot-to-cold
blow. The inset shows the effect of flow balancing on the shaft torque.
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resistances. After reaching steady-state operation at 3800 s, the cold and
hot blow fractions for beds #6, #7, and #11 were adjusted while
maintaining the same utilization to bring their outlet temperature closer
to the remaining beds. In particular, the hydraulic resistance of the flow
path in bed #11 appears to be quite different from the rest. The
adjustment of the three blow fractions modifies the bed outlet temper-
atures subsequently, as indicated in Fig. 4 at 4100 s. This is due to the
parallel flow circuit configuration, i.e., multiple beds are constantly
open to flow in the hot-to-cold direction during demagnetization and the
cold-to-hot direction during magnetization. Therefore, from a fluid flow
perspective, the flow for each bed interacts with a couple of other beds in
both flow directions, resulting in interdependence of temperature pro-
files between beds. This narrowing of the outlet temperature was
repeated for different beds until reaching a tolerable variation of the
Tcold,out~

The effect of balancing the T4 0u On the shaft torque is shown in the
inset in Fig. 4. An uneven flow distribution between the beds causes
larger amplitudes of the shaft torque but only has a small influence on
the average shaft torque. Table 2 summarizes the performance
improvement obtained by balancing the T,oq ous as a result of the control
of individual valve blow fractions, i.e., the active valve control. For the
given operating conditions, balancing reduced the spread of the average
Teotd,out (Teoldone) indicated by a lower standard deviation. At the same
time, the cooling power and the COP increased from 150.9 W to 264.5 W
and from 2.28 to 3.97, respectively. Overall, the balancing of the Tcoid out
represents a performance improvement of more than 70%, indicating
that the active control of individual valve blow fractions can become an
important method to improve the AMR cooling performance. Hence, this
method of narrowing the cold outlet temperatures was done for each set
of operating conditions to obtain the best AMR performance, and the
data presented in the following sections are based on an adjusted flow.

4.2. Temperature evolution test

Fig. 5 shows a typical time evolution plot of the temperature for the
heat transfer fluid leaving the external heat exchangers at the cold and
hot reservoirs when operating the AMR system at a cycle frequency of
1.7 Hz, a utilization of 0.31, and an average blow fraction of 36% in the
cold and hot blow directions. In addition, the established temperature
span is presented. The hot and cold reservoir temperatures were set to
approximately 301 and 285 K, respectively. Initially, the working fluid
starts at ambient temperature (ca. 295 K) in the cold and hot reservoirs.
Then, the cold fluid reservoir temperature decreases while the hot fluid
reservoir temperature increases gradually until reaching steady-state
conditions after around 1500 s (25 min). As the temperature span in-
creases, higher shaft torque (and hence higher magnetic power) is
required (see inset in Fig. 6), as both the AMR bed will become more
ferromagnetic, causing an increased magnetic attraction, and the

Table 2

Selected steady-state average data connected to Fig. 4 demonstrating the effect
of adjusting the regenerator cold outlet temperatures on the AMR performance.
The plus-minus values indicate one standard deviation from the average (i.e., the
random uncertainty).

Time Teotd.out AT [K] Q. [W] Woump Wingg ' COP [-]

[s] [K] W] W]

3800 286.2 + 14.7 £ 150.9 + 18.2 + 47.8 2.28 +
0.4 0.1 7.4 0.4 0.11

8500 286.3 + 14.8 + 236.9 + 18.3 + 48.4 3.55 +
0.3 0.1 11.6 0.4 0.18

10,200 286.3 + 14.8 + 261.2 + 18.2 + 48.8 3.90 +
0.2 0.1 12.7 0.4 0.19

11,800 286.3 + 14.8 + 264.5 + 18.2 + 48.4 3.97 +
0.2 0.1 12.9 0.4 0.20

! Power measurement variations originate from the AMR internal operation

and are not from random error sources.
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Fig. 5. Time evolution of the temperatures at the cold and hot reservoirs of the
AMR system. The inset shows the established temperature span.
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Fig. 6. Time evolution of the regenerator cold outlet temperatures and shaft
torque (inset) until reaching steady-state conditions during testing of the
magnetocaloric device.

thermodynamic work needed to transport heat over a larger span is
greater. The established steady-state temperature span based on the
reservoir temperatures is about 16.6 K. The regenerator temperature
span, which is always greater than the reservoir temperature span [2.3]
and based on the temperatures of the fluid exiting the regenerator on the
cold and hot sides, is 17.1 K. Hence, the AMR system can achieve a quick
temperature pull down for rapid cooling. In comparison, it took ca. 2 h
for the AMR system developed by Naskashima et al. [52] to establish a
regenerator temperature span of about 15 K.

The evolution of the cold side outlet temperatures exiting the 13
regenerator beds is shown in Fig. 6. It can be seen that during the
temperature pull-down, the thermal window, i.e., the temperature range
between the minimum and maximum regenerator cold outlet tempera-
ture, increases. After reaching a steady state, the thermal window is
constant and ranges from 284.9 to 285.5 K. The established variation
between the regenerator cold outlet temperatures may be attributed to
differences in the flow resistance (flow balancing) inside the AMR beds
(cf. Fig. 4).

4.3. Effect of utilization

Several studies have shown an optimum value of the utilization
factor that provides maximum cooling capacity [7,23,27,53]. In the
present study, the utilization factor was varied by changing the volu-
metric flow rate of the heat transfer fluid. Then, for each cycle fre-
quency, the maximum AMR performance could be obtained at optimum
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utilization. For example, Fig. 7a shows the cooling power and cooling
COP as a function of the utilization factor for a cycle frequency of 0.5 Hz,
an average blow fraction of 36% in the cold and hot blow directions, and
cold and hot reservoir temperatures of 285 K and 301 K, respectively.
The results show that the cooling power produced by the Gd-based AMR
system is quite sensitive to the amount of heat transfer fluid (i.e., the
utilization). The cooling power reaches a peak value at optimum utili-
zation and then drastically drops with increasing utilization (volumetric
flow rate). A small amount of heat transfer fluid (i.e., a low utilization)
only produces a little cooling capacity, while excessive fluid (i.e., a high
utilization) disturbs the AMR temperature profile and leads to a loss in
cooling power. Similarly, the cooling COP drops drastically after passing
the optimum utilization, which provides the maximum cooling capacity.
At U = 0.41, the peak cooling power was about 181.1 W with a cooling
COP of 3.2. It indicates that the utilization needs to be adjusted carefully
to achieve optimal performance in terms of thermodynamic efficiency.
Furthermore, Fig. 7b shows that the magnetic power dominates the
required power input, and higher values of the utilization increase both
the pumping power due to a larger pressure drop across the system and
the magnetic power, which was also reported by Fortkamp et al. [38].

4.4. Effect of the hot reservoir temperature

A series of experiments was run to investigate the effect of the hot
reservoir (or working) temperature on the AMR performance. The re-
sults presented in Fig. 8a were obtained at a fixed cycle frequency of 0.5
Hz, a flow rate of 500 L/h (U = 0.39), an average blow fraction of 36% in
the cold and hot blow directions, and for different cold reservoir tem-
peratures. In comparison to previously tested LaFeSi-based AMRs [37]
that showed a great system performance dependence on the hot reser-
voir temperature, the performance of the Gd-based AMR system appears
not to be largely influenced by the hot reservoir temperature. For
example, at a constant temperature span of 14 K, the cooling powers and
COPs are quite similar for both temperatures. Furthermore, Fig. 8b in-
dicates that the effectiveness of the system relative to its performance in
idealized conditions is not sensitive to the hot reservoir temperature.
The cooling performance maps also show that the device operates more
efficiently at higher cooling powers, and this is independent of the
working temperature. A maximum second-law efficiency of 39.2% was
calculated when the device was run at 0.5 Hz, a utilization of 0.39, and a
hot reservoir temperature of 301 K. Under these conditions, the AMR
produced a cooling power of 444.5 W over a 7.3 K span with a cooling
COP of 15.9.

Fig. 9a illustrates the specific cooling capacity (q.) and second-law
efficiency achieved by the AMR device as a function of the tempera-
ture span when employing Gd as the MCM. The maximum cooling
performance of the same device using LaFeSi-based AMRs with ten
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different Curie temperatures and similar bed porosity is also presented
[36]. The relationship between the specific cooling capacity and the
temperature span is approximately linear when employing Gd-based
and LaFeSi-based AMRs. It should be noted that the cooling character-
istics for the Gd-based AMRs were obtained at a slightly higher utiliza-
tion (U = 0.39) than for the La-based AMRs (U = 0.34). Running the
AMR device with Gd at lower utilization, however, may lead to an even
smaller inclination of the slope of the cooling line (cooling power vs.
temperature span) [13]. The cooling performance of the LaFeSi-based
AMRs, hence, drops more drastically, as indicated by a steeper slope
of the cooling line, indicating that they may provide higher cooling
capacities at a smaller temperature span. The Gd-based AMRs, on the
other hand, demonstrate a better absolute cooling performance, as they
provide higher cooling capacities and efficiencies at higher temperature
spans under similar operating conditions. To illustrate the relative
cooling performance of the different AMRs, the specific exergetic cool-
ing power (é,.), which combines the specific cooling capacity and the
temperature span of the AMR device, was plotted in Fig. 9b. The Gd-
based AMRs show higher values of the é,., and they outperform the
LaFeSi-based AMRs over all specific cooling capacities. Thus, the most
useful cooling is provided when the AMR device employs Gd as the
working refrigerant. However, it should be noted that due to
manufacturing variation, the Curie temperatures and the distribution of
the Curie temperatures of the ten-layered LaFeSi-based AMRs were not
as designed. Thus, the LaFeSi-based AMRs did not perform optimally.

4.5. Effect of the cycle frequency

The effect of changing the cycle frequency on the maximum AMR
cooling capacity is summarized in Fig. 10a. The temperature span and
hot reservoir temperature were fixed at approximately 16 K and 301 K,
respectively, while the cycle frequency was varied. The maximum Q.
(Qc_’max) and maximum COP (COP,q,) were obtained at optimal utiliza-
tion values varying between 0.26 and 0.37 depending on the cycle fre-
quency. At each frequency, there exists an optimal value of the
utilization where the cooling power can be maximized, as seen in
Fig. 7a, exemplarily, and hence, the optimal U changes with frequency.
An optimal value of U is attained when an effective heat transfer and a
minimal reduction in the temperature gradient along the flow direction
can be realized [55]. It can be seen that Q. e, increases with frequency
up to 1.4 Hz, which appears to be the optimum for the device. Although
it was expected that higher frequencies would increase the cooling ca-
pacity further, the operation and control of the solenoid valves probably
limit a higher performance at 1.7 Hz. The performance drop-off at 1.7 Hz
may indicate that the AMR design has reached certain limitations, e.g.,
the fluid volume that was pumped through the device was limited, hence
limiting the achievable cooling capacity. The highest power of 344 W
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Fig. 7. (a) Cooling power (solid line) and cooling COP (dashed line) vs. the utilization factor. (b) Magnetic power (solid line) and pumping power (dashed line) vs.

the utilization factor.
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solid lines, while the second-law efficiency is plotted with dashed lines.
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Fig. 10. (a) Maximum cooling power (solid line) and corresponding COP (dashed line) as a function of cycle frequency. (b) Maximum COP (solid line) and cor-
responding cooling power (dashed line) as a function of cycle frequency.

was obtained at 1.4 Hz and a utilization of 0.33 with a corresponding
cooling COP of 2.3. At this condition, the second-law efficiency was

13.2%.

It is also obvious that the maximum COP decreases approximately at
higher frequencies (Fig. 10b), which can be attributed to the larger

power requirements of both the magnet motor and the centrifugal pump
at higher frequencies (Fig. 11). As shown in Fig. 11, higher values of the
utilization (larger flow rates) cause an increase in the pumping power
due to a larger system pressure drop. Furthermore, by increasing the
cycle frequency, the pumping power demand increases faster and at a
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Fig. 11. Magnetic power (solid lines) and pumping power (dashed lines) as a
function of utilization and cycle (AMR) frequencies.

steeper slope as a function of the utilization. This is attributed to the
larger system pressure drop that occurs at higher volume flow rates. For
instance, at a frequency of 0.5 Hz and U = 0.33 (V = 420 L/h), the
contributions of the pumping power and magnetic power to the total
input power are 21.4% and 78.6 %, respectively for the magnetic
power. In comparison, at 1.7 Hz and U = 0.33 (V = 1410 L/h), the
fraction of the pumping power increased by about 120% and contrib-
uted to about 43% of the total AMR power, while the contribution of the
fraction of the magnetic power decreased to 57%. Similar observations
were made by Trevizoli et al. [23]. The AMR device will run more
efficiently at lower cooling capacities because of fewer heat transfer
irreversibilities and reduced magnetic and pumping power consump-
tion. Moreover, the pumping power loss will outperform the heat
transfer rate improvement at higher frequencies. Hence, the combined
adjustment of the cycle frequency and fluid flow rate may become an
important control strategy to realize part-load operating conditions with
superior energy-saving potential [56].

4.6. Temperature spans at different cooling capacities

Finally, the system performance was evaluated for different applied
cooling loads, which is crucial from a practical perspective. Fig. 12
presents the cooling curves (cooling power vs. temperature span) and
cooling COPs at two cycle frequencies. The average blow fraction in the
cold and hot blow directions was 36%. The hot reservoir temperature
was fixed at 301 K, while the temperature of the cold reservoir and
utilization factor (volume flow rate) were varied. A relatively linear
relationship between the cooling power and temperature span was
observed when using a single-layer Gd bed, and, as expected, the cooling
power decreased with an increased temperature span. This means that
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higher cooling powers can be obtained at the expense of the temperature
span. The linearity has also been validated both numerically and
experimentally [8,13,57,58] although it was done to describe the rela-
tionship between the cooling power and temperature span. A note-
worthy cooling power of about 818 W and a cooling COP of 4.2 were
obtained at a cycle frequency of 1.4 Hz and a flow rate of 1650 L/h (U =
0.46) over a span of 10.1 K. At this condition, the second-law efficiency
was 14.5% (Fig. 13). Higher utilizations (and hence higher flow rates)
could not be tested, as they would cause a larger system pressure drop
and subsequent shutdown of the system due to safety reasons. It should
be pointed out that the temperature spans established by the AMR de-
vice are lower than some magnetocaloric  prototypes
[6,17,19,22,23,54,59-62]. Fig. 13 also indicates that increasing the
utilization from 0.29 to 0.46 reduces the second-law efficiency by about
60% at a 14 K span and at 1.4 Hz, while the device running at 0.8 Hz can
have a 20% improved second-law efficiency.

It also appears that the slope of the cooling curves increases as both
the frequency and utilization increase. Hence, higher cooling powers can
be obtained at higher utilization (and hence larger flow rate) and lower
spans, while they decrease faster with increasing temperature span. The
cooling line becomes steeper, as the utilization value increases, as also
demonstrated in Ref. [54]. Thus, the maximum cooling capacity is
largest at lower spans. Moreover, as expected, the AMR efficiency in
terms of the cooling COP decreases with increasing utilization due to
increased input power requirements, reducing the overall second-law
efficiency (Fig. 13). Compared to layered LaFeSi-based AMRs with the
same bed porosity [37], recently tested at DTU, the present system
produced larger temperature spans. It is also obvious that the LaFeSi-
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Fig. 13. Second-law efficiency as a function of the reservoir temperature span
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Fig. 12. (a) Cooling power (solid lines) and cooling COP (dashed lines) vs. the temperature span for a range of utilization factors. (b) Cooling power (solid lines) and
cooling COP (dashed lines) vs. the temperature span for a range of utilization factors.
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based AMRs (already at 0.5 Hz) showed a steeper slope in the cooling
curve than the Gd-based AMRs, i.e., the LaFeSi-based AMRs can produce
more cooling power at smaller spans. Hence, at higher spans, the per-
formance is limited by their small adiabatic temperature change. The
second-law efficiencies obtained in this study are less than those of
conventional vapor compression cooling equipment. When comparing
magnetocaloric cooling with vapor compression systems, however, one
has to consider the continuous advancements made in these mature
systems over time, with efficiencies improving from around 32% in 2007
to over 50% today [63].

4.7. Further optimization of the AMR cooling efficiency

An important strategy for building more efficient AMR designs is to
identify and determine the causes and magnitude of inefficiencies in the
cooling system. Most cooling devices often operate outside of their op-
timum operating envelope, resulting in reduced efficiency and negative
environmental effects. The thermodynamic efficiency of the AMR
cooling device may be improved by minimizing different sources of
losses, such as magnetic, thermal, hydrodynamic, and mechanical los-
ses. Inefficiencies in the motor, gearbox, and drive train, as well as
frictional drag on the bearings, all contribute to the magnitude of the
magnetic power. By selecting a more efficient motor and transmission
system, the magnetic work may be lower and thereby increase the COP.

Viscous dissipation as a result of an increased pressure drop along the
AMR bed represents another loss mechanism that can reduce the AMR
performance. When compared to a rectangular geometry, the trapezoid-
shaped regenerator geometry with a tapering angle of —10° already
lowers the viscous losses [64]. In addition, it has been shown that
advanced regenerator geometry designs, such as triangular micro-
channels [65] and parallel plates [66], can work more efficiently than
packed-bed AMRs filled with spheres owing to the reduced pressure
drop.

Packed beds with spherical particles also suffer from demagnetiza-
tion losses, which can further impair the AMR performance. Because the
demagnetization factor of a single sphere is 1/3, the demagnetization
factor of a packed bed AMR can be significantly higher than if it had
been solid [67]. If the refrigerant mass is fixed, employing multiple but
narrower AMR beds increases the cooling capacity and decreases
demagnetization losses, but increases the COP owing to the increased
valve power consumption compared to fewer (but wider) regenerator
beds [68].

The heat generated in the MCM due to magnetic and thermal hys-
teresis is another source of irreversible entropy production that reduces
the efficiency of the AMR cooling cycle. The magnitude of the magnetic
hysteresis loss can be estimated by measuring isothermal magnetization
curves, where the heat produced in an AMR cycle corresponds to the
hysteresis loop area [69]. However, Gd with a second-order phase
transition (SOPT) exhibits no magnetic hysteresis loss [70]. The width of
the thermal hysteresis has a considerable effect on the reversibility of the
MCE, which is crucial for magnetic refrigeration. As a result, minimizing
thermal hysteresis losses is critical for improving the efficiency of AMR
cooling systems [70]. Gd also has no thermal hysteresis [71], while
materials with a first-order phase transition have intrinsic thermal
hysteresis [72], which may be tunable by modifying their composition
or the annealing conditions [73].

Another loss mechanism that can prevent an efficient heat transfer
between the AMR and the thermal reservoirs, resulting in a penalty on
the AMR’s thermal performance, is the empty (void) volume on either
side of the AMR, i.e., the AMR dead volume [25,74-76]. To increase the
cooling capacity and hence maximize the AMR performance, the dead
volume should be minimized [76]. The total estimated dead volume on
either side of the AMR is given in Ref. [36], and additional void volume
formation in the AMR was minimized by compressing the particle bed.
Furthermore, the fluid entering and exiting the AMR was divided into
two separate channels with equal sizes to avoid variations in the fluid
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flow velocity [77], causing flow maldistributions that were shown to
significantly impact the AMR effectiveness [75,78,79].

The heat transfer (or heat leakage) from the AMR to the surrounding
due to forced and natural convection results in irreversible thermal
parasitic losses, which are detrimental to the AMR effectiveness
[12,25,80]. These losses are significant at larger temperature spans
when the regenerator cold end operates at temperatures below room
temperature [12]. As heat must be transferred to and from the wall from
the refrigerant and the working fluid, the regenerator housing wall acts
as a passive regenerator, which surrounds the actual solid regenerator
matrix. For wall materials with sufficient thermal diffusivity, axial
conduction in the wall can affect the regenerator performance. In
addition, if the thermal mass of the wall is greater than that of the solid,
thermal energy will tend to transfer to the wall rather than the solid,
causing a greater impact on the AMR performance [81]. In the present
study, the thermal mass of the nylon housing wall was reduced by
incorporating cavities in the wall while still assuring both good thermal
insulation of the housing and sufficient deformation of the housing
under operating pressure. The heat loss from the AMR to the iron ring
was reduced by embossing the housing bottom surface. The heat loss
through the metal lid on top of the regenerator to the environment was
reduced by placing a silicon foam sheet between the sphere-packed bed
and the lid [77]. Because of point contacts, sphere-packed beds have
lower axial heat conduction losses than beds with parallel plates [67].

5. Conclusion

An experimental analysis of the performance of a rotary magneto-
caloric device with single-layered gadolinium-based regenerators was
performed. Different sets of operating conditions were tested and their
influence on the thermodynamic efficiency was evaluated. The device is
able to quickly establish a temperature span of 16.6 K starting from room
temperature within 25 min. It was shown that the performance of the
multi-bed device is greatly reduced when large variations in the bed
flow resistance occur, and blow fraction adjustments of individual beds
can correct those and improve the performance by more than 70%. The
efficiency of the active magnetic regenerator system is not largely
impacted by the working temperature. At a cycle frequency of 1.4 Hz, a
utilization of 0.33, and a working temperature of 301 K, the device
produced a cooling capacity of 344 W over a 16 K span at a coefficient of
performance of 2.3. The highest second-law efficiency of 39.2% was
obtained for a utilization of 0.39, a frequency of 0.5 Hz, and a hot
reservoir temperature of 301 K. At this condition, the device produced a
cooling power of 444 W over a span of 7.3 K and a coefficient of per-
formance of 15.9. The most limiting factors for achieving higher cooling
performance were the flow rate limit and the solenoid valve operation at
higher frequencies. Future studies will focus on validating the experi-
mental results of the magnetocaloric device with a numerical model.
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