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Abstract. Epoxy bonded regenerators of both spherical and irregular La(Fe,Mn,Si)13Hy 11 
particles have been developed aiming at increasing the mechanical strength of active 12 
magnetic regenerators (AMR) loaded with brittle magnetocaloric materials and improving 13 
the flexibility of shaping the regenerator geometry. Although the magnetocaloric properties 14 
of these materials are well studied, the flow and heat transfer characteristics of the epoxy 15 
bonded regenerators have seldom been investigated. This paper presents a test apparatus that 16 
passively characterizes regenerators using a liquid heat transfer fluid with an oscillating flow 17 
at low Reynolds numbers, simulating the hydraulic working conditions in AMRs. 18 
Dimensionless parameters, including friction factor, effectiveness and overall Nusselt 19 
number, are presented for the epoxy bonded La(Fe,Mn,Si)13Hy regenerators and reference 20 
packed particle beds. Moreover, a five-layer AMR based on spherical particles is tested 21 
actively in a small reciprocating magnetic refrigerator, achieving a no-load temperature span 22 
of 16.8 ºC using about 143 g of epoxy-bonded La(Fe,Mn,Si)13Hy materials. Simulations 23 
based on a one-dimensional (1D) AMR model are also implemented to validate and analyze 24 
the results from the active test. 25 
 26 
Keywords. magnetic refrigeration, active magnetic refrigerator, epoxy bonded regenerator, 27 
heat transfer, friction factor  28 
 29 

1. Introduction 30 
 31 
Magnetic refrigeration, which exhibits advantages such as the avoidance of volatile, harmful gases and 32 
potentially high efficiency [1], is an alternative to the traditional vapor compression technology. 33 
Recently, emerging prototypes that approach the performance of vapor-compression based systems have 34 
been reported and they presented high cooling capacity on the order of kilowatts [2, 3] and improved 35 
efficiency up to 18% of the Carnot efficiency [4]. An active magnetic regenerator (AMR) is a porous 36 
matrix consisting of magnetocaloric materials (MCMs), in which the fluid exchanges heat with the solid 37 
matrix during a periodical reciprocating flow coupled to a varying magnetic field. The refrigeration 38 
cycle of an AMR consists of four steps [5, 6]: the magnetization process associated with the temperature 39 
increase in the MCM; the cold-to-hot blow that cools the porous matrix by rejecting heat to the ambient; 40 
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the demagnetization process resulting in a further temperature decrease; the hot-to-cold blow where the 41 
fluid absorbs a cooling load and the MCM returns to its original temperature. During the two blows, the 42 
inlet fluid temperatures at the hot and cold ends are kept constant as 𝑇𝑇h and 𝑇𝑇c, the hot and cold reservoir 43 
temperatures, respectively. After several cycles, a temperature span Δ𝑇𝑇 = 𝑇𝑇h − 𝑇𝑇c is built up along the 44 
regenerator and the system reaches a periodic steady state. The enthalpy differences at the cold and hot 45 
ends are the cooling capacity and the heat dissipation, respectively. The concept of heat regeneration 46 
allows materials arranged along the temperature gradient to operate at their own thermodynamic cycles, 47 
which realizes a temperature span several times larger than the adiabatic temperature change, Δ𝑇𝑇ad, of 48 
the MCMs. 49 
 50 
In order to improve the cooling performance, much effort has been devoted to developing 51 
magnetocaloric materials and shaping these into regenerators with suitable porous geometries. The 52 
derivatives of La(Fe,Si)13 [7], including LaFeCoSi [8] and La(Fe,Mn,Si)13Hy [9, 10], are promising 53 
MCMs with a first order phase transition (FOPT), which exhibit a large peak in isothermal entropy 54 
change, moderate adiabatic temperature change and tunable Curie temperatures. Both experimental and 55 
theoretical studies [3, 11] show that proper layering of La(Fe,Si)13 materials in AMRs could realize an 56 
outstanding cooling performance. However, many of these materials are brittle and can break during the 57 
cycling of the magnetic field, which may lead to problems such as mechanical instability and possible 58 
degradation of the magnetocaloric effect [12]. The possible reason of the cracking lies in the significant 59 
volume change up to 1% associated with the phase transition [13] and the magneto-structural transitions. 60 
Therefore, epoxy bonded regenerators have been developed to increase the overall mechanical strength 61 
[3, 14, 15] and to facilitate building a monolithic MCM regenerator [16]. 62 
 63 
Richard et al. [16] bonded Gd and GdTb flakes with a thin coating of epoxy to form monolithic layers in 64 
an AMR, which realized a no-load temperature span near to 20 ºC. Jacobs et al. [3] introduced the 65 
epoxy-connection process to fabricate six-layer LaFeSiH regenerators and tested them in a rotary 66 
magnetic refrigeration device. This refrigerator realized a cooling power of around 2500 W over a span 67 
of 11 ºC with a coefficient of performance (COP) of approximately 2. Pulko et al. [14] constructed 68 
epoxy-bonded LaFeCoSi plates, which maintained the mechanical integrity after 90,000 cycles of 69 
applying magnetic field. A no-load temperature span of about 10 ºC was achieved in a magnetic 70 
refrigerator using these plates. Neves Bez et al. [15] tested epoxy bonded AMRs using 1 and 2 layers of 71 
La(Fe,Mn,Si)13Hy, which achieved a maximum no-load temperature span of 13 ºC. Note that a technique 72 
of compositing magnetocaloric and metal by hot pressing also has the function of increasing the 73 
mechanical stability potentially [17]. However, most of the studies focus on active testing of the epoxy 74 
bonded regenerators, and the investigation of the flow and heat transfer characteristics of such 75 
regenerators is seldom done. Besides, the particles used in these epoxy bonded regenerators were usually 76 
irregular and testing of spherical particles has not yet been reported. Therefore, a passive 77 
characterization of the epoxy bonded regenerators is presented in the first part of this article, followed 78 
by an active test of a five-layer AMR using spherical particles as the second part. Herein, “passive” 79 
means that no magnetic field is applied and in contrast “active” represents testing the cooling 80 
performance of AMRs with the magnet assembly. 81 
 82 
A quantitative study based on the technique of entropy production minimization [18] has shown that 83 
viscous dissipation and imperfect heat transfer are the two mechanisms that present the largest 84 
irreversibility inside AMRs. The viscous dissipation is associated with the large pump power and high 85 
pressure drop, which reduce efficiency and require thicker housing walls, wasting more magnetized 86 
volume. In addition, perfect heat transfer is impossible and there is always a certain temperature 87 
difference between the fluid and the solid bed. Enhancing the heat transfer and decreasing the flow 88 
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resistance simultaneously is always challenging. Therefore, the dimensionless parameters such as the 89 
friction factor 𝑓𝑓F and the Nusselt number Nu are of essential interest, as they are tightly connected to 90 
both irreversible effects. In the passive test, the friction factor could be calculated from the measured 91 
pressure drop over the regenerator in either unidirectional or oscillating flow. Moreover, the heat 92 
transfer coefficient ℎf and Nu in the convective flow through the porous regenerator could be estimated 93 
using different methods, including the unidirectional flow test with constant wall temperature / heat flux, 94 
single blow test [19], and the oscillating flow test [20, 21]. In the single blow test, a fluid with constant 95 
temperature is blown through the regenerator that starts at a uniform temperature different from the inlet 96 
fluid and the response of the outflow temperature is recorded for deducing the heat transfer coefficient. 97 
Engelbrecht [22] and Frischmann et al. [23] presented experimental results for packed sphere beds in the 98 
single blow test. Under oscillating flow condition, Schopfer [20] studied the thermal-hydraulic 99 
properties of the liquid-saturated regenerators. The friction factor and the Nusselt number in the 100 
regenerators with microchannels and packed beds were estimated in experiments based on a harmonic 101 
approximation technique. Trevizoli et al. [21] constructed a laboratory apparatus and presented the 102 
pressure drop, the pumping power and the effectiveness of passive regenerators. The effectiveness is the 103 
heat transfer efficiency of a regenerator and is defined as the ratio of the amount of heat that transferred 104 
during a blow process to the maximum possible amount of heat transfer. 105 
 106 
In this study, two groups of regenerators, including epoxy bonded regenerators using irregular or 107 
spherical La(Fe,Mn,Si)13Hy particles, as well as reference regenerators packed with stainless steel (SS) 108 
particles, are characterized in a passive test apparatus. The experiments are run with an oscillating flow 109 
in the low Reynolds number region. The dimensionless group consisting of the friction factor 𝑓𝑓F, the 110 
effectiveness 𝜂𝜂, and the overall Nusselt number Nuo is deduced and presented, based on the measured 111 
pressure drop and the temperature profiles. Furthermore, an AMR using five layers of spherical 112 
La(Fe,Mn,Si)13Hy particles is tested actively and the experimental results are validated with the 113 
simulations based on an established 1D AMR model. 114 
 115 
2. Passive characterization of epoxy bonded regenerators 116 
 117 
2.1. Test apparatus and methodology 118 
 119 
The passive regenerator test apparatus is composed of four main sections: the regenerator test section, 120 
the oscillating flow generator, the cold heat exchanger with a cold reservoir and the hot heat exchanger 121 
with an electric heater. The schematic diagram and a photograph of the test apparatus are shown in 122 
Figure 1 (a) and (b), respectively. In detail, the regenerator test section includes a porous regenerator bed 123 
(REG), four check valves (CV), thermocouples (T) and two piezoelectric pressure gauges (P). The 124 
oscillating flow generator is a motor-crank system (MT) connected to two cylinders (CYL 1 and 2). The 125 
displacement of the cylinders is measured by a linear encoder. The cold heat exchanger (CHX) is a 126 
double-pipe type. The cold water with a constant temperature is circulating from the cold reservoir to 127 
cool down the thermal liquid in the inner tube. The hot heat exchanger (HHX) for heating up the fluid is 128 
made by inserting and sealing an electrical cartridge heater in a small insulated chamber. 129 
 130 
The reciprocating movement of the two cylinders generates the oscillating flow through the porous 131 
regenerator. During the cold-to-hot blow, the fluid is pushed from CYL1, cooled down by CHX, blown 132 
through CV1-REG-CV4, and then stored in CYL2. A similar flow pattern is seen in the hot-to-cold 133 
blow, and the fluid is heated up by the electric heater in the HHX. On each side of the regenerator, two 134 
check valves are set to separate the inflow and outflow, ensuring unidirectional flows in both heat 135 
exchangers. By using the check valve system, the dead volume is reduced to 4% of the regenerator 136 
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volume. The dead volume is an empty space where the fluid mixes freely without the contact with the 137 
solid, and it causes the irreversible loss. After several cycles, the oscillating flow system will reach a 138 
periodic steady state with a stable temperature span for a certain heating power. For each steady state, 139 
the temperature profiles along the regenerator, the heating power and the pressure drop are recorded for 140 
further analysis. E-type thermocouples, installed as shown in Figure 1, are calibrated in a water bath 141 
before installation. The measurement error is ±0.3 ºC and the response time is estimated to be less than 142 
0.15 s, which is the time required to reach 63% of an instantaneous temperature change. The 143 
temperature data are recorded by a NI (National Instruments) 9213 thermocouple module and a NI 144 
cDAQ 9174 acquisition device. The calibrated pressure gauges at both ends have an accuracy of 0.25 % 145 
of the full scale and the signal is acquired by a NI 9203 current module. The response time of the 146 
pressure gauges is 0.5 ms. The power supply for the heater has meter accuracies of 0.1% in voltage and 147 
0.3 % in current. To reduce the heat loss to the ambient, all the components are thermally insulated by 148 
foam insulation tubes. 149 
 150 

 151 
Figure 1. (a) Schematic diagram and (b) photograph of the passive regenerator test apparatus. The labels 152 

represent: CHX cold heat exchanger; CR cold reservoir with circulating pump; CV check valve; CYL 153 
cylinder; HHX hot heat exchanger; MT motor and crank; P pressure gauge; REG regenerator; T 154 

thermocouple. The solid and dashed arrows show the flow direction during two blows, respectively. 155 
 156 
Figure 2 shows an example of the pressure drop data as a function of time, as well as the piston velocity 157 
calculated from the measured piston displacement. The fluid and regenerator temperatures are held 158 
about 21 ºC during the pressure drop test. Both curves behave similarly to the sinusoidal wave according 159 
to the crank design. The piston velocity is approximately 𝑣𝑣p = 0.5𝑆𝑆p𝜔𝜔 sin𝜔𝜔𝜔𝜔 and the mass flow rate is 160 
𝑚𝑚ḟ = 0.5𝜌𝜌f𝐴𝐴p𝑆𝑆p ωsin𝜔𝜔𝜔𝜔. 𝐴𝐴p and 𝑆𝑆p are the cross sectional area and the stroke of the piston; 𝜔𝜔 is the 161 
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angular speed; 𝜌𝜌f is the fluid density. There is a certain phase difference (about 0.1 s) between the piston 162 
velocity and the pressure drop over the regenerator. It may be because the measurements with the 163 
encoder and pressure gauges are performed with different acquisition components that were not strictly 164 
synchronized. Besides, there are some bubbles taking an estimated volume fraction less than 2% trapped 165 
in the system, which can also influence the phase difference. The maximum pressure drop and the 166 
maximum superficial velocity 𝑣𝑣s, are used to calculate the friction factor 𝑓𝑓F and the Reynolds number 167 
Reh by: 168 
 169 

𝑣𝑣s = 𝑚̇𝑚f
𝜌𝜌f𝐴𝐴c

               ( 1 ) 170 

𝑓𝑓F = 𝛥𝛥𝛥𝛥
𝐿𝐿

2𝐷𝐷h
𝜌𝜌f𝑣𝑣s2

              ( 2 ) 171 

Reh = 𝜌𝜌f𝑣𝑣s𝐷𝐷h
𝜇𝜇f

              ( 3 ) 172 
where 𝐴𝐴c , 𝐷𝐷h , 𝜇𝜇f , and 𝐿𝐿  are the cross sectional area, hydraulic diameter, dynamic viscosity and 173 
regenerator length, respectively. Note that Reh is based on the hydraulic diameter 𝐷𝐷h and the superficial 174 
velocity 𝑣𝑣s. Note that the superficial velocity is based on the cross sectional area, which is different from 175 
the real flow velocity in the interval between the particles, so-called interstitial velocity. 176 
 177 

 178 
Figure 2. Example of pressure drop and piston velocity during a typical passive experiment. 179 

 180 
Dynamic temperature profiles over the regenerator with an oscillating flow are illustrated in Figure 3, 181 
where T1 - T6 represent the positions from the cold to hot end as shown in Figure 1 (a). The temperature 182 
information is used to estimate the effectiveness, as mentioned above. Assuming that the specific heat 183 
capacity of the fluid is temperature independent and the flows are balanced, the effectiveness 𝜂𝜂 in each 184 
blow period is [21]: 185 
 186 

𝜂𝜂c =
2/𝜏𝜏 ∫ 𝑇𝑇f,h𝑑𝑑𝑑𝑑

𝜏𝜏/2
0 −𝑇𝑇c
𝑇𝑇h−𝑇𝑇c

             ( 4 ) 187 

𝜂𝜂h =
𝑇𝑇h−2/𝜏𝜏 ∫ 𝑇𝑇f,c𝑑𝑑𝑑𝑑

𝜏𝜏
𝜏𝜏/2

𝑇𝑇h−𝑇𝑇c
             ( 5 ) 188 

 189 
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where 𝑇𝑇f,h, 𝑇𝑇f,c, 𝑇𝑇h, 𝑇𝑇c, and 𝜏𝜏 are the outflow temperatures at hot and cold ends, the inflow temperatures 190 
at both ends and the cycle period. It is assumed that the cold-to-hot blows takes place from t = 0 to τ/2. 191 
In Figure 3, 𝑇𝑇c, 𝑇𝑇f,c, 𝑇𝑇f,h, and 𝑇𝑇h are T1, T2, T5, and T6, respectively. An ideal regenerator with infinite 192 
solid mass gives an effectiveness of 1, while real regenerators give 𝜂𝜂 less than 1, as the outflow is 193 
always lower than the end (reservoir) temperature. 194 

 195 
Figure 3. Example of temperature profiles along a regenerator packed with particles in a passive test. 196 

 197 
Another dimensionless index is the utilization ratio 𝑈𝑈, which is the ratio between the thermal mass of 198 
fluid moving through the regenerator to the total thermal mass of the regenerator. In the gas-saturated 199 
regenerator, only the thermal mass of the solid 𝑚𝑚s𝑐𝑐s is considered for counting the total thermal mass, 200 
that is, 𝑈𝑈 = 0.5𝑚̇𝑚f𝑐𝑐f𝜏𝜏/𝑚𝑚s𝑐𝑐s. Due to the large heat capacity of the aqueous domain, the heat mass of the 201 
entrained liquid inside the regenerator is also taken into account. Thus the definition of the utilization 202 
ratio is modified to: 203 
 204 

𝑈𝑈 = 𝜌𝜌f𝑐𝑐f𝐴𝐴p𝑆𝑆p
𝑚𝑚s𝑐𝑐s+𝜌𝜌f𝑉𝑉r𝜀𝜀𝑐𝑐f

            ( 6 ) 205 
 206 

where 𝑐𝑐f, 𝑐𝑐s, 𝑚𝑚s and 𝑉𝑉r are the specific heat capacity of the fluid, specific heat capacity of the solid, solid 207 
mass and regenerator volume, respectively. 208 
 209 
The effectiveness is a function of the utilization ratio and number of transfer units (NTU), that is,  210 
𝜂𝜂 = 𝑓𝑓(𝑈𝑈, NTU). NTU describes the ratio of the amount of heat transferred between the solid and the 211 
fluid to the thermal mass of the fluid moved: 212 
 213 

NTU = ℎf𝑎𝑎s𝑉𝑉r
𝑚̇𝑚f𝑐𝑐f

             ( 7 ) 214 
 215 

where ℎf and 𝑎𝑎s are the convective heat transfer coefficient and the specific surface area, respectively. In 216 
general, high effectiveness is obtained with high NTU and low utilization ratio. High NTU means more 217 
heat is transferred and low utilization ratio indicates that less fluid is blown through the regenerator bed. 218 
Both effects lead to an outflow temperature closer to the reservoir temperature, resulting in an 219 
effectiveness closer to 1. Many studies investigate the effectiveness of a regenerator by either numerical 220 
modeling [24] or simplified deduction. In this study, we use a 1D numerical model to obtain the relation 221 
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𝜂𝜂 = 𝑓𝑓(𝑈𝑈, NTU). By turning off the magnetocaloric effect and assuming a constant NTU in a 1D AMR 222 
model [22, 25], the two energy equations of the solid and the fluid in the passive regenerator become: 223 
 224 

𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑘𝑘stat𝐴𝐴c

𝜕𝜕𝑇𝑇s
𝜕𝜕𝜕𝜕
� + NTU𝑚̇𝑚f𝑐𝑐f 

𝐿𝐿
(𝑇𝑇f − 𝑇𝑇s) = 𝐴𝐴c(1 − 𝜀𝜀)𝜌𝜌s𝑐𝑐s

𝜕𝜕𝑇𝑇s
𝜕𝜕𝜕𝜕

         ( 8 ) 225 
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑘𝑘disp𝐴𝐴c

𝜕𝜕𝑇𝑇f
𝜕𝜕𝜕𝜕
� − 𝑚̇𝑚f𝑐𝑐f

𝜕𝜕𝑇𝑇f
𝜕𝜕𝜕𝜕
− NTU𝑚̇𝑚f𝑐𝑐f 

𝐿𝐿
(𝑇𝑇f − 𝑇𝑇s) + �𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝑚̇𝑚f
𝜌𝜌f
� = 𝐴𝐴c𝜀𝜀𝜌𝜌f𝑐𝑐f

𝜕𝜕𝑇𝑇f
𝜕𝜕𝜕𝜕

    ( 9 ) 226 
 227 

where 𝑇𝑇s, 𝑇𝑇f, 𝑥𝑥, 𝐴𝐴c, 𝐿𝐿, 𝑘𝑘stat, 𝑘𝑘disp and 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 are the solid temperature, fluid temperature, axial position, 228 
cross sectional area, regenerator length, static thermal conductivity, thermal conductivity due to fluid 229 
dispersion, and pressure drop per unit length. Solving the two equations numerically gives the dynamic 230 
temperature profiles, which can be used to calculate the effectiveness. With this relation, the overall 231 
number of transfer units NTUo can be back-calculated from the measured effectiveness directly. This 232 
index describes the overall heat transfer performance of the regenerator, as the fluid velocity varies in 233 
the oscillating flow. Substituting Nu = ℎf𝐷𝐷h/𝑘𝑘f into Eqn. (7) gives the overall Nusselt number Nuo: 234 

Nuo = NTUo𝑚̇𝑚f����𝑐𝑐f𝐷𝐷h
𝑘𝑘f𝑎𝑎s𝑉𝑉r

            ( 10 ) 235 
 236 

where 𝑘𝑘f is the hydraulic diameter and 𝑚̇𝑚f���� is the average mass flow rate. 237 
 238 

2.2. Particle characterization and epoxy bonded regenerators 239 
 240 

As revealed in the literature, the cooling performance of the bonded AMRs degraded with an increasing 241 
amount of epoxy [15], which is due to the decreasing MCM volume and the possible reduction in the 242 
overall heat transfer performance. By improving the formulation of the Amerlock epoxy, the mass can 243 
be reduced to as little as 1 wt. %, while maintaining the required mechanical strength. Therefore, 1 wt. 244 
% epoxy is applied in the regenerators for the passive test. For future applications, 1-2 wt. % could be 245 
the optimal mass fraction considering the trade-off between the mechanical stability and the cooling 246 
performance, as the magnetic field in a real “active” device will challenge the mechanical strength more. 247 

 248 
Two groups of La(Fe,Mn,Si)13Hy particles, irregular and spherical, as shown in Figure 4(a) and (b), were 249 
bonded with 1 wt. % epoxy in regenerator housings for the passive test. The micrographs of the particles 250 
are taken by a Hitachi TM3000 Scanning Electron Microscope (SEM) and the insets show photographs 251 
of the regenerators. The two epoxy bonded regenerators were provided by Vacuumschmelze GmbH & 252 
Co. KG. Most particles in Figure 4(a) have a high degree of irregularity. A particle distribution analysis 253 
was done using the image analysis software ImageJ and the equivalent diameter was found from the 254 
measured area of about 470 and 530 particles, respectively. The size of irregular particles ranges from 255 
0.2 to 1.0 mm. For La(Fe,Mn,Si)13Hy, only irregular particles have been tested before and there is a lack 256 
of investigation on the spherical particles. For the spherical particles in Figure 4(b), the particle size is 257 
about 0.3-0.9 mm and most of the particles are in the diameter range around 0.5-0.8 mm. By fitting the 258 
Gaussian distribution, the average particle sizes for both groups are estimated as 0.56 mm with a 259 
standard deviation of 0.21 mm and 0.58 mm with a standard deviation of 0.14 mm, respectively. Both 260 
materials have Curie temperatures around 20 ºC and densities of about 6900 kg/m3. In the first 261 
regenerator VAC-A, about 79 g of La(Fe,Mn,Si)13Hy irregular particles with 1 wt. % epoxy is loaded 262 
into the 3D-printed nylon housing, while about 73 g of spherical particles are packed in the second 263 
regenerator VAC-B. The housings have a length of 72 mm, an inner diameter of 20 mm, and are printed 264 
by the Sinterstation 2500 Plus Selective Laser Sintering (SLS) printer. The housings are further treated 265 
with epoxy to be watertight. Due to a low packing density, the regenerators VAC-A and VAC-B have 266 
porosities ε = 1 − Vs/Vr around 0.46 and 0.48, respectively, where Vs is the total solid volume including 267 
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the MCM and the epoxy. Furthermore, the specific surface area for each group is estimated by as =268 
∑As /Vr′ , where ∑As  is the total surface area of about 500 particles and Vr′  is the corresponding 269 
regenerator volume. Since most of the groups are spherical particles, ∑𝐴𝐴s can be calculated from the 270 
profiles and the equivalent diameters mentioned above. Here the specific surface areas are estimated as 271 
4,640 and 5,030 m-1 for the two regenerators respectively, assuming the contacted points between the 272 
particles are very small and the epoxy are coated thinly end evenly.  273 

 274 
As the baseline experiments, four different SS particles are also tested, which are 0.4-0.5, 0.5-0.7 mm 275 
and 0.8-1.0 mm spherical particles, as well as 1.0 mm precise balls. The average particles sizes are about 276 
0.45, 0.6, 0.9 and 1.0 mm, and the standard deviations are estimated to be 0.05, 0.06, 0.05, and <0.01 277 
mm for each group respectively, using probability distribution fitting. The particle sizes of the first three 278 
groups are controlled by sieving. In general, the size deviation is much smaller compared to the 279 
La(Fe,Mn,Si)13Hy particles according to the particle analysis. For these four regenerators, SS particles 280 
are loaded randomly into the same housing and stopped by one piece of thin mesh at each end. About 281 
113 - 116 g SS particles are packed into the regenerators, giving porosities around 0.35 - 0.37 although 282 
the particle size varies. For the packed particle bed, the hydraulic diameter is calculated by: 283 

𝐷𝐷h = 2𝜀𝜀
3(1−𝜀𝜀)

𝐷𝐷p            ( 11 ) 284 
 285 

where 𝐷𝐷p is the average particle diameter. 286 
 287 

 288 
(a) La(Fe,Mn,Si)13Hy irregular particles in VAC-A (b) La(Fe,Mn,Si)13Hy spherical particles in VAC-B 

 289 
(c) Size distribution of La(Fe,Mn,Si)13Hy irregular particles (d) Size distribution of La(Fe,Mn,Si)13Hy spherical particles 

Figure 4. Photographs and size distribution of the La(Fe,Mn,Si)13Hy particles used in the passive 290 

regenerators. 291 
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The specific surface area 𝑎𝑎s of a porous media can be expressed as [26]: 292 

𝑎𝑎s = 4𝜀𝜀
𝐷𝐷h

             ( 12 ) 293 
Eqn. (12) in return can be used to calculate the hydraulic diameter of a porous medium from the porosity 294 
and the specific surface area, which are 0.41 mm and 0.38 mm for VAC-A and VAC-B, respectively. 295 
 296 
2.3. Experimental results 297 
 298 
In the test, the heat transfer fluid is an aqueous solution with 20 v/v % ethylene glycol (EG). Measured 299 
on a viscometer (Anton Paar Lovis 2000 M/ME), the heat transfer fluid has a density of 1031 kg/m3 and 300 
a dynamic viscosity of 1.77 mPa·s. The piston stroke 𝑆𝑆p is changed from 10 to 45 mm by adjusting the 301 
crank distance and the operating frequency is controlled from 0.5 to 1.25 Hz by increasing the motor 302 
rotation speed. The superficial velocity in the regenerator is strongly related to both the stroke and the 303 
frequency, while the utilization ratio mainly depends on the stroke according to the definition in Eqn. 304 
(6). In addition, the temperature span is controlled by applying power to the heater. 305 
 306 
2.3.1. Friction factor 307 
 308 
Figure 5 gives the friction factor calculated from the maximum pressure drop data for different 309 
regenerators based on Eqns. (2)-(3). During the measurements, the stroke is adjusted from 15 to 40 mm 310 
and the frequencies vary from 0.50 to 1.25 Hz with a step of 0.25 Hz. The pressure drop ∆𝑃𝑃 is velocity 311 
dependent, so the measured ∆𝑃𝑃 increases with both the stroke and the frequency. The results of the 312 
friction factors are compared with the Ergun equation [27] for spherical particles and the modified 313 
Ergun equation [28] for irregular particles, which are widely used correlations for calculating the 314 
pressure drop over packed beds. Figure 5 shows that the friction factor of the regenerators packed with 315 
SS particles fits the Ergun equation quite well, and the average deviation is less than 12%. The friction 316 
factor of the epoxy bonded regenerators are also presented and compared with the Ergun equation, 317 
which could be extended to the porosity up to 0.46. The comparison shows that the friction factors of the 318 
epoxy bonded regenerators are much higher than those predicted by the Ergun equation. Compared to 319 
irregular particles, the spherical ones have relatively lower friction factors, which is preferable for 320 
reducing the pump loss and the pressure drop. The La(Fe,Mn,Si)13Hy particles in VAC-A are highly 321 
irregular and the particle size is distributed widely for both epoxy bonded regenerators. Furthermore, the 322 
epoxy occupies about 4% of the regenerator volume and it may also block the channels and decrease the 323 
overall channel sizes. These effects may introduce a considerable increase in the friction factors of the 324 
two epoxy bonded regenerators.  325 
 326 
2.3.2. Heat transfer performance 327 
 328 
Based on Eqns. (4)-(6), the effectiveness and utilization ratio for different regenerators are calculated 329 
and presented in Figure 6. The temperature span ranges from 22 to 42 ºC and the operating frequency is 330 
about 1 Hz. In order to estimate the utilization ratio, the specific heat capacity of the fluid from the 331 
commercial software EES (Engineering Equation Solver) [29] is used. For La(Fe,Mn,Si)13Hy, the 332 
temperature dependence of the specific heat capacity 𝑐𝑐𝑠𝑠 (as seen in Ref. [25]) is also considered and the 333 
average 𝑐𝑐s is about 540 J/(kg·K) for a temperature span of 20 ºC. In Figure 6, smaller particles always 334 
exhibit higher effectiveness with the same utilization ratio for the packed SS particle beds. This is 335 
attributed to the larger specific surface area and the higher overall heat transfer coefficient, and then the 336 
higher NTU. A high NTU regenerator is always preferable for the AMR design. However, it requires 337 
smaller channel sizes in return, which raises the pressure drop. Thus the trade-off between the flow and 338 
heat transfer performance becomes important to the system design. For the two epoxy bonded 339 
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regenerators, although the regenerator mass is lower, the utilization ratios, 𝑈𝑈, are still similar to those for 340 
the packed SS particle beds. This is because both solid and fluid thermal masses are included in the 341 
calculation of 𝑈𝑈  based on Eqn. (6). VAC-A packed with irregular particles exhibits slightly higher 342 
effectiveness than VAC-B with spherical particles, while presenting significantly higher pressure drop 343 
during the test. For the spherical particles, the effectiveness can potentially be improved without 344 
increasing the pressure drop much by decreasing the particle size and adjusting the size distribution. 345 
Therefore, we present the active test of an AMR using the spherical La(Fe,Mn,Si)13Hy particles to 346 
demonstrate the material’s active performance. In the experiments, the heating power applied on the hot 347 
side of the regenerators is inversely proportional to the effectiveness, as it in fact represents the total 348 
enthalpy difference at the hot end and the degree to which the outflow temperature is close to 𝑇𝑇h. 349 

 350 
Figure 5. Friction factor as a function of the Reynolds number for different regenerators compared with 351 

the Ergun equation. 352 
 353 

 354 
Figure 6. Effectiveness as a function of the utilization ratio for different regenerators. 355 
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Figure 7 gives the relation 𝜂𝜂 = 𝑓𝑓(𝑈𝑈, NTU) theoretically based on the 1D numerical model introduced in 356 
Section 2.1. Here the packed SS particle beds are simulated. With smaller utilization ratio and higher 357 
NTU, the effectiveness increases. By interpolating the measured effectiveness in Figure 6, the 358 
intermediate index NTUo can be calculated. For the four regenerators packed with SS particles, average 359 
NTUo are 8.5, 11.5, 21.3 and 41.4 respectively, increasing with smaller particles. Then VAC-A and 360 
VAC-B hold average NTUo of 17.8 and 13.0, within the range for SS particles. Furthermore, the overall 361 
Nusselt number Nuo found from Eqn. (10) is calculated and presented in Figure 8. The same procedure 362 
is done in order to obtain Nuo  for the epoxy bonded regenerators. Herein, the average superficial 363 
velocity 𝑣𝑣s�  is used to calculate the mean Reynolds number Reh,m = 𝜌𝜌f𝑣𝑣s�𝐷𝐷h/𝜇𝜇f. As seen in Figure 8, Nuo 364 
increases with higher mean Reynolds number for all the regenerators. Higher Nuo  is observed with 365 
smaller particles and VAC-A in the two groups of regenerators. The data of Nuo are also compared to 366 
Wakao et al.’s [30] and Engelbrecht’s [22] correlations in Figure 8. Wakao et al. [30] did a 367 
comprehensive review and proposed a general correlation extending to the low Reynolds number region. 368 
For comparison, the Reynolds number based on the particle dimension is modified to that based on the 369 
hydraulic diameter here. Engelbrecht [22] presented the heat transfer correlation for a packed bed by the 370 
single blow test, which is Nu = 0.7Pr0.23Reh0.6 . The plots in Figure 8 show that the experimental 371 
curves in this study follow the trend of both correlations from literature, and the data are closer to the 372 
latter. Note that Wakao et al. proposed the correlation based on literature data with Rep > 100 , 373 
equivalent to Reh > 38, and the correlation was extended to the region with Reh < 38 for comparison 374 
here. 375 
 376 

 377 
Figure 7. Simulated effectiveness as a function of NTU and the utilization ratio for regenerators using 378 

packed SS particles. 379 
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  380 
Figure 8. Overall Nusselt number as a function of the mean Reynolds number for different regenerators. 381 
 382 
3. Active test of epoxy bonded regenerators 383 
 384 
3.1. Test apparatus and 1D numerical AMR model 385 
 386 
An epoxy bonded regenerator using five layers of La(Fe,Mn,Si)13Hy spherical particles was tested 387 
actively in a small-scale reciprocating magnetic refrigerator. This test apparatus was developed at the 388 
Technical University of Denmark (DTU) for verifying different AMR concepts [31]. As seen in Figure 389 
9, the whole setup consists of six main components. A Halbach cylinder permanent magnet, which 390 
generates an average magnetic flux density around 1.0 T in the magnetized area, is fixed. A heater at the 391 
cold end simulates the cooling load and a hot heat exchanger serves to maintain the hot end temperature. 392 
To generate a periodically changing applied magnetic field, the whole regenerator is moved reciprocally 393 
into and out of the magnetized area of the magnet by the motor with a linear guide. Synchronized with 394 
the applied magnetic field, the moving piston generates an oscillating flow through the regenerator with 395 
a certain phase difference, which forms a four-step refrigeration cycle as seen in Figure 10. The cycle 396 
period is about 6-8 s, depending on the timing of the different parts of the cycle. Note that it is the 397 
magnetic field applied in the middle of the regenerator which is shown in Figure 10. In fact, the applied 398 
magnetic field varies in the perpendicular direction, as the field strength is lower at the edge of the 399 
magnetized area than that in the centre. The whole apparatus is installed in a temperature controlled 400 
cabinet and the hot heat exchanger is in thermal contact with the air inside. Thus the hot end temperature 401 
is controlled by adjusting the cabinet temperature. The temperature span is recorded by E-type 402 
thermocouples with a measurement error of ±0.3ºC. The current and the voltage applied to the resistance 403 
heater are also measured to calculate the cooling load. 404 
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 405 
Figure 9. Schematic diagram of the small-scale reciprocating magnetic refrigerator. 406 

 407 

 408 
Figure 10. Flow and magnetic field profiles of the small-scale reciprocating magnetic refrigerator. 409 

 410 
Simulations of this AMR are implemented based on a 1D numerical model developed at DTU [11, 25]. 411 
The AMR model [22, 25] is built up based on Eqns. (8) and (9) by using the empirical correlation of the 412 
heat transfer coefficient instead of constant NTU and adding a term representing the magnetocaloric 413 
transition. This transient model discretizes and solves these two modified energy equations in order to 414 
predict the dynamic temperature profiles along the AMR. After reaching steady state within a numerical 415 
tolerance, the performance indices, such as the cooling power and COP, can be calculated from the 416 
temperature information in the last cycle. The properties of materials and the operating parameters could 417 
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be modified according to the active test, making this model flexible to study the AMR performance. 418 
Based on an observation that ∆𝑆𝑆iso  of La(Fe,Mn,Si)13Hy with different 𝑇𝑇Curie  are similar for the 419 
temperature range studied here, an approach of shifting one group of experimental data according to 420 
designed 𝑇𝑇Curie [25] is used in simulation to determine the magnetocaloric properties of each material. 421 
More details of this 1D AMR model are given in Ref. [22, 25]. In the simulation, the demagnetization 422 
factor is estimated to be about 0.36 according to the method presented in Ref. [32]. 423 
 424 
3.2. Experimental results and validation using 1D AMR model 425 
 426 
In total, about 143 g of material was loaded into the regenerator housing made of a Perspex tube, which 427 
has an inner diameter of 32 mm and a length of 40 cm. The dimensions of this 5-layer AMR are not the 428 
same as VAC-B due to different connection interfaces in two apparatuses and test purposes. About 2 wt. 429 
% epoxy is used inside the AMR, corresponding to an estimated volume fraction of about 8%. The Curie 430 
temperature of the materials and their volume fractions are summarized in Table 1. A sample of each 431 
material (approximately 10 mg) was characterized on a Lake Shore 7407 Vibrating Sample 432 
Magnetometer (VSM). The Curie temperature was defined as the inflection point of the magnetisation, 433 
measured in a 10 mT applied field. Note that for first order phase transition materials, the Curie 434 
temperatures determined in this way will be lower than those where the peaks of ∆Siso or ∆Tad appear. 435 
The average spacing of the Curie temperature is about 2.0 ºC. The heat transfer fluid is 2 v/v% of the 436 
commercial anti-corrosion additive ENTEK FNE in an aqueous solution [33]. A low concentration such 437 
as 1-2 v/v % has proven sufficient to protect the magnetocaloric materials well in a four-month static 438 
corrosion test at DTU. The stroke 𝑆𝑆p, the hot end temperature 𝑇𝑇h and the cooling load 𝑄̇𝑄c are adjusted to 439 
investigate the cooling performance of this five-layer AMR. In both passive and active tests, the epoxy 440 
bonded regenerators are quite stable and maintain mechanical integrity well after testing for two months. 441 
Due to the first order characteristics of the materials, the specific heat is strongly dependent on the 442 
temperature. This makes the utilization always change for different temperature spans. Therefore the 443 
piston stroke is presented mainly instead of the utilization. The roughly estimated utilization varies from 444 
0.4 to 0.8 with the piston stroke from 7 to 15 mm. 445 
 446 

Table 1. Curie temperatures of the materials and volume fraction in each layer. 447 
Layer sequence 1 2 3 4 5 

Curie temperature [ºC] 11.4 14.5 16.2 17.5 19.9 
Volume fraction [%] 12.6 22.4 21.3 22.2 21.5 

 448 
Figure 11 presents the no-load temperature span Δ𝑇𝑇 over the epoxy bonded regenerator as a function of 449 
the hot end temperature as well as the simulation results. This 5-layer regenerator achieves a maximum 450 
no-load temperature span of 16.8 ºC when the hot end temperature is about 25 ºC, which is larger than 451 
that of 13.5 ºC for a two-layer regenerator using similar materials [15]. The span obtained here is also 452 
larger than 8.9 ºC for Gd and 8.5 ºC for 2-layer La(Fe,Co,Si)13 tested in the same apparatus [31]. Note 453 
there are no check valves to separate the flows in both ends, and the dead volume is larger than that in 454 
the passive test setup. The simulation results are slightly higher than the experimental data and fit the 455 
trends quite well. Both experiments and simulations show that the no-load temperature span is quite 456 
sensitive to the hot end temperature as discussed and analyzed in Ref. [25]. This is attributed to the 457 
strong temperature dependence of the magnetocaloric effect and the narrow working temperature region 458 
for the FOPT MCMs. The materials in some layers may not be fully “activated” when the working 459 
temperature deviates from the best region. 460 
 461 
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Figure 12 shows that the impact of the piston stroke 𝑆𝑆p on the no-load temperature span Δ𝑇𝑇 is quite 462 
small in this case. Δ𝑇𝑇 only slightly increases when 𝑆𝑆p<10 mm and reaches the maximum at a stroke 463 
around 7 mm. The average deviation between simulations and experiments is less than 0.8 ºC. 464 
Simulations also show that no-load temperature spans did not change much in regard to the piston 465 
stroke.  466 

 467 
 468 

Figure 11. Impact of the hot end temperature on the no-load temperature span of the epoxy bonded 469 
AMR. 470 

 471 

 472 
Figure 12. Impact of the piston stroke on the no-load temperature span of the epoxy bonded AMR. 473 

 474 
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Figure 13 presents the results from applying a cooling load when the piston stroke is 10 mm. The hot 475 
end temperature in experiments (black dot line) varies slightly for different points and the average value 476 
is around 25.4 ºC. The regenerator provides 2.8 W cooling power with Δ𝑇𝑇=2 ºC and realizes a no-load 477 
temperature span of 16 ºC. In addition, a batch of simulations is implemented and presented assuming 478 
𝑇𝑇ℎ ranges from 20.8 to 27.8 ºC. Similar to the results in Figure 11, the simulated load curves vary largely 479 
even with a small change in 𝑇𝑇h. In the low Δ𝑇𝑇 region with lower 𝑇𝑇h, higher 𝑄̇𝑄c is obtained and the slope 480 
becomes significantly larger. The experimental data fit the curve with  𝑇𝑇h=24.8 ºC better, rather than the 481 
one with 𝑇𝑇h=25.4 ºC. The reason may lie in the facts that the hot end temperature is fluctuating during 482 
each cycle and the real hot end temperature (the reservoir temperature in simulations) is lower than the 483 
measured average value. 484 
  485 

 486 
Figure 13. Impact of the working temperature on the cooling load curves of the epoxy bonded AMR. 487 

 488 
More cooling load curves are presented in Figure 14 (a) and (b). In Figure 14 (a), the maximum 489 
temperature span is about 16 ºC for different piston strokes, and the temperature span decreases when 490 
more cooling load is applied. Compared to experimental results, the simulations deviates from the 491 
cooling load but still reflect the trends. As discussed previously, the load curve is so sensitive to 𝑇𝑇h that 492 
any small change in hot end temperature would lead to a considerable change in the device performance, 493 
which could be the reason of the deviation.  Compared with Figure 14 (a), the experiments in Figure 14 494 
(b) are run with lower 𝑇𝑇h, realizing higher 𝑄̇𝑄c at the small Δ𝑇𝑇 region but smaller no-load temperature 495 
span around 13.6 ºC. This effect is also reflected in the simulations, reading the curves with 𝑇𝑇h=23.8 and 496 
25.8 ºC shown in Figure 13. The overall absolute deviations between simulations and experiments in 497 
Figure 14 (a) and (b) are about 0.42 and 0.74 W respectively. The small regenerator achieves a 498 
considerable cooling power of 5.7 W at Δ𝑇𝑇=9.5 ºC with 𝑆𝑆p=14 mm, as a typical working point. 499 
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 500 
(a) First experiment with higher 𝑇𝑇h (b) Second experiment with lower 𝑇𝑇h 

 501 
Figure 14. Cooling load as a function of the temperature span of the epoxy bonded AMR. 502 

 503 
4. Conclusions 504 
 505 
The passive characterization and active testing of epoxy-bonded regenerators are presented in this study. 506 
The epoxy-bonding technique serves to increase the mechanical strength of regenerators using brittle 507 
materials and to build monolithic regenerators. The particle size analysis showed that the 508 
La(Fe,Mn,Si)13Hy particles in the first group were quite irregular and had a broader distribution in the 509 
particle size compared to the second group of spherical particles. Two epoxy bonded regenerators based 510 
on these particles and four reference packed beds loaded with SS particles were tested passively. The 511 
friction factors of the SS packed beds fit the classic Ergun equation quite well, while the epoxy bonded 512 
regenerator showed a significantly higher 𝑓𝑓F than the prediction, especially for the irregular particles. 513 
This was due to the high irregularity, the broad distribution in the particle size and the introduction of 514 
epoxy. Moreover, the results show that the regenerator loaded with smaller SS particles always yields a 515 
higher effectiveness. The epoxy bonded regenerator with the irregular particles exhibited slightly higher 516 
effectiveness than that with spherical particles, while the pressure drop over the former was higher. New 517 
spherical particles with a smaller diameter of 0.2-0.3 mm could be interesting for future studies and 518 
applications, which has also been investigated theoretically [18]. In addition, the overall Nusselt number 519 
of both groups of regenerators fit the trends of Wakao et al.’s and Engelbrecht’s correlations and the 520 
results in this study fit the latter better. It is noted that the epoxy bonded regenerators show good 521 
stability and no failure is observed in a 2-month discontinuous test. Only tiny dusts escape from the 522 
regenerator and they are stopped by the screen meshes at each end of the regenerator. 523 
A five-layer epoxy bonded AMR using spherical La(Fe,Mn,Si)13Hy particles was also tested actively in a 524 
small reciprocating magnetic refrigerator. This regenerator realized a maximum no-load temperature 525 
span up to 16.8 ºC and provided 5.7 W of cooling power at a temperature span of 9.5 ºC, showing the 526 
spherical particles realize a good performance. In addition, the experimental results verify that the AMR 527 
using MCMs with a first order phase transition is quite sensitive to the working temperature [25]. To 528 
realize the full potential of a layered AMR, all the layers should be activated properly by adjusting the 529 
temperature distribution along the regenerator. The 1D numerical model was validated with the 530 
experiments, showing the simulations can predict the trends of the AMR performance well. 531 
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