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iii Abstract (in English) 

Abstract (in English) 
 

From an energy-saving and environmentally friendly perspective, magnetic refrigeration at room 
temperature is an emerging alternative to conventional vapor compression cooling. The recent progress 
toward commercialization of magnetic refrigeration is hampered by its relatively low temperature span and 
cooling power. The active magnetic regenerator (AMR) is an essential component to implement the thermal 
energy transfer and scale up the temperature span for a magnetocaloric system. Under a magnetic 
refrigeration cycle, the AMRs involve the coupling of heat and mass transfer, magnetocaloric effect and 
parasitic losses, which complicate the AMR design. 

In this dissertation, test apparatus, numerical models and analytic models were developed to visualize the 
intrinsic thermodynamic process in an AMR. These analysis tools facilitate material characterization, 
thermal-hydraulic evaluation, cooling performance assessment, and stability analysis. The relations of heat 
transfer effectiveness, cooling capacity, and transient temperature profile were analytically quantified, as 
well as numerically and experimentally validated. The thesis has found that the solid heat storage term of 
the effectiveness has a clearer impact on both the conjugate heat transfer and cooling capacity of AMRs 
than the entire effectiveness does. For a harmonic cycle, the amplitude and phasing of local temperature are 
affected by utilization, relative fluid displacement, and number of transfer unit. The slope of average 
temperature profile is weakly dependent of uneven distribution of heat capacity of magnetocaloric material 
(MCM) in a fluid oscillating process. However, the magnetocaloric effect would significantly change the 
slope of average temperature profile in an AMR cycle. The results of experimental, numerical and analytical 
work obtained in this thesis will improve the efficiency of future AMR designs. 

The challenges for AMRs are also related to shaping porous geometries from often-brittle MCMs. In this 
dissertation, freeze-cast lamellar channel AMRs, 3D printed double corrugated AMRs, tape cast triangular 
microchannel AMRs, and packed particle bed AMRs of different types are characterized experimentally 
and numerically. The channel surface quality was found to have great impact on heat transfer and cooling 
performance, as well as the stability. The triangular microchannel AMR obtained a good balance between 
cooling performance and flow resistance. The non-bonded AMRs with stabilized first order MCMs are 
promising due to relatively high cooling performance compared to epoxy-bonded AMRs. After 
investigating the potential of these preliminary AMRs, further suggestions for the next generation AMRs 
are provided. 
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Resumé (på dansk) 
 

Titel: Eksperimentelle og analytiske studier af aktive magnetiske regenerator 

Fra et energibesparende og miljømæssigt perspektiv er magnetisk køling ved stuetemperatur et voksende 
alternativ til konventionel kompressionskøling. De nylige fremskridt mod kommercialisering af 
magnetisk køling er hæmmet af relativt lave temperaturløft og køleeffekter. Den aktive magnetiske 
regenerator (AMR) er en væsentlig komponent til at implementere termisk energioverførsel og skalere 
temperaturområdet for et magnetokalorisk system. Under en magnetisk termodynamisk cyklus involverer 
AMR kobling af varme og masseoverførsel, magnetokalorisk effekt og parasitiske tab, som komplicerer 
AMR-designet. 

I denne afhandling er testapparater, numeriske modeller og analytiske modeller udviklet til at visualisere 
den termodynamiske proces i en AMR. Disse analyseværktøjer muliggør materialekarakterisering, 
termisk-hydraulisk evaluering, kølepræstationsvurdering og stabilitetsanalyse. Forholdet mellem 
varmeoverførselseffektivitet, kølekapacitet og transient temperaturprofil kvantificeres analytisk såvel som 
numerisk og bliver eksperimentelt valideret. Effektivitetens faste varmelagringsperiode har en klarere 
indvirkning på både den konjugerede varmeoverførsels- og kølekapacitet af en AMR end hele 
effektiviteten har. I en harmonisk cyklus påvirkes amplituden og indfasningen af lokal temperatur af 
anvendelse, relativ væskeforskydning og antallet af overførselsenheder (NTU). Hældningen af 
gennemsnitstemperaturprofilen er svagt afhængig af ujævn fordeling af det magnetokaloriske materiales 
(MCM) varmekapacitet. Den magnetokaloriske effekt ville dog ændre temperaturprofilens hældning 
markant. Opdateringen af eksperimentelle, numeriske og analytiske systemer forbedrer effektiviteten af 
AMR-design. 

Udfordringerne for AMR er også relateret til udformning af porøse geometrier fra ofte skøre 
magnetokaloriske materialer. I denne afhandling karakteriseres AMRer som er frysestøbte med 
lamelformede kanaler, 3D-printede dobbeltbølgede, tape-castede trekantede mikrokanal og pakkede 
beholdere med af forskellige typer partikeller eksperimentelt og numerisk. Kanaloverfladekvaliteten har 
stor indflydelse på varmeoverførsel og køleydelse såvel som stabiliteten. Den trekantede mikrokanal 
AMR opnåede en god balance mellem køleydelse og strømningsmodstand. De ikke-bundne AMR med 
stabiliserede første ordens MCM'er er lovende på grund af relativt høj køleydelse sammenlignet med 
epoxybundne AMR. Efter at have undersøgt potentialet i disse foreløbige AMR, leveres yderligere forslag 
til næste generations AMR. 
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𝐿 Length, [m] 

𝑚 Mass, [kg] 

�̇�  Mass flow rate, [kg s-1] 

𝑀  Magnetization, [A m-1] 

𝑀𝑠𝑐  Mesh number per meter for packe screen bed, [m-1] 

𝑁𝑇𝑈 Number of transfer units, [-] 

𝑁𝑢 Nusselt number, [-] 

𝑁𝑆 Entropy generation number, [-] 

𝑁𝑆,𝐴𝑀𝑅  Redefined entropy generation number for AMR, [K-1] 

𝑝 Pressure, [Pa] 

𝑃𝑒  Péclet number, [-] 

PEC Performance evaluation criterion, [-] 

�̇� Specific cooling/heating power, [w kg-1]  

𝑞𝑅𝐶  Refrigerant capacity, [J] 

�̇� Cooling/heating power, [w] 

𝑅𝑒 Reynolds number 

𝑟  Radius, [m] 

𝑅𝐶𝑃∆𝑆  Relative cooling power based on isothermal entropy change, [W] 

𝑅𝐶𝑃∆𝑇  Relative cooling power based on adiabatic entropy change, [K2] 

𝑠 Specific entropy, [J K-1 kg-1] 

𝑆 Entropy, [J K-1]  

𝑆𝑝 Piston stroke, [m] 

𝑆𝑡 Stanton number, [-] 

𝑇 Temperature, [K] 

𝑇𝐴𝐸𝐶  Temperature averaged entropy change, [J K-1] 



   

 
 

xiii Nomenclature 

𝑡 Time, [s] 

�̌�  Dimensionless time, [-] 

𝑈 Utilization, [-] 

𝑈𝑎  The thermal mass ratio of pumped fluid to binding agent, [-] 

𝑈P  Peltier voltage, [V] 

𝑣 Velocity, [m/s] 

𝑉 Volume, [m3] 

𝑉∗  Relative fluid displacement, [-] 

𝑤  Specific power, [W kg-1] 

𝑊  Power, [W] 

𝑥 Axial position coordinate, [m] 

𝑋 Unspecified local variable 

Greek and letter-like symbols 

𝛼 Specific surface area, [m-2] 

𝛽  Effectiveness imbalance, [-] 

𝛾 Dimensionless parameter for analytical model, [-] 

𝛿  Thickness, [m] 

∆ Difference 

𝜖 Porosity, [-] 

휀 Heat transfer effectiveness, [-] 

휁 Reduced cooling capacity, [-] 

휂 Individual term of heat transfer effectiveness, [-] 

휂2 Second law efficiency, [-] 

휂MCM  Dimensionless material efficiency, [-] 

휃  Dimensionless temperature, [-] 

휃𝐸𝑥  Exergetic power quotient, [-] 

𝜗  Specific channel area, [-] 

�̇�  Dimensionless fluid mass flow rate, [-] 

𝜇 Dynamic viscosity, [Pa s] 

𝜇0 Vacuum permeability (T m A–1] 

𝜉 Dimensionless axial position coordinate, [-] 

𝜌 Density, [kg m-3] 



 
xiv Nomenclature 

𝜍 Reversible ratio, [-] 

𝜏 Period time, [s] 

𝜑 Regeneration ratio, [-] 

𝛶  Normalized latent heat, [-] 

𝛷∗  Dead volume ratio, [-] 

𝜒 Empirical parameter to incorporate the degradation on the Fourier number, [-] 

𝜓∗  Relative dead volume, [-] 

ℓ  Specific wetted perimeter, [m-1] 

𝔗  Tortuosity, [-] 

Subscripts 

𝑎 Binding agent 

𝑎1 Variable amplitude in first order expansion 

𝑎𝑑 Adiabatic 

𝑏 Bulk or baseline 

𝑐 Cold end or cold-to-hot blow 

𝑐1 Cold-to-hot blow begins 

𝑐2 Cold-to-hot blow ends 

𝑐ℎ Characteristic 

𝐶𝑢𝑟𝑖𝑒  Curie point 

𝑑𝑒𝑚𝑎𝑔 Demagnetization period 

𝑑𝑒𝑚𝑎𝑔1 Demagnetization begins 

𝑑𝑒𝑚𝑎𝑔2 Demagnetization ends 

𝑑𝑖𝑠𝑝 Dispersion 

𝑒𝑓𝑓 Effective 

𝑒𝑞 Equivalent 

𝑓 Fluid 

𝑓ℎ𝑠 Fluid heat storage 

𝑔 Grease 

ℎ Hot end or hot-to-cold blow 

ℎ1 Hot-to-cold blow begins 

ℎ2 Hot-to-cold blow ends 

ℎ𝑐 Heat conduction 

ℎ𝑡 Heat transfer 



   

 
 

xv Nomenclature 

ℎ𝑦𝑠  Hysteresis 

𝑖𝑛 Inlet or inflow 

𝑖𝑠𝑜 Isothermal 

𝑚 Mean or mass 

𝑚𝑎𝑔 Magnetization period 

𝑚𝑎𝑔1 Magnetization begins 

𝑚𝑎𝑔2 Magnetization ends 

𝑚𝑎𝑥 Maximum 

𝑜𝑢𝑡 Outlet or outflow 

𝑝 Pumping or pore 

𝑟  Regenerator 

𝑟𝑒𝑓  Reference 

𝑠 Solid or sample 

𝑠𝑎𝑡 Saturation 

𝑠ℎ𝑠 Solid heat storage 

𝑠𝑝 Sphere 

𝑠𝑡𝑎𝑡 Static 

𝑣𝑑 Viscous dissipation 

𝑣𝑣 Void volume 
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1 Introduction 

 

1. Introduction 

This dissertation is presented based on the Ph.D. project at the Department of Energy Conversion and 

Storage, Technical University of Denmark (DTU). It lasted from March 2018 to February 2021, focusing 

on the study of active magnetic regenerators experimentally, numerically and analytically. The main 

research objectives consist of (I) developing effective analysis tools to understand the complex relations of 

thermodynamic cycle and magnetocaloric effect, and (II) investigating various promising candidates of 

active magnetic regenerator to explore the path to commercialization. 

 

1.1. Active magnetic regenerators 

Energy conservation and environmental friendliness are the major challenges in conventional 

refrigeration systems that make use of vapor compression of gas refrigerants [1]. Considering the effects of 

global warming and ozone depletion from conventional refrigerants, the scientific community has been 

searching for new refrigerants [2] and continuously investigating alternative refrigeration technologies [3–

6]. Caloric heating and cooling is an emerging refrigeration technology [7–10], which is based on the caloric 

effect in solid-state materials. Magnetocaloric [11–13], elastocaloric [14–16], barocaloric/mechanocaloric 

[17–19] and electrocaloric [20–22] effect are each named after their triggering external field. Recent 

development of caloric cooling and heating prototypes can be referred to Refs. [23–32].  

Most caloric systems circulate a heat transfer fluid to efficiently harvest the caloric effect, which involves 

reversible temperature variation that occur in magnetically, mechanically, and electrically responsive 

materials when subjected to changes in applied fields. Exemplifying a magnetocaloric cooling cycle in Fig. 

1, the caloric system operates in a thermodynamic cycle for delivering heat from a heat source to a heat 

sink by means of work induced from applied field changes. For the possibility of high-frequency operation 

and zero pumping work, especially in mini/micro-cooling, the fully solid-state caloric systems have been 

developing simultaneously [33,34]. The representative system of fully solid state consists of a caloric 

material sandwiched between two thermally controllable components that are in contact with a heat sink 

and heat source [35–41]. For a representative scope, this dissertation only focuses on the thermodynamic 

cycle with hydraulic configuration.  



 
2 Active magnetic regenerators 

 

Fig. 1 Demonstration of the thermodynamic cycle for a magnetocaloric system that consists of four individual steps: 

(I) magnetization, (II) cold-to-hot blow – transferring heat to heat sink, (III) demagnetization; (IV) hot-to-cold blow 

– absorbing heat from heat source. The magnetic field is analogous to stress, pressure or electric field for elastocaloric, 

barocaloric and electrocaloric, respectively. The particle image was cited from Ref. [42]. 

The pioneer caloric systems concentrated on magnetocalorics for the domains of cryogenic [43], 

intermediate temperature [44–46] and room temperature [47]. In the scope of room temperature in this 

dissertation, the adiabatic temperature change (∆𝑇𝑎𝑑) of magnetocaloric material (MCM) is relatively small 

(only a few Kelvins) compared to the other caloric classes, owing to the limited magnetic field obtainable 

by permanent magnets [48]. To scale up the temperature span for magnetocaloric devices, active magnetic 

regenerators (AMRs) are being widely adopted. The AMR is essentially a cascading of infinitesimal MCM 

units with the active contribution of the magnetocaloric effect (MCE) induced by magnetic field changes. 

The AMRs are shaped into porous beds, allowing a synchronized fluid flow that connects the adjacent 

MCM units to create an axial temperature profile via conjugate heat transfer. The thermodynamic cycle 

with AMR couples the MCE and the regeneration into a single process as shown in Fig. 1. The design of 

AMRs is central to magnetocaloric devices.  

AMR research can inherit some methodologies and results from generic regenerators of fixed bed (passive 

regenerators). The passive regenerators act as a thermodynamic sponge that transfers heat to and from the 

heat transfer fluid alternatively. Comparing to passive regenerators in Stirling engine [49,50] or catalytic 

reactor [51], AMRs exhibit particular characteristics: 



 

 
 

3 Introduction 

(1) AMRs have an additional internal heat source. The MCE drives the AMRs to actively create the 

temperature gradient along the matrix. In the model aspect, the energy equation has an extra heat 

source term for solid phase (MCE). Thus, the results from passive regenerators are not directly 

transferable to AMRs.  

(2) AMRs have comparable thermal masses between solid and fluid phases. Compared to regenerators 

with gas oscillation and dominant solid thermal mass, the fluid phase for AMRs cannot be simplified 

as quasi-stationary [52]. Based on additional assumptions, such as  converting equivalence of finite 

conjugate heat transfer, simplified one-phase models are developed for passive regenerators [53] and 

AMRs. 

(3) The temperature glide at each end of AMR is limited by the MCE. The temperature span along an 

AMR is significantly improved from ∆𝑇𝑎𝑑 of MCM by heat regeneration. However, the temperature 

glide of the external heat exchanger is still smaller than ∆𝑇𝑎𝑑. This will cause low  efficiency of the 

heat transfer in external heat exchangers, when the temperature difference of external flow is large. 

Additional design such as by-pass secondary loop [54] is necessary for some AMR applications.  

Consequently, there are needs to study AMRs in thermodynamic cycles with the generic theory of fixed 

bed regenerators; and the knowledge is transferable to other caloric technologies. Achieving high cooling 

capacities and large temperature spans at a high AMR efficiency is still a challenge in magnetic refrigeration 

at room temperature. 

 

1.2. Performance factors for active magnetic regenerators 

There are many factors contributing to the AMR performance. MCM properties [55], matrix geometries 

[56–58] and dimensions [59,60], operating conditions [61,62] and magnetic field waveform and flow 

waveform synchronization [63–67] were identified as major parameters. It is important to understand which 

factors limit the performance of the AMR and how to enhance it. 

1.2.1. Thermal-hydraulic metrics 

Traditional analysis methods of thermal system are based on the first law of thermodynamics. These 

methods use an energy balance of the system to determine heat transfer between the system and its 

environment. The figures of merit for the regenerators without caloric effect are summarized in Table 1.  

 

 



 
4 Performance factors for active magnetic regenerators 

Table 1 Performance parameters for fixed bed regenerators subjected to an oscillatory flow. 

Parameters Description Equations  

Regenerator 

effectiveness [68] 

The ratio of actual heat transfer to  

maximum obtainable heat transfer 
†휀 = �̇�

�̇�𝑚𝑎𝑥
=

�̇�𝑐

(�̇�𝑓̅̅ ̅̅ ̅𝑐𝑝)𝑚𝑖𝑛
(𝑇ℎ−𝑇𝑐)

=

�̇�ℎ

(�̇�𝑓̅̅ ̅̅ ̅𝑐𝑝)𝑚𝑖𝑛
(𝑇ℎ−𝑇𝑐)

   

Eq. 1 

Temperature 

effectiveness 

The ratio of temperature drop of the 

hot/cold fluid to the inflow 

temperature difference, which 

evaluates the hot/cold period thermal 

efficiencies. 

휀𝑐 =
𝑄𝑐

𝑄𝑚𝑎𝑥,𝑐
=

2 𝜏⁄ ∫ 𝑇𝑓,ℎ 𝑑𝑡
𝜏 2⁄
0 −𝑇𝑐

𝑇ℎ−𝑇𝑐
  

휀ℎ =
𝑄ℎ

𝑄𝑚𝑎𝑥,ℎ
=

𝑇ℎ−2 𝜏⁄ ∫ 𝑇𝑓,𝑐 𝑑𝑡
𝜏
𝜏 2⁄

𝑇ℎ−𝑇𝑐
  

Eq. 2 

Eq. 3 

Overall 

effectiveness [69] 

Combined thermal effectivenesses 

with regard to hot and cold periods 

for a single matrix. 

εr =
𝑄ℎ+𝑄𝑐

𝑄𝑚𝑎𝑥,ℎ+𝑄𝑚𝑎𝑥,𝑐
=

2𝑄

𝑄𝑚𝑎𝑥,ℎ+𝑄𝑚𝑎𝑥,𝑐
=

2

(1 ℎ⁄ +1 𝑐⁄ )
  

Eq. 4 

 

Utilization Thermal mass ratio of fluid for each 

blow to solid, which indicates the 

cycle-average thermal transport 

ability. 

‡𝑈 =
�̇�𝑓𝑐𝑓𝜏 2⁄

𝑚𝑠𝑐𝑠
=

𝜌𝑓𝑐𝑓𝑉𝑝

(1−𝜖𝑏)𝜌𝑠𝑐𝑠𝑉𝑟
  Eq. 5 

 

Relative fluid 

displacement 

The ratio of the displaced to the 

entrained fluid volume, which 

resembles the expansion parameter in 

pulse tube cryocoolers [70] 

𝑉∗ =
𝑉𝑝

𝜖𝑝𝑉𝑟
=

𝑉𝑝 (𝐴𝑐,𝑟𝜖𝑝)⁄

𝐿𝑟
  Eq. 6 

 

Number of 

transfer unit 

The ratio of overall conductance to 

the fluid heat capacity rate, which 

indicates the thermal size or cost. 

𝑁𝑇𝑈 =
ℎ̅𝐴

(�̇�𝑓̅̅ ̅̅ ̅𝑐𝑝)𝑚𝑖𝑛

=
ℎ̅𝛼𝑉𝑟

𝑓𝑉𝑝𝜌𝑓𝑐𝑓
  Eq. 7 

 

Nusselt number The ratio of convective to conductive 

heat transfer in a fluid, which 

indicates the heat transfer intension. 

𝑁u =
ℎ̅𝐷ℎ

𝑘𝑓
  Eq. 8 

 

Reynolds number  The ratio of inertial force to viscous 

force based on hydraulic diameter 

and channel velocity, which can 

predict flow patterns. 

𝑅𝑒ℎ =
𝜌𝑓(𝑣𝑓 𝜖𝑝⁄ )𝐷ℎ

µ𝑓
  Eq. 9 

 

Pumping power The power required to overcome the 

pressure drop of the working fluid 

through the regenerators [71]. 

𝑊𝑝,𝑐 =
�̇�𝑓,𝑐̅̅ ̅̅ ̅̅ ̅

𝜌𝑓,𝑐
𝛥𝑝𝑐̅̅ ̅̅ ̅,  𝛥𝑝𝑐̅̅ ̅̅ ̅ = 2 𝜏⁄ ∫ |𝛥𝑝| 𝑑𝑡

𝜏 2⁄

0
  

𝑊𝑝,ℎ =
�̇�𝑓,ℎ̅̅ ̅̅ ̅̅ ̅

𝜌𝑓,ℎ
𝛥𝑝ℎ̅̅ ̅̅ ̅,  𝛥𝑝ℎ̅̅ ̅̅ ̅ = 2 𝜏⁄ ∫ |𝛥𝑝| 𝑑𝑡

𝜏

𝜏 2⁄
 

Eq. 10 

Eq. 11 
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Parameters Description Equations  

Specific pumping 

power [72] 

Reduced form of pumping work, 

which can eliminate the influence of 

frequency 

𝑤𝑝 =
𝐿𝑟

𝜌𝑓,𝑐
𝛥𝑝𝑐̅̅ ̅̅ ̅ +

𝐿𝑟

𝜌𝑓,ℎ
𝛥𝑝ℎ̅̅ ̅̅ ̅  Eq. 12 

 

Fanning friction 

factor 

The ratio between the local shear 

stress and the local flow kinetic 

energy density. For oscillatory 

conditions, amplitudes of pressure 

drop and channel velocity are 

adopted [70,73]. Fanning friction 

factor is one fourth the Darcy friction 

factor [74]. 

𝑓𝐹 =
|𝛥𝑝|𝑚𝑎𝑥

𝐿𝑟

𝐷ℎ

2𝜌𝑓(𝜈𝑓,𝑚𝑎𝑥 𝜖⁄ )
2  

Eq. 13 

 

𝑓𝐹 =
2𝐷ℎ

2

𝐾
𝑅𝑒ℎ

−1 +
2𝐷ℎ𝐹

√𝐾
  [73,75,76] Eq. 14 

Performance 

evaluation criteria 

(PEC) [77] 

Performance comparison of an 

enhanced geometry of heat exchanger 

with that of the baseline structure. 

The enhanced geometry can seek 

reduced pumping power for fixed 

heat duty (𝑃𝐸𝐶𝑃) or enhance heat 

transfer for a fixed pumping power 

(𝑃𝐸𝐶𝑄) [78,79].  

𝑃𝐸𝐶𝑃 =
𝑓𝐹 𝑓𝐹,𝑏⁄  

(𝑆𝑡 𝑆𝑡𝑏⁄ )3
  

 

𝑃𝐸𝐶𝑄 =
𝑈𝐴 (𝑈𝐴)𝑏⁄  

(∆𝑝 ∆𝑝𝑏⁄ )1 3⁄ (𝐴𝑐 𝐴𝑐,𝑏⁄ )
2 3⁄   

Eq. 15 

 

Eq. 16 

† 𝑇𝑐 and 𝑇ℎ denote the temperatures of cold and hot reservoirs, respectively. �̇�𝑐 and �̇�ℎ denote the heat fluxes transferred to/from 

fluid for cold-to-hot blow and cold-to-hot blow, respectively. As will be discussed in Chapter 2.3, �̇�𝑐 and �̇�ℎ are not necessarily 

identical when the parasitic losses exist. (�̇�𝑓̅̅ ̅̅ 𝑐𝑝)𝑚𝑖𝑛 is the minimum of heat capacity rates between cold-to-hot blow and cold-to-

hot blow. Subscript 𝑚𝑎𝑥 represents the state of maximum obtainable. 

‡ 𝑐𝑠 is normally the background value rather than the peak value for MCMs with temperature dependent specific heat. In the case 

of AMR with La(Fe,Mn,Si)13Hy, 𝑐𝑠 is assumed as 501 J kg-1K-1 [80]. 𝑉𝑝 is the displaced fluid volume per blow. 

 

Performance parameters listed in Table 1 can be the non-magnetic and thermal-hydraulic indicators of the 

geometry and dimension design of the AMR, which are dependent on geometrical parameters and operating 

conditions [81]. The utilization (Eq. 5) is a preliminary design parameter to arrange the MCM configuration 

or operating range [13]. Theoretically, the AMR can only reach ideal 100% heat transfer effectiveness (Eq. 

1-Eq. 4), when the utilization is lower than or equal to unity [82]. High effectiveness requires small 

difference of AMR temperature profile between alternatively fluid blows, then indicates small utilization 

with lower penetration of inflow fluid into the MCM matrix [83]. However, lower utilization always 

involves higher expenditure of the MCMs [84].  
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The effectiveness and the NTU (Eq. 7) are widely adopted as heat transfer figures of merit for thermal 

regenerators [81]. The ε-NTU approach is also suitable for AMR design and has been successfully used to 

rank different AMR geometries from a heat transfer standpoint [85–87]. Additionally, the ε-NTU approach 

can assist the AMR optimization via entropy generation minimization [58,84]. The effectiveness is an 

overall measure of thermal storage efficiency. Conjugate heat transfer between fluid and solid sometimes 

is not strongly correlated with the effectiveness owing to the impacts of parasitic losses. Thus, the ε-NTU 

approach possibly results in mismatches between effectiveness values and heat transfer efficiency. For 

example, (I) a high effectiveness value does not necessarily provide the good thermal-hydraulic and cooling 

performance [88], and (II) the ε–NTU relationship may predict behavior that does not agree with 

experimental data owing to neglected external impacts [89]. To facilitate the ε–NTU approach to the AMR 

design, porosity and utilization should be taken into account when comparing the ε-NTU curves between 

different AMRs [90].  

Friction factor (Eq. 13-Eq. 14) is normally coupled to Reynolds number (Eq. 9) as 𝑓𝐹~𝑅𝑒ℎ curves to 

evaluate different regenerators and optimize their geometries [91,92]. During an oscillating flow, Fanning 

friction factor, as defined in Eq. 13, can be used to evaluate the flow resistance and determine the flow 

pattern [93,94]. The relation of 𝑓𝐹~𝑅𝑒ℎ can be fitted in the form of Eq. 14, in which the linear term and the 

constant term indicate the viscous and the inertial forces, respectively.  

1.2.2. First law metrics 

For AMRs operating in a thermodynamic cycle, the temperature span, cooling capacity and power input 

to drive the magnetic circuit and pumping system are main performance parameters, which are listed in 

Table 2. 

Table 2 Performance parameters for AMRs subjected to an oscillatory flow and a periodic magnetic field. For 

brevity, only cooling related equations are listed. 

Parameters Descriptions Equations  

Thermal reservoir 

temperature span 

Temperature difference between cold 

and hot reservoirs 

∆𝑇ℎ𝑐 = 𝑇ℎ − 𝑇𝑐   Eq. 17 

Regenerator 

temperature span 

Temperature difference between 

average outflow temperatures at both 

regenerator ends  

†∆𝑇𝑅𝑒𝑔 =
∫ 𝑇𝑓,ℎ
𝑡𝑐2
𝑡𝑐1

𝑑𝑡

𝑡𝑐2−𝑡𝑐1
−
∫ 𝑇𝑓,𝑐
𝑡ℎ2
𝑡ℎ1

𝑑𝑡

𝑡ℎ2−𝑡ℎ1
  

Eq. 18 

Cooling capacity The cycle-average difference of 

enthalpy rate between inflow and 
�̇�𝑐 =

𝑡ℎ2−𝑡ℎ1

𝜏
�̇�𝑓̅̅ ̅̅ 𝑐𝑓 ∙ (𝑇𝑐 −

∫ 𝑇𝑓,𝑐
𝑡ℎ2
𝑡ℎ1

𝑑𝑡

𝑡ℎ2−𝑡ℎ1
)  

Eq. 19 
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Parameters Descriptions Equations  

outflow at cold end (�̅̇�𝑐) or hot end 

(�̅̇�ℎ) of the AMR 

Specific cooling 

capacity 
The cooling capacity (�̇�𝑐) normalized 

by the MCM mass (𝑚𝑀𝐶𝑀) or the 

AMR volume (𝑉𝑟) 

�̇�𝑐,𝑚 =
�̇�𝑐

𝑚𝑀𝐶𝑀
  

�̇�𝑐,𝑉 =
�̇�𝑐

𝑉𝑟
  

Eq. 20 

 

Eq. 21 

Exergetic cooling 

capacity 

The minimum work (exergy rate) 

required to create a temperature span 

∆𝑇ℎ𝑐 with the cooling capacity �̇�𝑐. 

�̇�𝑐 = �̇�𝑐 (
𝑇ℎ

𝑇𝑐
− 1)  Eq. 22 

Specific exergetic 

cooling capacity 

[95] 

The exergetic cooling capacity 

normalized by an applied magnetic 

field and regenerator volume. 

�̇�𝑐 =
𝐸𝑐

𝜇0𝐻𝑉𝑟
  Eq. 23 

Exergetic power 

quotient [96] 

The exergetic cooling capacity 

normalized by the magnetic power 

available from the rotating permanent 

magnet (𝑃𝑚). 

휃𝑐 =
�̇�𝑐

𝑃𝑚
= 2�̇�𝑐 (

𝑇ℎ

𝑇𝑐
− 1) (𝜇0𝐻

2𝑉𝑟𝑓)⁄   Eq. 24 

Coefficient of 

performance 

(COP) 

Cooling capacity per unit consuming 

work, which indicates the cooling 

efficiency. 

𝐶𝑂𝑃 =
�̇�𝑐

𝑊
  Eq. 25 

Second law 

efficiency 

The COP normalized by the ideal COP 

(𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡). 
휂2 =

𝐶𝑂𝑃

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡
=

𝐶𝑂𝑃

𝑇𝑐 (𝑇ℎ−𝑇𝑐)⁄
  Eq. 26 

Regeneration ratio The amplitude ratio of the no-load 

temperature span (∆𝑇ℎ𝑐,𝑚𝑎𝑥|�̅̇�𝑐=0) to 

the material adiabatic temperature 

change (∆𝑇𝑎𝑑,𝑚𝑎𝑥) 

𝜑 =
∆𝑇ℎ𝑐,𝑚𝑎𝑥|�̅̇�𝑐=0

∆𝑇𝑎𝑑,𝑚𝑎𝑥
  

Eq. 27 

† 𝑡𝑐1, 𝑡𝑐2, 𝑡ℎ1and 𝑡ℎ2 denote the starting and ending times of hot-to-cold blow, and the starting and ending times of cold-to-hot 

blow, respectively. The corresponding moments are demonstrated in Fig. 2 

 

Curves of cooling capacity versus temperature span are usually defined as the cooling curves [95], which 

is commonly reported a linear approximation when spatial variations in the MCE are negligible [97].  The 

slope of the cooling curves is generally steeper at higher utilization [97,98]. At the end-points of cooling 

curve are zero-span cooling capacity (�̇�𝑐,0) and no-load temperature span (∆𝑇ℎ𝑐,0), which are essential 

AMR metrics [99]. The cooling capacity with utilization follows a convex trend in the cases of either 

constant temperature span [100,101] or constant frequency [98], because (I) the MCE utilizing rate 



 
8 Performance factors for active magnetic regenerators 

increases with the fluid flow rate increases at low utilization [102], and (II) high utilization results in a high 

thermal penetration depth, which causes a drop in the thermal gradient [103]. Similar phenomena are found 

in the curves of ∆Thc,0 versus utilization [61,100]. The optimum utilization is a balanced result that, enough 

fluid was blown to maintain a high cooling capacity and it was small enough not to destroy the temperature 

gradient [80]. Other analyses such as the temperature span as a function of frequency [104], hot reservoir 

temperature [105] and NTU [103] are reported.  

The consuming work (𝑊) for an AMR is commonly simplified as magnetic and pumping contributions. 

The magnetic portion increases with the temperature span increases due to the intensive magnetic 

interactions [97]. The pumping portion increases with (I) the frequency and utilization increase because of 

greater fluid flow rate, and (II) the fluid temperature declines because of higher viscosity. The COP (Eq. 

25) is reported as decreasing with the temperature span increasing [104], because the cooling capacity 

reduces and the consuming work increases. For constant temperature span, the curves of COP versus 

utilization usually follows a convex trend [106]. Similar trend was found in the curves of second law 

efficiency (Eq. 26) versus utilization, because the Carnot COP is only dependent of reservoir temperatures 

[102]. The second law efficiencies are normally low when the temperature span is too small or too large, 

because the Carnot COP is significantly high in small temperature spans, and the COP is too low in large 

temperature spans [102].  

In summary, the common AMR performance evaluation system of first law consists of: (I) cooling curves, 

(III) �̇�𝑐,0  or ∆𝑇ℎ𝑐,0  with respect to operating parameters, (III) COP and second law efficiency versus 

temperature span; and (IV) COP versus cooling capacity. 

1.2.3. Second law metrics 

In the passive scenario without the magnetic field applied, the effectiveness defined in Table 1 does not 

account for the fact that mechanical power is required to pump a fluid through its matrix passages [107]. 

Due to the manufacturing limitations and the cost of MCMs, new regenerator geometries are often first 

fabricated with conventional materials (i.e. aluminum compound or stainless steel). Thus, it is difficult to 

obtain the COP of passive regenerators with new geometries due to a lack of data on cooling capacity. 

Maximizing the ratio of heat transfer coefficient to pumping power is not sufficient to ensure a better 

regenerator performance [88,108].  

By contrast, the second law of thermodynamics introduces the useful concept of exergy analysis, which 

is an effective way to quantify and balance the losses. In an AMR device, the exergy destructions and losses 

are mainly due to internal losses such as: (I) solid-liquid conjugate heat transfer with finite temperature 

difference, (II) fluid friction, (III) axial heat conduction, (IV) field and thermal hysteresis, (V) other 2D/3D 
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related losses, i.e. transverse conduction, demagnetization and flow maldistribution; and external losses 

such as (I) heat transfer through the casing, (II) dead volume, (III) non-uniform applied magnetic field. 

Although external losses are shown to have great impact on the AMR performance [101]; internal losses 

are critical for designing and optimizing AMRs. Regarding the internal competing irreversibilities of AMRs 

based on a 1D assumption, the local rate of entropy generation per unit volume can be derived from the 

energy conservation equations. 

�̇�𝑔
′′′ =

ℎ̅𝛼(𝑇𝑠−𝑇𝑓)
2

𝑇𝑠𝑇𝑓⏟      
conjugate heat transfer

+
𝑘𝑑𝑖𝑠𝑝

𝑇𝑓
2 (

𝑑𝑇𝑓

𝑑𝑥
)
2

⏟      
fluid axial conduction

+
𝑘𝑠𝑡𝑎𝑡

𝑇𝑠
2 (

𝑑𝑇𝑠

𝑑𝑥
)
2

⏟      
solid axial conduction

+
1

𝑇𝑓
|𝑣𝑓 (−

𝑑𝑝

𝑑𝑥
)|

⏟        
viscous friction

  Eq. 28 

As the �̇�𝑔′′′ is dependent of the locally instantaneous velocities and temperature fields [109] and difficult 

to be obtained experimentally, many research works turn to numerical models [110–112]. Based on the 

theory of second law [113,114], some objective functions specifically for the design of the regenerative 

system are developed and listed in Table 3. These parameters are useful for quantifying the internal 

irreversibilities for AMRs and identifying the practical operating ranges. 

Table 3 Performance parameters of second law for fixed bed regenerators. 

Parameters Descriptions Equations  

Average entropy 

generation rate 

associated to finite 

conjugate heat transfer 

The �̇�ℎ𝑡 can be estimated by average 

heat transfer rate (�̇�𝑠𝑓) and number of 

transfer unit (𝑁𝑇𝑈) along the 

regenerator [115]. 

�̇�ℎ𝑡 =
�̇�𝑠𝑓

𝑁𝑇𝑈+1
(
1

𝑇𝑐
−

1

𝑇ℎ
)  

�̇�𝑠𝑓 = �̇�𝑓̅̅ ̅̅ 𝑐𝑓(𝑇ℎ − 𝑇𝑐)  

Eq. 29 

 

Eq. 30 

Average entropy 

generation rate 

associated to viscous 

dissipation 

The �̇�𝑣𝑑 is given by average pressure 

drop (∆𝑝) and average volumetric flow 

rate (�̇�𝑓̅̅ ̅̅ 𝜌𝑓⁄ ) [116]. 

�̇�𝑣𝑑 =
�̇�𝑓̅̅ ̅̅ ̅

𝜌𝑓
∙
∆𝑝̅̅ ̅̅

𝑇ℎ
  

Eq. 31 

Average entropy 

generation rate 

associated to axial heat 

conduction 

The �̇�ℎ𝑐 is related to average effective 

thermal conductivity (𝑘𝑠𝑡𝑎𝑡 for solid 

phase and 𝑘𝑑𝑖𝑠𝑝 for fluid phase) along 

the regenerator [116]. 

�̇�ℎ𝑐,𝑠 =
𝑘𝑠𝑡𝑎𝑡𝐴𝑐

𝐿𝑟
∙
(𝑇ℎ−𝑇𝑐)

2

𝑇ℎ𝑇𝑐
  

�̇�ℎ𝑐,𝑓 =
𝑘𝑑𝑖𝑠𝑝𝐴𝑐

𝐿𝑟
∙
(𝑇ℎ−𝑇𝑐)

2

𝑇ℎ𝑇𝑐
  

Eq. 32 

 

Eq. 33 

Total entropy 

generation rate 

The sum of all the considered 

individual contributions of 

irreversibilities. 

�̇�𝑔 ≅ �̇�ℎ𝑡 + �̇�𝑣𝑑 + �̇�ℎ𝑐,𝑠 + �̇�ℎ𝑐,𝑓  Eq. 34 

Reversible ratio The ratio of the ideal power required to 

the actual power required [116].  
𝜆 =

�̇�𝑐(𝑇ℎ 𝑇𝑐⁄ −1)

�̇�𝑐(𝑇ℎ 𝑇𝑐⁄ −1)+𝑇ℎ�̇�𝑔
  Eq. 35 



 
10 Performance factors for active magnetic regenerators 

Parameters Descriptions Equations  

Entropy generation 

number 

The original definition of entropy 

generation number is the ratio of any 

other entropy generation design to the 

minimum entropy generation design 

[113,114]. For the case of AMRs, it is 

redefined as entropy generation 

normalized by cooling capacity [117]. 

𝑁𝑆,𝐴𝑀𝑅 =
�̇�𝑔

�̇�𝑐
   Eq. 36 

Modified entropy 

generation number 

Redefinition for the entropy generation 

number [114,118] to avoid some 

ambiguities, e.g. the 𝑁𝑆,𝐴𝑀𝑅 may 

increases monotonically with the NTU 

increases [119]. 

𝑁𝑆
′ =

�̇�𝑔∆𝑇ℎ𝑐

�̇�𝑐
  Eq. 37 

 

For other irreversibilities excluded from Table 3, researchers also invested great efforts into qualitative 

and quantitative analyses that can be summarized as follows: 

The axial and transverse thermal conductivities for an AMR are ideally expected to be infinite and 

zero, respectively. AMRs with low thermal conductivity would benefit of reducing the axial heat 

conduction. However, low conductivity makes the AMR difficult to transport the magnetic work from 

MCM’s interior to the fluid [120]. At high operating frequencies, the axial heat conduction effect is less 

pronounced because the interphase thermal contact is enhanced.  

The flow maldistribution, also referred to as flow channeling, results from non-uniform channel sizes 

[121], fluid manifolds at two ends [122] and channel obstructions like bubbles or debris [123]. The 

individual channels with different flow velocities or temperatures would induce the inter-channel thermal 

cross talk, which counterbalances the performance degradation especially in high transverse thermal 

conductivity. Nielsen et al. [121] numerically presented that the maldistribution imposed a significant 

reduction on the AMR cooling capacity, especially at low utilization. They also found that the 

maldistribution is less dependent on non-uniform channel sizing at low utilization. At large utilization, the 

maldistribution has little overall impact on the NTU, since the AMR is overwhelmed by a flow rate too 

large to sustain sufficient heat transfer. Due to the maldistribution, the performance of AMRs with ordered 

channels in many actual devices has been reported to be lower in experiments than in modelling [124]. 

The dead volume effect, also referred to as carryover losses, changes the boundary conditions for the 

thermal balance in an AMR [85,87]. The dead volumes consist of the pore space in an MCM matrix and its 
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inlet/exit compartments (manifolds). From the perspective of AMR modelling, the temperature of the fluid 

returning to the AMR can be determined by the integration of the following additional differential energy 

balance [87]. 

𝜕𝑇𝑓,𝑣𝑣

𝜕𝑡⏟
storage

= −𝑣𝑓
𝜕𝑇𝑓,𝑣𝑣

𝜕𝑥⏟      
advection

+
𝑘𝑓

𝜌𝑓𝑐𝑓

𝜕2𝑇𝑓,𝑣𝑣

𝜕𝑥2⏟      
conduction

  Eq. 38 

where the script 𝑣𝑣 denotes the void volume in the manifolds. To quantify the dead volume configuration, 

dead volume ratio (𝛷∗) is defined as the void volume in a single manifold (𝑉𝑣𝑣) relative to the void volume 

of effective pores [101]; while the relative dead volume (𝜓∗) is defined as the ratio between the 𝑉𝑣𝑣 and the 

displaced fluid volume [125]. 

𝛷∗ =
𝑉𝑣𝑣

𝜖𝑝𝑉𝑟
 Eq. 39           

𝜓∗ =
𝑉𝑣𝑣

𝑉𝑑
 Eq. 40 

where 𝑉𝑣𝑣  is the dead volume at a single manifold. 𝜖𝑝 is the pore velocity defined in Chapter 1.3. The 

performance reduction caused by the dead volume is more significant at low mass flow rates, high 𝛷∗ and 

high 𝜓∗ [125]. 

The loss in cooling capacity and temperature span with increasing dead volume is due to an imperfect 

thermal link between the AMR and the reservoirs [126]. Despite the dead volumes should be minimized, 

small dead volume design usually accompanies with the fitting shape of a sudden expansion. As a result, 

the inflow maldistribution and even flow recirculation regions are created, which makes these regions 

ineffective [87]. Furthermore, the inflow maldistribution imposes greater penalties on shorter AMRs. There 

are practical trade-offs between the effects of flow maldistribution and dead volume.  

The housing losses can be divided twofold: (I) thermal talks between both ends of the AMR along the 

housing, and (II) heat loss to ambient through the housing. For an AMR model, the housing loss terms can 

be applied either to the solid or to the fluid equation [127]. The housing losses have a larger impact on the 

AMR performance when the temperature span is large [128]. Additionally, the no-load temperature span 

(∆𝑇ℎ𝑐,𝑚𝑎𝑥|�̅̇�𝑐=0 in Eq. 27) is highly sensitive to the heat leaks. Thickening the housing can mitigate the heat 

loss to the ambient, but it would simultaneously enhance the unexpected thermal talks and reduce the 

valuable magnetized volume [29]. Housing optimization is still challenging in the community.  

The hysteresis describes that the work recovered upon the field removal of the sample is lower than the 

work imposed on the sample for applying field. Part of the input work is dissipated in the sample, which 
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will act as heating in the sample. Thus, the dissipated work is irreversible and also deconstructs the exergy 

flow from work to cooling. The magnetocaloric hysteresis generally appears in two different ways: (I) field 

hysteresis (𝛥𝐻ℎ𝑦𝑠) measured by the integral of a closed curve of isothermal magnetization (𝑀) versus 

magnetic field (𝐻), and (II) thermal hysteresis (𝛥𝑇ℎ𝑦𝑠) measured by a shift of the heat capacity peak for 

the heating and cooling protocols [129]. The influence of hysteresis on the MCE parameters under cycling 

is more apparent than in a single induction. For an AMR, the influence of hysteresis is significant in cooling 

capacity and COP, but it is less sensitive in temperature span [48]. Furthermore, the hysteresis effects on 

COP are numerically more pronounced than those on cooling capacity. In an AMR, the MCMs with lower 

specific heat or higher isothermal entropy change are less sensitive to hysteresis than those with higher 

specific heat or lower isothermal entropy change [130,131]. 

The relation between thermal and field hysteresis can be estimated as: 

∆𝐻ℎ𝑦𝑠 ≅ ∆𝑇ℎ𝑦𝑠 (𝑑𝑇𝐶𝑢𝑟𝑖𝑒 𝑑𝐻⁄ )⁄  Eq. 41 

 Thus, the knowledge of the thermal hysteresis ∆𝑇ℎ𝑦𝑠 and the shift of transition temperatures over field 

𝑇𝐶𝑢𝑟𝑖𝑒 𝑑𝐻⁄  allows one to determine the amplitude of field hysteresis ∆𝑇ℎ𝑦𝑠. 

The demagnetizing field in the opposite direction is established to reduce the internal field [132], which 

is generally dependent of AMR geometries, local temperatures, MCM properties, and orientation and 

magnitude of the applied field. With the applied field increases towards saturation, the demagnetizing effect 

decreases. For an AMR model, the external field can be converted to the internal field via the demagnetizing 

factor [133,134].  

The aforementioned parasitic losses interactively affect the AMR performance, which can be evaluated 

from specific experiments, numerical and analytical models [135]. From a viewpoint of AMR design, 

systematic figures of merit for each term of parasitic loss are still lacking. 

1.2.4. Material properties 

According to discontinuity or continuity in the first derivative of Gibbs free energy, MCMs are classified 

into first-order phase transition (FOPT) and second-order phase transition (SOPT) materials, respectively. 

FOPT materials generate a rapidly rising, narrow peak in the entropy change in the vicinity of transition 

temperature (Curie temperature, 𝑇𝐶𝑢𝑟𝑖𝑒), which exhibit simultaneous magnetocaloric and magnetovolume 

effects. With the field strength increases, the plot of entropy change becomes a broad plateau spanning a 

widening range of temperatures, exhibiting only a minor rise in the entropy change and eventually reaches 

saturation. FOPT materials are considered as the better-performing, lower-cost alternatives to SOPT rare 

earth alloys. However, the FOPT is accompanied with both thermal and field hysteresis that causes thermal 
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inefficiency over the thermodynamic cycles [136–138]. Furthermore, FOPT materials may encounter other 

problems, such as expensive elements, brittleness, short fatigue life, and insufficient magnetocaloric effect.  

A wide variety of MCMs have been investigated aiming at optimal magnetocaloric properties. Limited 

by current ability of AMR matrix production as described in Chapter 1.3, the number of MCMs for material 

characterization is significantly less than those being implemented in AMRs. In the scope of AMR-level, 

(I) gadolinium (benchmark, Gd [139]) and its alloys (Gd1-xYx [140], Gd1-x Tbx [141,142]), (II) La(Fe,Si)13 

based alloys (La(Fe,Mn,Si)13Hy [143–145], La(Fe,Si,Co)13 [103,146] and LaCe(Fe,Mn,Si)13Hy [147,148]), 

(III) MnFe(X-P) class (X = As, Si, Ge), and (IV) La0.66Ca0.33-xSrxMn1.05O3 class (LCSM, [149–151]) were 

experimentally available for AMRs. As a single MCM is restricted by the temperature interval of effective 

MCE, researchers layered several MCMs with sequential 𝑇𝐶𝑢𝑟𝑖𝑒  aligned along the bed following the 

predicted temperature profile [152,153]. This layering leads to an increase temperature span and therefore 

a better AMR performance. However, the local temperatures along the bed are varied at each moment of a 

cycle and each working condition. Different schemes are adopted for tailoring the 𝑇𝐶𝑢𝑟𝑖𝑒 distributions: (I) 

linear distribution [154]; (II)  approaching local cycle average temperatures [155]; (III) deriving from 

temperature profile in different moment of a cycle to get maximum temperature span or highest efficiency 

[156].  

Isothermal entropy change (∆𝑆𝑖𝑠𝑜) and adiabatic temperature change (∆𝑇𝑎𝑑) are basic MCE parameters, 

which can be directly measured or indirectly derived from the entropy state equation 𝑆(𝐻, 𝑇). In an AMR, 

the ∆𝑆𝑖𝑠𝑜 is a measure that correlates to the amount of thermal energy transferring between MCM and fluid 

during a thermodynamic cycle; while the ∆𝑇𝑎𝑑  indicates the temperature lifting or sinking for the 

corresponding MCM unit during the (de)magnetizing process. In certain conditions, ∆𝑇𝑎𝑑 is more sensitive 

than ∆𝑆𝑖𝑠𝑜  to AMR performance [157]. For FOPT materials, the peak values of ∆𝑇𝑎𝑑 with respect to 

magnetic field are in sublinear relation. The peak value of ∆𝑆𝑖𝑠𝑜 is insensitive to the magnetic field, while 

the peak width scales nearly linearly with the magnetic field [158,159]. As the values of practical ∆𝑇𝑎𝑑 and 

∆𝑆𝑖𝑠𝑜 are small, the impacts of single factor on AMR performance are limited, both ∆𝑇𝑎𝑑 and ∆𝑆𝑖𝑠𝑜 are 

emphasized equally [80]. 

Both ∆𝑆𝑖𝑠𝑜  and ∆𝑇𝑎𝑑  are the functions of temperature and magnetic field. The local temperatures of 

MCMs are varied along the AMR matrix, and the MCMs operate in a cyclic (de)magnetization with possible 

hysteresis. Thus, either ∆𝑆𝑖𝑠𝑜 or ∆𝑇𝑎𝑑 is not a direct figure of merit to design thermodynamic cycles for 

AMRs. For a single layer regenerator, the cooling capacity of AMR decreases with temperature span 

(∆𝑇span) increase, because of not only the necessary energy to sustain a temperature span [160], but also 

the reduced average MCE over the entire regenerator [161]. The average MCE over the entire AMR is 
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maximized, when the average operating temperatures approach the 𝑇𝐶𝑢𝑟𝑖𝑒  [161]. Meanwhile, multi-

layering of MCMs, irreversible hysteresis and parasitic losses complicate the mapping between material 

figures of merit and AMR performance. There is a clear desire for the further combined figures of merit 

enabling fast screening to justify the design of AMRs with different matrices that hold the greatest promise, 

some of which are listed as follows.  

Table 4 Material-based performance parameters for AMRs. 

Parameters Descriptions Equations  

Relative cooling 

power (RCP) 

[139] 

The product of maximum ∆𝑆iso or ∆𝑇ad 

and its full width at half maximum 

(𝛿𝑇FWHM). A larger 𝑅𝐶𝑃 for the same 

∆𝐻 generally indicates a better 

magnetocaloric material. 

𝑅𝐶𝑃∆𝑆 = −∆𝑆𝑖𝑠𝑜(𝑇𝐶𝑢𝑟𝑖𝑒 , 𝐻𝑖 → 𝐻𝑓) ∙

𝛿𝑇𝐹𝑊𝐻𝑀  

Eq. 42 

𝑅𝐶𝑃∆𝑇 = −∆𝑇𝑎𝑑(𝑇𝐶𝑢𝑟𝑖𝑒 , 𝐻𝑖 → 𝐻𝑓) ∙

𝛿𝑇𝐹𝑊𝐻𝑀  

Eq. 43 

Maximum 

relative cooling 

power [162] 

The upper limit of the available 

magnetic work, which is based on the 

saturation magnetization 𝑀sat at a 

magnetic field 𝐻max 

𝑅𝐶𝑃𝑚𝑎𝑥 = ∫ ∆𝑠𝑖𝑠𝑜(𝑇, 0 → 𝐻𝑚𝑎𝑥)𝑑𝑇
∞

0
  

= 𝑀𝑠𝑎𝑡𝐻𝑚𝑎𝑥  

Eq. 44 

Refrigerant 

capacity [163] 

The work done on the refrigerant 

material that can reversibly transfer 

heat from one temperature to another. 

In a reversible thermodynamic cycle, 

each MCM infinitesimal unit in an 

AMR undergoes a Carnot cycle, and 

then ∆𝑠iso(𝑇c) = ∆𝑠iso(𝑇ℎ) =

∆𝑠iso(𝑇). 

𝑞𝑅𝐶 = (𝑇ℎ − 𝑇𝑐) ∙ ∆𝑠𝑖𝑠𝑜(𝑇𝑐 , 𝐻𝑖 → 𝐻𝑓)  Eq. 45 

Modified 

refrigerant 

capacity [139] 

An integral of the area enclosed in a 

specific entropy-temperature diagram, 

which can be interpreted as the 

minimum input work for an AMR 

operating between 𝑇h and 𝑇c. 

𝑞𝑅𝐶
′ = ∫ ∆𝑠𝑖𝑠𝑜(𝑇, 𝐻𝑖 → 𝐻𝑓)𝑑𝑇

𝑇ℎ
𝑇𝑐

  Eq. 46 

Coefficient of 

refrigerant 

performance 

(CRP) [163] 

The ratio of the refrigerant capacity to 

the magnetizing energy in the volume-

normalized form. It describes how 

efficient a material can convert 

magnetic energy into thermal energy. 

𝐶𝑅𝑃 =
𝜌𝑠∙(𝑇ℎ−𝑇𝑐)∙∆𝑠𝑖𝑠𝑜(𝑇𝑐,𝐻𝑖→𝐻𝑓)

𝜇0 ∫ 𝑀|𝑇=𝑇𝐶𝑢𝑟𝑖𝑒
𝑑𝐻

𝐻𝑓
𝐻𝑖

   Eq. 47 
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Parameters Descriptions Equations  

Normalized 

latent heat [5] 

The ratio of the maximum useful 

magnetocaloric heat to the parasitic 

heat loss in the mass-normalized form. 

The parasitic heat loss is sensitive to 

the local material temperature lifting 

(∆𝑇lift). When the normalized latent 

heat is above 1, it means that the 

material is able to provide useful 

cooling in a system under the required 

∆𝑇lift. The ∆𝑇lift is the temperature 

variation locally for each MCM 

infinitesimal unit, which is different 

from the temperature span of AMR 

∆𝑇ℎ𝑐. 

𝛶 =
(𝑇∙∆𝑠𝑖𝑠𝑜)𝑇𝐶𝑢𝑟𝑖𝑒

𝑐𝑠∆𝑇𝑙𝑖𝑓𝑡
  

Eq. 48 

Dimensionless 

material 

efficiency [164] 

The ratio of the maximum useful 

magnetocaloric heat to the magnetizing 

energy in a volume-normalized form 

for MCMs with permanent magnets. 

휂MCM =
𝜌𝑠(𝑇∙∆𝑠iso)𝑇Curie

𝜇0 ∫ 𝑀|𝑇=𝑇𝐶𝑢𝑟𝑖𝑒
𝑑𝐻

𝐻f
𝐻i

  Eq. 49 

Temperature 

averaged 

entropy change 

(TAEC) [165] 

A maximum obtainable average 

entropy change over a defined 

temperature span (∆𝑇hc) in response to 

a given field change (𝐻i → 𝐻f). The 

reservoir temperatures with a fixed 

span (𝑇h − 𝑇c = ∆𝑇hc) are used to 

sweep over the available data of ∆𝑆iso 

and search the maximum TAEC. The 

TAEC provides the additional 

information about the merit of 

materials with a narrow peak for a 

layered AMR. 

𝑇𝐴𝐸𝐶 = 𝑚𝑎𝑥 {
1

∆𝑇ℎ𝑐
(∫ ∆𝑆𝑖𝑠𝑜(𝑇, 𝐻𝑖 →

𝑇ℎ
𝑇𝑐

𝐻𝑓)𝑑𝑇) |𝑇ℎ−𝑇𝑐=∆𝑇ℎ𝑐}  

Eq. 50 

 

Summarily, the material figures of merit in Table 4 combined the basic MCE parameters (∆𝑆𝑖𝑠𝑜 or ∆𝑇𝑎𝑑) 

with the internal MCM properties (e.g. 𝑅𝐶𝑃∆𝑆, 𝑅𝐶𝑃∆𝑇 and 𝑅𝐶𝑃𝑚𝑎𝑥) or the external operating conditions (e.g. 

𝑞RC , 𝑞𝑅𝐶′ , 𝐶𝑅𝑃 , 𝛾 , 휂MCM  and 𝑇𝐴𝐸𝐶 ). These figures of merit have their own characteristics regarding 

different AMR performance metrics shown in Chapter 1.3. From the simulation in Ref. [166], 𝑅𝐶𝑃∆𝑆 and 
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𝑅𝐶𝑃𝑚𝑎𝑥 can provide a better correlation to the maximum exergetic capacity (�̇�𝑐 in Eq. 22) than 𝑅𝐶𝑃∆𝑇, 

∆𝑆iso,max and ∆𝑇ad,max. However, 𝑅𝐶𝑃∆𝑆, 𝑞RC and 𝑞𝑅𝐶′  tend to overestimate the merit of materials with a 

broad peak of MCE but small ∆𝑆𝑖𝑠𝑜 [165,167]. Some ∆𝑆𝑖𝑠𝑜-based figures of merit (e.g. 𝐶𝑅𝑃, 휂MCM, and 

𝑇𝐴𝐸𝐶) disregard the parasitic thermal losses (𝑐𝑠∆𝑇lift in Eq. 48), then overestimate the MCMs with large 

heat capacity (e.g. LCSM). There are still challenges in selecting appropriate material figures of merit to 

closely indicate the AMR performance.  

 

1.3. Regenerator geometries 

To become a magnetic refrigerant, the MCMs should be machined into porous structures, and designed 

to provide the largest possible surface area of conjugate heat transfer. An ideal regenerative matrix geometry 

is one with a large thermal mass, large surface area and high thermal conductance, but negligible viscous 

and axial conductance losses [84]. The semi-finished units from MCMs toward an AMR can be (I) spherical 

[168,169], cylindrical [61] or irregular [86] particles, (II) hot processing [170] or cold pressing [171] plates, 

or ribbons [172], (III) naked [173] or glass-coated [174], or metal-coated [175] wires, and (IV) porous 

monoliths.  

MCM particles are tightly packed into packed particle bed AMRs. Packed particle beds can obtain both 

high heat transfer performance and appropriate porosities, but the main problem is the relatively high flow 

resistance and therefore low efficiency. As some FOPT materials (i.e. La(Fe,Si)13 based alloys) exhibit weak 

mechanical and chemical stability, polymer (epoxy) [86] or metal [176] bonding are introduced to hold the 

particles in integrity. However, epoxy-bonding results in both lower thermal conductivity and reduced 

effective specific heat transfer area [177]. Although the attached epoxy can be minimized by extraction 

after forming [90], alternating thermal and mechanical stresses may result in aging and fatigue of the epoxy 

adhesive due to the magnetovolume effect [171,178]. In the case of metal bonding, a relative high thermal 

mass of binder is introduced, which limits the operating frequencies [176,179]. Investing efforts are in 

progress to minimize the side effect of the attempts to address the mechanical stability of packed particle 

bed AMRs with brittle MCMs.  

MCM plates are widely adopted to construct parallel-plate AMRs [180]. Parallel-plate beds facilitate the 

unobstructed flow with simultaneously low NTU and low friction factor, and relatively high efficiency 

[181,182]. However, very thin plates and narrow channels that are homogeneously distributed are desired 

to obtain high performance of heat transfer [57,180,182] and reduced maldistribution of flow [121]. So far, 

the fabrication of thin plates with sufficient mechanical stability and the arrangement of evenly distributed 

channels are still practically challenging.  
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Applying MCM wires to practical AMRs has not been observed to date. MCM wires are potentially 

fabricated as packed screen beds, which numerically shows high heat transfer performance and moderate 

flow resistance [58,183]. Compared to parallel-plate beds, the tortuous channels in packed screen beds are 

beneficial to mitigate the maldistribution of flow. Thus, the packed screen beds could be a promising 

geometry with the practical challenges of sufficient mechanical strength of wires and precise woven 

techniques. 

MCM porous monoliths are associated to promising microchannel structure, such as in the forms of 

double corrugated [184,185], circular [100], square [186], triangular [187], lamellar [188] and staggered 

mini-plates [189]. The microchannel monoliths are developed to obtain better trade-off between cooling 

performance and parasitic losses. Critical factors that reduce performance and stability, such as altering or 

destroying the MCM properties after additive manufacturing, low manufacturing precision and mechanical 

instability [190–192], are the main obstacles for the implement of microchannel AMRs. 

There is clear desire to keep developing new geometries for AMRs and also continuously optimize the 

existing geometries. The geometrical parameters determine how much of the potential energy from the 

MCMs can be extracted and transferred to the reservoirs. The average geometry of AMRs can be fully 

characterized via the parameters of porosity (𝜖), specific surface area (𝛼) and hydraulic diameter (𝐷ℎ). For 

AMRs, we define a bulk porosity (𝜖𝑏) as the volumetric ratio of the non-MCM part to the entire AMR, and 

a pore porosity (𝜖𝑝) as the volumetric ratio of the interconnected pores to the entire AMR. It is important 

to be noted that the 𝜖𝑏 and the 𝜖𝑝 are not necessarily identical due to the possible presence of binder (i.e. 

epoxy- or metal-bonding) or/and dead end pores. If certain volume in an AMR is occupied by the substance 

that does not belong to MCMs or flow fluid, we have 𝜖𝑏 > 𝜖𝑝. For a homogeneous structure, one of the 

three basic geometrical parameters can be determined by the other two. 

𝛼 = 4𝜖𝑝 𝐷ℎ⁄    Eq. 51 

The geometrical parameters for different AMRs are summarized in Table 5. Without correctly managed 

operating conditions based on the geometrical parameters, the AMRs will not provide the expected default 

performance [193].  
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Table 5 Geometrical parameters of various regenerators. 

Regenerators Descriptions Equations  

Packed particle beds 

[86,177] 

 

Particles with various shapes can be 

equivalent to spheres.  

Two porosities are calculated from the 

properties of MCM and binder.  

Specific surface area (𝛼) is given by 

the ratio of fluid contact surface area to 

regenerator volume. Subscripts 𝑠 and 

𝑠𝑝 denote the MCM solid and the 

sphere particle, respectively. The 𝛼𝑒𝑓𝑓  

accounts for the blockage effect of the 

binder. The 𝜖𝑒𝑓𝑓 is an effective 

porosity for polymer- or metal-bonded 

AMRs, which is derived from the fit of 

pressure drop data [177]. The 𝐷ℎ can 

be derived from Eq. 51 

𝜖𝑏 = 1 −
𝑚𝑠 𝜌𝑠⁄

𝑉𝑟
  Eq. 52 

𝜖𝑝 = 1 −

𝑚𝑠 𝜌𝑠⁄ +𝑚𝑏𝑖𝑛𝑑𝑒𝑟 𝜌𝑏𝑖𝑛𝑑𝑒𝑟⁄

𝑉𝑟
  

Eq. 53 

𝛼 =
𝐴𝑠𝑝

1/(1−𝜖𝑏)𝑉𝑠𝑝
=

6(1−𝜖𝑏)

𝐷𝑠𝑝
  Eq. 54 

𝛼𝑒𝑓𝑓 =
𝜖𝑒𝑓𝑓

𝜖𝑏
𝛼  Eq. 55 

Parallel-plate beds 

[113] 

Channel thickness (𝛿𝑓) and plate 

thickness (𝛿𝑠) are assumed evenly 

distributed. The dimension of plate 

width is assumed as infinity compared 

to the dimension of the plate thickness. 

𝜖𝑏 = 𝜖𝑝 =
𝛿𝑓

𝛿𝑠+𝛿𝑓
  Eq. 56 

𝐷ℎ = 2𝛿𝑓  Eq. 57 

Packed screen beds 

[194] 

The geometrical parameters can be 

derived from the wire diameter 𝐷𝑠𝑐  and 

the mesh number per meter 𝑀𝑠𝑐. 

𝜖𝑏 = 𝜖𝑝 = 1 −

𝜋𝐷𝑠𝑐𝑀𝑠𝑐
2 √𝐷𝑠𝑐

2 +𝑀𝑠𝑐
−2

4
  

Eq. 58 

𝛼 = 𝜋𝑀𝑠𝑐
2 √𝐷𝑠𝑐

2 +𝑀𝑠𝑐
−2  Eq. 59 

Microchannel beds Straight channels are assumed. The 𝜖𝑏 

is derived from the sample density 

(𝜌𝑟), e.g. the Brunauer–Emmett–Teller 

method [195]. For the irregular channel 

shape, specific wetted perimeter (ℓ) 

and specific channel area (𝜗)  

normalized by the cross sectional area 

(𝐴𝑐,𝑟) can be determined from image 

𝜖𝑏 =
1−𝜌𝑟𝑉𝑟 𝜌𝑠⁄

𝑉𝑟
  Eq. 60 

ϵp = 𝜗  Eq. 61 

𝛼 =
ℓ∙𝐿𝑟

𝐴𝑐,𝑟𝐿𝑟
= ℓ  Eq. 62 

𝐷ℎ =
4𝜗 

ℓ
  Eq. 63 

𝔗 = 𝐿𝑝 𝐿𝑟 ⁄    

Circular: 𝐷ℎ = 𝐷𝑐 Eq. 64 

Rectangular: 𝐷ℎ =
2𝐻𝑟1𝐻𝑟2

𝐻𝑟1+𝐻𝑟2
 Eq. 65 
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Regenerators Descriptions Equations  

analysis, e.g. the image recognition 

from scanning electron microscope 

(SEM) in Appendix A1. The tortuosity 

𝔗 is defined as the ratio of the average 

length of geometrical flow path of 

pores (𝐿p) to the straight-line length of 

the regenerator (𝐿r). 

Isosceles triangle: 𝐷ℎ =
𝐿𝑠𝑖𝑛𝜃

1+𝑠𝑖𝑛
𝜃

2

  

Eq. 66 

 

1.4. Summary 

This chapter summarized the fundamentals and thermodynamics of AMRs from the viewpoint of design. 

Figures of merit regarding the aspects of thermal-hydraulic, thermodynamics of first law and second law, 

material properties, and geometries are reviewed. The performance factors are still complex and not 

straightforward for practical design, which motivate the studies on AMR characterization. 
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2. Analysis tools 

The analysis tools in this thesis include the test apparatus, a 1D numerical model and the analytical models. 

The test apparatus are used to experimentally evaluate the AMR performance and provide the essential data 

to develop new correlations and validate the 1D model. The 1D model enables an understanding of internal 

characteristics (e.g. transient temperature field and local magnetocaloric heat), as well as the extension of 

operating conditions that are limited by the equipment. Based on further simplified assumptions, the 

analytical models visualize the dynamic and complex magneto-thermo-hydraulic relations in an AMR. This 

chapter is based partially on the paper attached in Appendix A3 and the paper in preparation “Numerical 

and analytical study of temperature profiles for caloric regenerators”.   

 

2.1. Test apparatus 

The test apparatus consist of a passive regenerator tester [86,110] for heat and mass transfer investigation, 

an active test machine [196] for cooling performance evaluation, and an in-field differential scanning 

calorimetry (DSC) [197,198] for specific heat measurement of MCMs. 

The device configurations and diagrams are summarized in Table 2 for brevity. The passive regenerator 

tester is essentially a synchronized active test machine with zero magnetic field. The tested regenerator is 

subjected to an oscillating flow, acting as a thermal regenerator between hot reservoir and cold reservoir. 

The temperatures of hot and cold reservoirs (𝑇h and 𝑇c) are constantly controlled. The exiting temperatures 

at both ends (𝑇f,h and 𝑇f,c) and pressure drop (∆𝑝) are further processed to obtain heat transfer effectiveness 

(Eq. 2 and Eq. 3) and friction factor (Eq. 13). The predefined operating parameters including operating 

frequency (𝑓), piston stroke (𝑆p) and piston cross sectional area (Ac,p). These parameters are further used 

to calculate utilization (𝑈, Eq. 5) and Reynolds number (𝑅𝑒h, Eq. 9). 

The active test machine consists of a small-scale tested AMR, a fixed Halbach cylinder permanent magnet 

with the field of approximately 0 to 1.1 T, and the reciprocating hydraulic blows displaced by piston 

movements. This apparatus simulates a four-step cycle: (I) adiabatic magnetization, (II) cold-to-hot blow, 

3) adiabatic demagnetization, and 4) reverse blow. The entire infrastructure is mounted in a cabinet with 

thermostat to minimize the heat leak [199]. An electric heater works as a heat load at the cold end, and the 

hot reservoir is implemented by a heat exchanger thermally interacting with the cabinet. The voltage 
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(𝑈heater) and current (𝐼heater) of the heater, and the end temperatures at two sides (𝑇f,h and 𝑇f,c)  are 

necessary inputs for determining specific cooling capacity (�̇�𝑐) and temperature span (∆𝑇).  

�̇�𝑐 =
𝑈heater𝐼heater

𝑚𝑠
       Eq. 67 

∆𝑇 = 1 𝜏⁄ ∫ 𝑇𝑓,ℎ(𝑡) 𝑑𝑡
𝜏

0
− 1 𝜏⁄ ∫ 𝑇𝑓,𝑐(𝑡) 𝑑𝑡

𝜏

0
  Eq. 68 

where 𝑚𝑠 is the mass of MCM. 

The in-field DSC based on Peltier elements and a rotary permanent magnet was adopted for heat flux 

scanning under multiple magnetic fields varied from 0 to 1.5 T. The sample is placed on one of two identical 

Peltier cells as heat flow sensors, which are glued on a copper finger. Underneath the copper finger, another 

Peltier cell regulates the temperature of copper finger by controlling the external flow from thermal bath 

and internal current. The Peltier cell assembly is situated in a vacuum chamber functioning by a turbo-

pump, reaching an operational pressure of ~5×10−6 mbar. The magnetic field is adjusted by counter-rotating 

two concentric Halbach cylinders with equally angular velocity, to maintain the direction of the field [197]. 

Two resistance thermometers placing upon and under the copper finger indicate the system temperature. 

Two Hall probe sensors monitor the magnetic field in the two orthogonal directions. According to the 

Seebeck effect, the heat flux through each of the two Peltier cells upon the copper finger is proportional to 

the temperature difference between the top and bottom of Peltier cell. Thus, the voltage difference between 

the sample Peltier cell and the empty one (∆𝑈P) is the representative DSC result. The grease was employed 

to attach the sample to the Peltier cell to enhance the heat conductance. Isofield DSC experiments were 

performed sequentially with one Peltier cell containing (I) grease for reference, (II) reference (copper or 

sapphire) with grease, (III) grease for sample and (IV) sample with grease, under various magnetic fields 

to determine the heat capacity value.  

𝑐(𝑇, 𝐻) = 𝑐𝑟𝑒𝑓(𝑇)
𝑚𝑟𝑒𝑓

𝑚𝑠

𝛥𝑈𝑃,𝑠(𝑇,𝐻)−𝛥𝑈𝑃,𝑔,𝑠(𝑇)

𝛥𝑈𝑃,𝑟(𝑇)−𝛥𝑈𝑃,𝑔,𝑟(𝑇)
 Eq. 69 

where 𝑐𝑟𝑒𝑓 is the specific heat of reference material. Parameters c, m, T and H indicate specific heat, mass, 

temperature and magnetic field, respectively. The Δ𝑈P,g,r , Δ𝑈P,r , Δ𝑈P,g,s  and Δ𝑈P,s  denote the voltage 

difference between the Peltiers when the sample Peltier loaded with grease for reference, reference with 

grease, grease for sample and sample with grease, respectively. The 𝑚ref and 𝑚s represent the masses of 

reference material and sample, respectively. 

 

Table 6 Schematics and configurations of test apparatus. 
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Apparatus Schematics Configurations 

Passive regenerator tester [86] 

 

The oscillating flow is generated by 

the dual-opposed pistons, using four 

check valves to direct the fluid flow 

 

1. Thermocouples: Omega, 

type E 

2. pressure transducers: 

Gems, 2.5 bar 

3. Thermal bath: Julabo 300F 

4. Heat exchanger at cold 

side: homemade parallel-tube 

type 

5. Heater at hot side: 

homemade cartridge type 

Active test machine [200] 

 

The test machine is isolated in a 

temperature-controlled cabinet, 

which consists of a permanent 

magnet assembly, a movable 

regenerator, a piston for displacing 

fluid, and hot and cold reservoirs. 

 

1. Thermocouples: Omega, 

type E 

2. Magnet assembly: a 

stationary Halbach array 

permanent magnet, ø40 mm 

magnet bore, 1.1 T 

3. Heat exchanger at hot side: 

homemade helical tube 

4. Heater at cold side: 

homemade electric resistance 

wire mesh. 
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Apparatus Schematics Configurations 

In-field DSC [197] 

 

The in-field DSC features additional 

high vacuum atmosphere and 

multiple magnetic field based on 

convention DSC. 

 
 

1. Resistance thermometers: 

Pt-100 

2. Peltier cells (heat flow): 

Optotec OT08, 3.25 × 4.88 

mm2 

3. Peltier cell (thermal 

control): TEC1-12714S 

4. Thermal bath: Julabo CF40 

Cryo Compact Circulator 

5. Hall-probes: Arepoc HHP-

NU 

6. Turbo-pump: Pfeiffer 

vacuum, HiCube 80 Eco 

 

2.2. Numerical model 

Inspired from the recent literatures [156,177], a previously-reported 1D model [110] is updated to 

consider the presence of binding agent (e.g. epoxy- or metal-bonding) or/and isolated pores as described in 

Chapter 1.3. The control equations for MCM, binder phase, and fluid phase are modified through the 

addition of heat storage term of binding agent, as well as the correction of effective static conductivity 

(𝑘𝑠𝑡𝑎𝑡∗ ) and effective heat transfer coefficient (ℎ∗). 

𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑇𝑠 (
𝜕𝑠𝑠

𝜕𝐻
)
𝑇𝑠

𝜕𝐻

𝜕𝑡⏟                
Magnetocaloric heat

=
𝜕

𝜕𝑥
(𝑘𝑠𝑡𝑎𝑡

∗ 𝐴𝑐,𝑟
𝜕𝑇𝑠

𝜕𝑥
)⏟          

Heat conduction

+ ℎ∗𝑎𝐴𝑐,𝑟(𝑇𝑓 − 𝑇𝑠)⏟          
Heat convection

− 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑐𝑠
𝜕𝑇𝑠

𝜕𝑡⏟            
MCM heat storage 

−

𝐴𝑐,𝑟(𝜖𝑏 − 𝜖𝑝)𝜌𝑎𝑐𝑎
𝜕𝑇𝑠

𝜕𝑡⏟              
Binder heat storage 

          Eq. 70 

ℎ∗𝑎𝐴𝑐,𝑟(𝑇𝑓 − 𝑇𝑠)⏟          
Heat convection

=
𝜕

𝜕𝑥
(𝑘𝑑𝑖𝑠𝑝𝐴𝑐,𝑟

𝜕𝑇𝑓

𝜕𝑥
)⏟          

Heat conduction

− �̇�𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑥⏟    
Heat advection

+ |
𝜕𝑃

𝜕𝑥

�̇�𝑓

𝜌𝑓
|

⏟  
Viscous dissipation

− 𝐴𝑐,𝑟𝜖𝑝𝜌𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑡⏟        
Heat storage

 Eq. 71 

where 𝜌𝑎 and 𝑐𝑎 are  the density and the specific heat of binding agent. The subscript * stand for the updated 

variables compared to the variables in the previous model. Following the suggestions in Refs. [13,177], the 

ℎ∗ can be corrected as follows.  
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ℎ∗ =
ℎ0

1+𝜒𝐵𝑖 𝑎0⁄
     Eq. 72 

where ℎ0  is the heat transfer coefficient disregarding transverse thermal conductivity and temperature 

distribution in the solid phase. The geometry factor 𝑎0 is normally constant, e.g. 𝑎0 = 5 for spheres [177]. 

The 𝜒 is an empirical parameter considering the degradation on the Fourier number (𝐹𝑜). For packed 

spheres, the 𝜒 is fitted as follows [201]. 

𝜒 = 𝐹𝑜 ∙ 𝑒0.246196−0.84878∙𝑙𝑛(𝐹𝑜)−0.05639∙[𝑙𝑛(𝐹𝑜)]
2
 Eq. 73 

The Biot number and Fourier number are defined taking the presence of binding agent into account. 

𝐵𝑖 =
ℎ0𝐿𝑐ℎ

𝑘𝑠
∗       Eq. 74  

𝐹𝑜 =
𝑘𝑠
∗

𝑓[(1−𝜖𝑏)𝜌𝑠𝑐𝑠+(𝜖𝑏−𝜖𝑝)𝜌𝑎𝑐𝑎](𝐿𝑐ℎ)
2    Eq. 75 

where 𝐿𝑐ℎ is characteristic length. It is assumed that a uniform layer of binding agent covers the whole heat 

transfer surface area and the thickness of binding layer is orders of magnitude small relative to the curvature 

of MCM surface. 

𝐿𝑐ℎ =
𝑉𝑠

𝐴𝑠⏟
𝐿𝑐ℎ,𝑠 

+
𝑉𝑎

𝐴𝑠⏟
𝐿𝑐ℎ,𝑎 

=
1−𝜖𝑏

𝛼
+
𝜖𝑏−𝜖𝑝

𝑎
=
1−𝜖𝑝

𝛼
  Eq. 76 

where  𝐿𝑐ℎ,𝑠 and 𝐿𝑐ℎ,𝑎 are the individual contributions of characteristic length related to MCM and binding 

agent, respectively. The equivalent thermal conductivity of solid 𝑘𝑠∗  and therefore the effective static 

conductivity 𝑘𝑠𝑡𝑎𝑡∗  are corrected as follows. 

𝑘𝑠
∗ =

𝐿𝑐ℎ

𝐿𝑐ℎ,𝑠 𝑘𝑠⁄ +𝐿𝑐ℎ,𝑎 𝑘𝑎⁄
=

1−𝜖𝑝

(1−𝜖𝑏) 𝑘𝑠⁄ +(𝜖𝑏−𝜖𝑝) 𝑘𝑠𝑎⁄
  Eq. 77  

𝑘𝑠𝑡𝑎𝑡
∗ = 𝑘𝑠

∗(1 − 𝜖𝑝) + 𝑘𝑓𝜖𝑝    Eq. 78 

 The following parameters are defined for constructing a dimensionless numerical model. 

𝑃𝑒 =
�̇�𝑓𝑐𝑓𝐿𝑟

𝐴𝑐,𝑟𝑘𝑓
   Eq. 79  

�̇� =
�̇�𝑓

�̇�𝑓
̅̅ ̅̅ ̅ =

�̇�𝑓

𝑓𝜌𝑓𝑉𝑝
  Eq. 80 

𝜉 =
𝑥

𝐿𝑟
   Eq. 81 

 �̌� = 2𝜋𝑓𝑡    Eq. 82 
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휃 =
𝑇−𝑇𝑐

𝑇ℎ−𝑇𝑐
   Eq. 83 

∆휃𝑎𝑑 =
∆𝑇𝑎𝑑(𝐻,𝑇)

𝑇ℎ−𝑇𝑐
  Eq. 84 

where 𝑃𝑒 is the Péclet number, which indicates the ratio of the advection rate to the diffusion rate. The 𝜉, 

�̇�, �̌�, 휃 and ∆휃𝑎𝑑 are the dimensionless normalized parameters corresponding to axial coordinate, fluid mass 

flow rate, time, local temperature and locally adiabatic temperature change, respectively. Substituting these 

dimensionless parameters, as well as the definition of 𝑈 (Eq. 5), 𝑉∗(Eq. 6) and 𝑁𝑇𝑈 (Eq. 7) into the control 

equations Eq. 70 and Eq. 71, and neglecting the viscous dissipation term, the dimensionless control 

equations are defined as follows. 

1

𝑈

𝜕(𝜃𝑠−𝜃𝑎𝑑)

𝜕�̌�
+

1

𝑈𝑎

𝜕𝜃𝑠

𝜕�̌�
= 𝐴0

𝜕2𝜃𝑠

𝜕𝜉2
+
𝑁𝑇𝑈

2𝜋
(휃𝑓 − 휃𝑠) Eq. 85 

1

𝑉∗

𝜕𝜃𝑓

𝜕�̌�
=

1

2𝜋∙𝑃𝑒
(
𝑘𝑑𝑖𝑠𝑝

𝑘𝑓
)
𝜕2𝜃𝑓

𝜕𝜉2
−

�̇�

2𝜋

𝜕𝜃𝑓

𝜕𝜉
−
𝑁𝑇𝑈

2𝜋
(휃𝑓 − 휃𝑠) Eq. 86 

where 𝑈𝑎 is the thermal mass ratio of pumped fluid per blow to the binding agent. 𝐴0 is a dimensionless 

parameter for the conduction term of solid phase. 

𝑈𝑎 =
𝑉𝑝𝜌𝑓𝑐𝑓

(𝜖𝑏−𝜖𝑝)𝑉𝑟𝜌𝑎𝑐𝑎
     Eq. 87 

𝐴0 =
𝑘𝑠𝑡𝑎𝑡
∗ 𝐴𝑐

2𝜋𝑓𝜌𝑓𝑐𝑓𝑉𝑝𝐿𝑟
     Eq. 88 

For the convention in this dissertation, 𝑥 = 0 (𝜉 = 0) and 𝑥 = 𝐿 (𝜉 = 1) represent the hot side and the 

cold side, respectively. The flow rate during cold-to-hot blow is negative and the positive flow rate is 

defined in hot-to-cold blow. The magnetocaloric heat in Eq. 70, which indicates the heat during an 

isothermal (de)magnetization [202], is negative in demagnetization and positive in magnetization. 

To apply a simplified AMR cycle also at an appropriate representative level, the synchronization of 

magnetic field and fluid blow are demonstrated in Fig. 2 with the moments defined. The model undergoes 

not only a four-step magnetic refrigeration cycle, i.e. magnetization, cold-to-hot blow, demagnetization, 

and hot-to-cold blow; but also no-flow periods in between each step. 
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Fig. 2 Synchronized magnetic field and fluid mass flow rate in the active test machine during the different steps of 

the magnetic refrigeration cycle. 

In summary, the previously developed model is updated for the presence of binding agent and the later 

analytical model with the following issues. 

(1) The heat storage term of binding agent phase was added to the solid energy equation with the 

assumption of instantaneously identical temperatures between MCM and binding agent.   

(2) The effective static conductivity and the effective heat transfer coefficient are updated considering 

the presence of binding agent with the assumption of evenly distributed layer.  

(3) The dimensionless control equations are derived for the later analytical model. 

 

2.3. Heat transfer effectiveness analysis 

As heat transfer correlations are indispensable for AMR numerical models, AMRs with new geometries 

and unknown heat transfer correlations can be alternatively and preliminarily evaluated through the heat 

transfer effectiveness. To visualize the effectiveness mechanism, the control equations will be integrated 

spatially and temporally. The energy equations Eq. 70 and Eq. 71  can be merged into Eq. 89 by eliminating 

the conjugate heat transfer term (heat convection). 

𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑇𝑠 (
𝜕𝑠𝑠

𝜕𝐻
)
𝑇𝑠

𝜕𝐻

𝜕𝑡
= 𝐴𝑐,𝑟 (𝑘𝑠𝑡𝑎𝑡

∗ 𝜕2𝑇𝑠

𝜕𝑥2
+ 𝑘𝑑𝑖𝑠𝑝

𝜕2𝑇𝑓

𝜕𝑥2
) − 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑐𝑠

𝜕𝑇𝑠

𝜕𝑡
− 𝐴𝑐,𝑟(𝜖𝑏 −

𝜖𝑝)𝜌𝑎𝑐𝑎
𝜕𝑇𝑠

𝜕𝑡
− 𝐴𝑐,𝑟𝜖𝑝𝜌𝑓𝑐𝑓

𝜕𝑇𝑓

𝜕𝑡
− �̇�𝑓𝑐𝑓

𝜕𝑇𝑓

𝜕𝑥
+ |

𝜕𝑃

𝜕𝑥

�̇�𝑓

𝜌𝑓
|   Eq. 89 
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Before we integrate the control equation, the temporal and spatial integral averages are defined as: 

�̅� = ∫ 𝑋𝑑𝑡
𝜏𝑖
0

𝜏𝑖⁄  Eq. 90 

〈𝑋〉 = ∫ 𝑋𝑑𝑥
𝐿𝑟
0

𝐿𝑟⁄   Eq. 91 

where 𝑡 , 𝑥 , 𝜏𝑖 , and L are the time, position coordinate, representative period, and regenerator length, 

respectively. 𝑋  is a local variable representing the temperature and material properties. 

In the following, Eq. 89 set as a passive mode (neglecting magnetocaloric heat).  

𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑇𝑠 (
𝜕𝑠𝑠

𝜕𝐻
)
𝑇𝑠

𝜕𝐻

𝜕𝑡
= 0  Eq. 92 

The individual terms in Eq. 89 can be integrated spatially over the regenerator length, and temporally 

over the periods of cold-to-hot blow (𝑡𝑐1 → 𝑡𝑐2, Fig. 2) or hot-to-cold blow (𝑡ℎ1 → 𝑡ℎ2, Fig. 2).  

(1) Heat conduction terms for solid and fluid phases 

The following simplified assumptions are made in advance to integrate the heat conduction terms. 

(a) Continuous boundary at exit end [203]: 𝜕𝑇𝑠,𝑜𝑢𝑡
𝜕𝑥

=
𝜕𝑇𝑓,𝑜𝑢𝑡

𝜕𝑥
= 0   Eq. 93 

(b) Average temperature gradient at inlet end [160]: 𝜕𝑇𝑠,𝑖𝑛
𝜕𝑥

≅
𝜕𝑇𝑓,𝑖𝑛

𝜕𝑥
=
∆𝑇ℎ𝑐

𝐿𝑟
 Eq. 94 

 𝑘𝑠𝑡𝑎𝑡∗ 𝐴𝑐,𝑟 ∫ (∫
𝜕2𝑇𝑠

𝜕𝑥2
𝑑𝑥

𝐿

0
)

𝑡𝑐2
𝑡𝑐1

𝑑𝑡     Eq. 95  

= 𝑘𝑠𝑡𝑎𝑡
∗ 𝐴𝑐,𝑟 ∫ (

𝜕𝑇𝑠

𝜕𝑥
|𝑥=𝐿𝑟 −

𝜕𝑇𝑠

𝜕𝑥
|𝑥=0)

𝑡𝑐2
𝑡𝑐1

𝑑𝑡   Eq. 96  

≅ 𝑘𝑠𝑡𝑎𝑡
∗ 𝐴𝑐,𝑟 ∫ (

𝜕𝑇𝑠,𝑖𝑛

𝜕𝑥
|𝑥=𝐿𝑟 −

𝜕𝑇𝑠,𝑜𝑢𝑡

𝜕𝑥
|𝑥=0)

𝑡𝑐2
𝑡𝑐1

𝑑𝑡   Eq. 97      

= −𝑘𝑠𝑡𝑎𝑡
∗ 𝐴𝑐,𝑟(𝑡𝑐2 − 𝑡𝑐1) ∙

∆𝑇ℎ𝑐

𝐿𝑟
     Eq. 98 

𝑘𝑑𝑖𝑠𝑝𝐴𝑐,𝑟 ∫ (∫
𝜕2𝑇𝑓

𝜕𝑥2
𝑑𝑥

𝐿𝑟
0

)
𝑡𝑐2
𝑡𝑐1

𝑑𝑡 ≅ −𝑘𝑑𝑖𝑠𝑝𝐴𝑐,𝑟(𝑡𝑐2 − 𝑡𝑐1) ∙
∆𝑇ℎ𝑐

𝐿𝑟
 Eq. 99 

𝑘𝑠𝑡𝑎𝑡
∗ 𝐴𝑐,𝑟 ∫ (∫

𝜕2𝑇𝑠

𝜕𝑥2
𝑑𝑥

𝐿𝑟
0

)
𝑡ℎ2
𝑡ℎ1

𝑑𝑡 ≅ 𝑘𝑠𝑡𝑎𝑡
∗ 𝐴𝑐,𝑟(𝑡ℎ2 − 𝑡ℎ1) ∙

∆𝑇ℎ𝑐

𝐿𝑟
 Eq. 100 

𝑘𝑑𝑖𝑠𝑝𝐴𝑐,𝑟 ∫ (∫
𝜕2𝑇𝑓

𝜕𝑥2
𝑑𝑥

𝐿𝑟
0

)
𝑡ℎ2
𝑡ℎ1

𝑑𝑡 ≅ 𝑘𝑑𝑖𝑠𝑝𝐴𝑐,𝑟(𝑡ℎ2 − 𝑡ℎ1) ∙
∆𝑇ℎ𝑐

𝐿𝑟
 Eq. 101 

(2) Heat storage terms for MCM, binding agent and fluid phases 
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∫ (∫ 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑐𝑠
𝜕𝑇𝑠

𝜕𝑡
𝑑𝑡

𝑡𝑐2
𝑡𝑐1

)
𝐿𝑟
0

𝑑𝑥      Eq. 102 

= 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠 ∫ 𝑐𝑠,𝑐(𝑇𝑠(𝑥, 𝑡𝑐2) − 𝑇𝑠(𝑥, 𝑡𝑐1))
𝐿𝑟
0

𝑑𝑥    Eq. 103 

≅ 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝐿𝑟〈𝑐�̅�,𝑐〉(〈𝑇𝑠(𝑡𝑐2)〉 − 〈𝑇𝑠(𝑡𝑐1)〉)    Eq. 104    

= −𝑚𝑠〈𝑐�̅�,𝑐〉(〈𝑇𝑠(𝑡𝑐1)〉 − 〈𝑇𝑠(𝑡𝑐2)〉)      Eq. 105 

∫ (∫ 𝐴𝑐,𝑟𝜖𝑝𝜌𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑡
𝑑𝑡

𝑡𝑐2
𝑡𝑐1

)
𝐿𝑟
0

𝑑𝑥 ≅ −𝜖𝑝𝜌𝑓𝑐𝑓𝑉𝑟(〈𝑇𝑓(𝑡𝑐1)〉 − 〈𝑇𝑓(𝑡𝑐2)〉)  Eq. 106 

∫ (∫ 𝐴𝑐,𝑟(𝜖𝑏 − 𝜖𝑝)𝜌𝑎𝑐𝑎
𝜕𝑇𝑠

𝜕𝑡
𝑑𝑡

𝑡𝑐2
𝑡𝑐1

)
𝐿𝑟
0

𝑑𝑥 ≅ −𝑚𝑎𝑐𝑎(〈𝑇𝑠(𝑡𝑐1)〉 − 〈𝑇𝑠(𝑡𝑐2)〉) Eq. 107 

∫ (∫ 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑐𝑠
𝜕𝑇𝑠

𝜕𝑡
𝑑𝑥

𝑡ℎ2
𝑡ℎ1

)
𝐿𝑟
0

𝑑𝑡 ≅ 𝑚𝑠〈𝑐�̅�,ℎ〉(〈𝑇𝑠(𝑡ℎ2)〉 − 〈𝑇𝑠(𝑡ℎ1)〉) Eq. 108 

∫ (∫ 𝐴𝑐,𝑟𝜖𝑝𝜌𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑡
𝑑𝑥

𝑡ℎ2
𝑡ℎ1

)
𝐿𝑟
0

𝑑𝑡 = 𝜖𝑝𝜌𝑓𝑐𝑓𝑉𝑟(〈𝑇𝑓(𝑡ℎ2)〉 − 〈𝑇𝑓(𝑡ℎ1)〉)  Eq. 109 

∫ (∫ 𝐴𝑐,𝑟(𝜖𝑏 − 𝜖𝑝)𝜌𝑎𝑐𝑎
𝜕𝑇𝑠

𝜕𝑡
𝑑𝑡

𝑡ℎ2
𝑡ℎ1

)
𝐿𝑟
0

𝑑𝑥 ≅ 𝑚𝑎𝑐𝑎(〈𝑇𝑠(𝑡ℎ1)〉 − 〈𝑇𝑠(𝑡ℎ2)〉)  Eq. 110 

where 𝑉r is the volume of the regenerator. The 𝑐�̅�,𝑐 and 𝑐�̅�,ℎ denote the local average specific heat 

capacities during the periods of cold-to-hot blow and hot-to-cold blow, respectively. 

(3) Heat advection terms  

∫ (∫ �̇�𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑥
𝑑𝑥

𝐿𝑟
0

)
𝑡𝑐2
𝑡𝑐1

𝑑𝑡        Eq. 111 

= ∫ �̇�𝑓𝑐𝑓 (𝑇𝑓,𝑐,𝑖𝑛(𝑡) − 𝑇𝑓,ℎ,𝑜𝑢𝑡(𝑡))
𝑡𝑐2
𝑡𝑐1

𝑑𝑡      Eq. 112 

=
∫ �̇�𝑓𝑐𝑓𝑇𝑓,ℎ,𝑜𝑢𝑡
𝑡𝑐2
𝑡𝑐1

𝑑𝑡−∫ �̇�𝑓𝑐𝑓𝑇𝑓,𝑐,𝑖𝑛
𝑡𝑐2
𝑡𝑐1

𝑑𝑡

∫ �̇�𝑓𝑐𝑓∆𝑇ℎ𝑐
𝑡𝑐2
𝑡𝑐1

𝑑𝑡
(−∫ �̇�𝑓𝑐𝑓∆𝑇ℎ𝑐

𝑡𝑐2
𝑡𝑐1

𝑑𝑡)   Eq. 113 

= 휀𝑐𝑉𝑝𝜌𝑓𝑐𝑓∆𝑇ℎ𝑐        Eq. 114 

 ∫ (∫ �̇�𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑥
𝑑𝑥

𝐿

0
)

𝑡ℎ2
𝑡ℎ1

𝑑𝑡 = 휀ℎ𝑉𝑝𝜌𝑓𝑐𝑓∆𝑇ℎ𝑐     Eq. 115 

where 𝑇f,h,out, 𝑇f,c,out, 𝑇f,h,in, and 𝑇f,c,in are the fluid temperatures at hot end or cold end, respectively. The 

subscripts h, c, in, and out indicate cold end, hot end, inflow and outflow, respectively. Note that the �̇�𝑓 

is negative during hot-to-cold blow and positive during cold-to-hot blow,  

(4) Friction dissipation terms 
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∫ (∫ |
𝜕𝑝

𝜕𝑥

�̇�𝑓

𝜌𝑓
| 𝑑𝑥

𝐿

0
)

𝑡𝑐2
𝑡𝑐1

𝑑𝑡 = −∫
�̇�𝑓

𝜌𝑓
(𝑝𝑐,𝑖𝑛(𝑡) − 𝑝ℎ,𝑜𝑢𝑡(𝑡))

𝑡𝑐2
𝑡𝑐1

𝑑𝑡 ≅ −
∆𝑝̅̅̅̅

𝜌𝑓
∫ �̇�𝑓
𝑡𝑐2
𝑡𝑐1

𝑑𝑡 = 𝑉𝑝∆𝑝̅̅̅̅  Eq. 116 

∫ (∫ |
𝜕𝑝

𝜕𝑥

�̇�𝑓

𝜌𝑓
| 𝑑𝑥

𝐿

0
)

𝑡ℎ2
𝑡ℎ1

𝑑𝑡 = −∫
�̇�𝑓

𝜌𝑓
(𝑝𝑐,𝑜𝑢𝑡(𝑡) − 𝑝𝑓,ℎ,𝑖𝑛(𝑡))

𝑡ℎ2
𝑡ℎ1

𝑑𝑡 ≅ 𝑉𝑝∆𝑝̅̅̅̅     Eq. 117 

where p is the pressure. According to the Cauchy–Schwarz inequality, the terms on the left of the 

approximately equal sign are less than or equal to the terms on the right side. 

In the passive mode, It is assumed that the duration of (de)magnetization periods and no flow periods 

equal to zero. Then the time variables can be simplified. 

𝑡𝑚𝑎𝑔1 = 𝑡𝑚𝑎𝑔2 = 𝑡𝑐1 = 0   Eq. 118 

𝑡𝑑𝑒𝑚𝑎𝑔1 = 𝑡𝑑𝑒𝑚𝑎𝑔2 = 𝑡𝑐2 = 𝑡ℎ1 = 𝜏 2⁄  Eq. 119 

𝑡ℎ2 = 𝜏      Eq. 120 

Substituting the above integrations and assumptions into Eq. 89, we can solve the effectiveness 

approximately. 

휀𝑐 = (
1

𝑈𝑐
+

1

𝑈𝑎
)
〈𝑇𝑠(0)〉−〈𝑇𝑠(𝜏 2⁄ )〉

∆𝑇ℎ𝑐
+

1

 𝑉∗

〈𝑇𝑓(0)〉−〈𝑇𝑓(𝜏 2⁄ )〉

∆𝑇ℎ𝑐
−
(𝑘𝑠𝑡𝑎𝑡
∗ +𝑘𝑑𝑖𝑠𝑝)𝐴𝑐

2𝑓𝑉𝑝𝜌𝑓𝑐𝑓𝐿𝑟
+

∆𝑝̅̅̅̅

𝜌𝑓𝑐𝑓∆𝑇ℎ𝑐
  Eq. 121 

=
1

𝑈𝑐

〈𝑇𝑠(0)〉−〈𝑇𝑠(𝜏 2⁄ )〉

∆𝑇ℎ𝑐⏟          
𝜂𝑐,𝑠ℎ𝑠

+
1

 𝑉∗

〈𝑇𝑓(0)〉−〈𝑇𝑓(𝜏 2⁄ )〉

∆𝑇ℎ𝑐⏟          
𝜂𝑐,𝑓ℎ𝑠

−
(𝑘𝑠𝑡𝑎𝑡
∗ +𝑘𝑑𝑖𝑠𝑝)𝐴𝑐

2𝑓𝑉𝑝𝜌𝑓𝑐𝑓𝐿𝑟⏟        
𝜂𝑐,ℎ𝑐

+
∆𝑝̅̅̅̅

𝜌𝑓𝑐𝑓∆𝑇ℎ𝑐⏟    
𝜂𝑐,𝑣𝑑

   Eq. 122 

휀ℎ =
1

𝑈ℎ

〈𝑇𝑠(0)〉−〈𝑇𝑠(𝜏 2⁄ )〉

∆𝑇ℎ𝑐⏟          
𝜂ℎ,𝑠ℎ𝑠

+
1

 𝑉∗

〈𝑇𝑓(0)〉−〈𝑇𝑓(𝜏 2⁄ )〉

∆𝑇ℎ𝑐⏟          
𝜂ℎ,𝑓ℎ𝑠

−
(𝑘𝑠𝑡𝑎𝑡
∗ +𝑘𝑑𝑖𝑠𝑝)𝐴𝑐

2𝑓𝑉𝑝𝜌𝑓𝑐𝑓𝐿𝑟⏟        
𝜂ℎ,ℎ𝑐

−
∆𝑝̅̅̅̅

𝜌𝑓𝑐𝑓∆𝑇ℎ𝑐⏟    
𝜂ℎ,𝑣𝑑

   Eq. 123 

where 𝑈𝑐 and 𝑈ℎ are the utilization factors associated to the cold-to-hot blow and hot-to-cold blow, 

respectively. Based on the practical values of 𝑈𝑎 defined in Eq. 74, 1
𝑈𝑐

 and 1
𝑈ℎ

  are orders of magnitude 

larger than 1
𝑈𝑎

. Thus, we assumed 1
𝑈𝑎
≅ 0 in Eq. 122 and Eq. 123. Note that bulk porosity 𝜖𝑏 is used to 

calculate 𝑈𝑐 and 𝑈ℎ, and pore porosity 𝜖𝑝 is used to calculate 𝑉∗. 

The Eq. 122 and Eq. 123 reveal the individual contributions to the whole effectiveness. The first term 

휂c,shs or 휂h,shs is the solid heat storage rate normalized by the ideal heat transfer amount. The second 

term 휂c,fhs or 휂h,fhs is the normalized heat storage rate of the fluid, which can be treated as the effect of 

internal dead volume. The third term 휂c,hd or 휂h,hd indicates the negative contributions by axial heat 

conduction for both the solid and fluid phases. The fourth term 휂c,vd or 휂h,vd describes the normalized 
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viscous dissipation heat, which is positive for cold-to-hot blow, and negative for hot-to-cold blow. The 

expressions of individual contributions were validated with the numerical model in Appendix A3. 

Taking the hot-to-cold blow as a representative case and referring the detailed discussion in Appendix 

A3, the major parts of 휀h are 휂h,shs and 휂h,fhs, which can be simplified by the additional assumptions for 

well-designed regenerators: (I) local thermal equilibrium during the fluid blow [20], 〈𝑇𝑠(0)〉 −

〈𝑇𝑠(𝜏 2⁄ )〉 = 〈𝑇f(0)〉 − 〈𝑇f(𝜏 2⁄ )〉; and (II) negligible other parasitic losses, 휂h,hc ≅ 0 and 휂h,vd ≅ 0. 

휂ℎ,𝑠ℎ𝑠 휂ℎ,𝑓ℎ𝑠⁄ =
𝑉∗

𝑈ℎ
∙
〈𝑇𝑠(0)〉−〈𝑇𝑠(𝜏 2⁄ )〉

〈𝑇f(0)〉−〈𝑇f(𝜏 2⁄ )〉
= 𝑉∗ 𝑈ℎ⁄ =

(1−𝜖𝑏)𝜌𝑠〈𝑐�̅�,ℎ〉

𝜖𝑝𝜌𝑓𝑐𝑓
 Eq. 124 

휂ℎ,𝑠ℎ𝑠 = 휀h (1 + 𝑈ℎ 𝑉∗⁄ )⁄        Eq. 125 

From Eq. 124, 𝑉∗ 𝑈ℎ⁄  is the heat capacity ratio of solid to entrained fluid [205], which is independent of 

utilization and only dependent of the porosities and the properties of both solid and fluid.  

The individual contributions normalized by the whole effectiveness (휂 휀⁄ ) are plotted in Fig. 3 and 

summarized in Table 7.  

 

Fig. 3 Individual contributions normalized by the whole effectiveness (hot-to-cold blow) as functions of (a) 

utilization, (b) Nusselt number, and (c) porosity for a representative regenerator with the dimensions of Ø30mm × 

30mm and the solid material of stainless steel. The fixed parameters are shown in each subfigure. The corresponding 

NTU values reveal the UA variations normalized by the fluid thermal mass per blow. For all the subfigures, the 

frequencies are fixed to 1 Hz. The dashed line represents the 휂ℎ,𝑠ℎ𝑠 휀ℎ⁄  estimated from Eq. 125. 
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Table 7 Manifestations of individual contributions to the effectiveness (휀h) and the effectiveness imbalance (𝛽ε). 

Individual contributions Expressions Indicators Manifestations 

Solid heat storage 휂h,shs 휀h⁄  Normalized heat 

transfer amount from 

the liquid to solid phase 

1. 휂h,shs 휀h⁄  is insensitive to utilization (Fig. 3 (a)) 

2. 휂h,shs 휀h⁄ increases with Nu (Fig. 3 (b)) and correlates  

with the conjugate heat transfer. 

3. 휂h,shs 휀h⁄  decreases proportionally with the porosity 

increases (Fig. 3 (c)). The lower the porosity is 

designed, the larger the 휂h,shs 휀h⁄  is shown. 

Fluid heat storage 휂h,fhs 휀h⁄  Fluid thermal storage 

ability and internal dead 

volume effect 

1. 휂h,fhs 휀h⁄  is insensitive to utilization (Fig. 3 (a)) 

2. 휂h,fhs 휀h⁄  decreases with Nu increases (Fig. 3 (b)), 

which indicates an internal dead volume effect and 

reduces the sensitivity of 휀h on conjugate heat transfer. 

3. 휂h,fhs 휀h⁄  is approximately proportional to the 

porosity (Fig. 3 (c))  

Heat conduction 휂h,hc 휀h⁄  Negative contributions 

from axial heat 

conduction  

1. 휂h,hc 휀h⁄  is negligible compared to 휀h (Fig. 3). 

2. 휂h,hc increases when lowering frequency, utilization, 

and aspect ratio (Eq. 108).  

Viscous dissipation 휂h,vd 휀h⁄  Parasitic loss caused by 

viscous friction 

1. 휂h,vd 휀h⁄  is negligible compared to 휀h (Fig. 3). 

2. The generated heat from 휂c,vd has a positive effect 

during cold-to-hot blow, while that from 휂h,vd has a 

negative effect during hot-to-cold blow (Eq. 108). 

3. The higher the viscous dissipation is, the greater the 

𝛽  deviates from unity. 

 

Table 7 reveals that the effectiveness does not always indicate the level of conjugate heat transfer. 

Porosity is another critical factor that affects the value of effectiveness. Regenerators with a higher 

porosity normally result in a higher effectiveness even though they have a very low conductance UA. This 

is ascribed to the contribution of heat storage in the fluid 휂h,fhs, which indicates the internal dead volume. 

The internal dead volume can increase the effectiveness for passive regenerators, but reduce the 

performance for AMRs. In Fig. 3, the approximation of 휂h,shs from Eq. 125 is validated when Nu > 1. At 

low Nu or UA conditions, the local thermal equilibrium is not reached during the fluid blow, therefore Eq. 

125 is not applicable. Thus, the 휂ℎ,𝑠ℎ𝑠 is more representative of conjugate heat transfer evaluation than the 

휀h for passive regenerators with different porosities. 

In Fig. 3, the impacts of 휂h,hc and 휂h,vd on the value of effectiveness are subtle. However, 휂h,hc and 

휂h,vd have a significant influence on the value of effectiveness imbalance (𝛽 = 휀c 휀h⁄ ) as shown in Table 
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3. It has been determined that 𝛽  cannot be unity even under balanced flow conditions and when a non-

MCM material is employed. Some findings in the literature for 𝛽  can be sufficiently explained by the 

individual contributions of 휂h,hc and 휂h,vd. Trevizoli et al. [206] stated that the effectiveness imbalance is 

likely caused by the axial conduction and temperature dependent properties, which can be observed in the 

difference between 휂c,hc and 휂h,hc. From the experimental curves of 𝑁𝑇𝑈~𝛽  in Ref. [102], the 

effectiveness imbalance tends to be above unity when: (I) simultaneously high frequency (low NTU) and 

high utilization, which is probably caused by the sign change in viscous dissipation terms from 휀c to 휀h, 

and (II) simultaneously low frequency (high NTU) and low utilization, which is probably caused by larger 

difference between 휂c,hc and 휂h,hc. Thus, 휂h,hc and 휂h,vd are the indicators for the parasitic losses due to 

axial conduction and viscous dissipation, respectively. 

As an overall figure of merit of heat transfer, effectiveness is still a direct measure to characterize 

thermal regenerators with similar porosities. However, the effectiveness may have low sensitivity to 

conjugate heat transfer under certain operating conditions. It is shown in Appendix A3 that the 

effectiveness values give a good indication of heat transfer comparison within a utilization range of 

[
𝑈

𝑉∗
, 1 +

𝑈

𝑉∗
]. 

For a new design of regenerator, performing effectiveness evaluation compared to the baseline 

regenerator is an effective way for preliminary characterization. According to the above effectiveness 

analysis, the following summary can be made.   

(1) The effectiveness can be divided into individual contributions of solid heat storage, fluid heat storage, 

heat conduction and viscous dissipation.   

(2) The terms of heat conduction and viscous dissipation are minor to the whole effectiveness, but they 

can indicate the trend of effectiveness imbalance.  

(3) The fluid heat storage term contributes the effectiveness positively, but reduces the AMR performance 

due to the internal dead volume. 

(4) For regenerator comparison with different porosities, the solid heat storage term is suggested instead 

of the entire effectiveness, which can be estimated as 휀 (1 + 𝑈 𝑉∗⁄ )⁄ . 

(5) For regenerator comparison with similar porosities, an effective utilization range is suggested, which 

is estimated as [𝑈
𝑉∗
, 1 +

𝑈

𝑉∗
]. 
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2.4. Effectiveness-based analytic model 

The heat transfer effectiveness carries the information of both heat transfer and thermal losses. Inputting 

experimental effectiveness data instead of operating parameters is feasible to incorporate actual conjugate 

heat transfer and parasitic losses into a simplified model. Analytical expressions can provide a more 

transparent interpretation of the physics determining the AMR performance. An analytic model will be 

developed based on the definition of equivalent active effectiveness. 

The ideal heat exchange for passive regenerators, which is the denominator in the effectiveness 

definition in Eq. 2 and Eq. 3, depends on the temperature difference between hot and cold reservoirs. In 

an AMR, the MCE imposes an additional heat amount. The ideal heat exchange for AMRs can be 

equivalently hypothesized as lowering the cold reservoir temperature during demagnetization or raising 

the hot reservoir temperature during magnetization. The equivalent temperature span for AMRs (∆𝑇eq) 

can be defined as follows: 

∆𝑇𝑒𝑞 ≜ ∆𝑇ℎ𝑐 + |∆𝑇𝑀𝐶𝐸|  Eq. 126 

where ∆𝑇MCE is the average temperature change of the entire AMR caused by magnetization or 

demagnetization. The ∆𝑇MCE can be estimated by integrating the control equations over 

(de)magnetization and no flow periods with the following simplified assumptions. 

(a) Neglecting vulnerable and non-functioning terms in Eq. 89 for (de)magnetization and no flow 

periods: 

𝐴𝑐 (𝑘𝑠𝑡𝑎𝑡
∗ 𝜕2𝑇𝑠

𝜕𝑥2
+ 𝑘𝑑𝑖𝑠𝑝

𝜕2𝑇𝑓

𝜕𝑥2
) = 0  Eq. 127 

�̇�𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑥
= 0     Eq. 128 

|
𝜕𝑃

𝜕𝑥

�̇�𝑓

𝜌𝑓
| = 0     Eq. 129 

(b) Local thermal equilibrium [204] (only) after each no flow period: 
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𝑇f(𝑥, 𝑡𝑚𝑎𝑔1) = 𝑇s(𝑥, 𝑡𝑚𝑎𝑔1)   Eq. 130 

𝑇f(𝑥, 𝑡𝑐1) = 𝑇s(𝑥, 𝑡𝑐1)    Eq. 131 

𝑇f(𝑥, 𝑡𝑑𝑒𝑚𝑎𝑔1) = 𝑇s(𝑥, 𝑡𝑑𝑒𝑚𝑎𝑔1)  Eq. 132 

𝑇f(𝑥, 𝑡ℎ1) = 𝑇s(𝑥, 𝑡ℎ1)   Eq. 133 

Consequently, the |∆𝑇𝑀𝐶𝐸| during (de)magnetization and no flow periods can be calculated as: 

∆𝑇𝑀𝐶𝐸,𝑚𝑎𝑔 = 〈𝑇f(𝑡𝑐1)〉 − 〈𝑇f(𝑡𝑚𝑎𝑔1)〉 = 〈𝑇s(𝑡𝑐1)〉 − 〈𝑇𝑠(𝑡𝑚𝑎𝑔1)〉   Eq. 134 

∆𝑇𝑀𝐶𝐸,𝑑𝑒𝑚𝑎𝑔 = 〈𝑇f(𝑡ℎ1)〉 − 〈𝑇f(𝑡𝑑𝑒𝑚𝑎𝑔1)〉 = 〈𝑇𝑠(𝑡ℎ1)〉 − 〈𝑇s(𝑡𝑑𝑒𝑚𝑎𝑔1)〉  Eq. 135 

where the subscripts mag and demag denote the periods of magnetization and demagnetization, 

respectively. 

The magnetocaloric heat term in Eq. 74 can be integrated temporally over the magnetization period 

(𝑡𝑚𝑎𝑔1 → 𝑡𝑚𝑎𝑔2, Fig. 2) or demagnetization period (𝑡𝑑𝑒𝑚𝑎𝑔1 → 𝑡𝑑𝑒𝑚𝑎𝑔2, Fig. 2), and then integrated 

spatially over the regenerator length. 

∫ (∫ 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑇𝑠 (
𝜕𝑠𝑠

𝜕𝐻
)
𝑇𝑠

𝜕𝐻

𝜕𝑡
𝑑𝑡

𝑡𝑚𝑎𝑔2
𝑡𝑚𝑎𝑔1

) 𝑑𝑥
𝐿𝑟
0

      Eq. 136 

= 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠 ∫ (∫ 𝑇𝑠 (
𝜕𝑠𝑠

𝜕𝐻
)
𝑇𝑠

𝜕𝐻

𝜕𝑡
𝑑𝑡

𝑡𝑚𝑎𝑔2
𝑡𝑚𝑎𝑔1

)𝑑𝑥
𝐿𝑟
0

     Eq. 137   

≅ 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠 ∫ 𝑐�̅�,𝑚𝑎𝑔 (∫
𝑇𝑠

𝑐𝑠
(
𝜕𝑠𝑠

𝜕𝐻
)
𝑇𝑠
𝑑𝐻

𝐻𝑗
𝐻𝑖

)𝑑𝑥
𝐿𝑟
0

     Eq. 138  

= 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠 ∫ 𝑐�̅�,𝑚𝑎𝑔∆𝑇𝑎𝑑(𝑇𝑠, 𝐻𝑖 → 𝐻𝑗)𝑑𝑥
𝐿𝑟
0

     Eq. 139 

= −𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝐿𝑟〈𝑐�̅�,𝑚𝑎𝑔∆𝑇𝑎𝑑,𝑚𝑎𝑔〉      Eq. 140 

≅ −𝑚𝑠〈𝑐�̅�,𝑚𝑎𝑔〉〈∆𝑇𝑎𝑑,𝑚𝑎𝑔〉        Eq. 141 

∫ (∫ 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑇𝑠 (
𝜕𝑠𝑠

𝜕𝐻
)
𝑇𝑠

𝜕𝐻

𝜕𝑡
𝑑𝑡

𝑡𝑑𝑒𝑚𝑎𝑔2
𝑡𝑑𝑒𝑚𝑎𝑔1

) 𝑑𝑥
𝐿𝑟
0

≅ −𝑚𝑠〈𝑐�̅�,𝑑𝑒𝑚𝑎𝑔〉〈∆𝑇𝑎𝑑,𝑑𝑒𝑚𝑎𝑔〉 Eq. 142 

where 𝐻𝑖 and 𝐻𝑗 denote initial and maximum magnetic fields, respectively. The 𝑐�̅�,𝑚𝑎𝑔 and ∆𝑇𝑎𝑑,𝑚𝑎𝑔 

represent local average specific heat and local adiabatic temperature change during the period of 

magnetization. For a refrigeration or heat pumping cycle, we have |〈𝑐�̅�,𝑚𝑎𝑔〉〈∆𝑇𝑎𝑑,𝑚𝑎𝑔〉| >
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|〈𝑐�̅�,𝑑𝑒𝑚𝑎𝑔〉〈∆𝑇𝑎𝑑,𝑑𝑒𝑚𝑎𝑔〉|, which indicates the overall magnetic work in the direction from magnet to 

AMR. 

The heat storage terms in Eq. 89 can be integrated temporally over the magnetization period (𝑡𝑚𝑎𝑔1 →

𝑡𝑐1, Fig. 2) or the demagnetization period (𝑡𝑑𝑒𝑚𝑎𝑔1 → 𝑡ℎ1, Fig. 2), and then integrated spatially over the 

regenerator length. 

∫ (∫ 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑐𝑠
𝜕𝑇𝑠

𝜕𝑡
𝑑𝑡

𝑡𝑐1
𝑡𝑚𝑎𝑔1

)
𝐿𝑟
0

𝑑𝑥 = 𝑚𝑠〈𝑐�̅�,𝑚𝑎𝑔〉(〈𝑇𝑠(𝑡𝑐1)〉 − 〈𝑇𝑠(𝑡𝑚𝑎𝑔1)〉) Eq. 143 

= 𝑚𝑠〈𝑐�̅�,𝑚𝑎𝑔〉∆𝑇𝑀𝐶𝐸,𝑚𝑎𝑔        Eq. 144 

∫ (∫ 𝐴𝑐,𝑟𝜖𝑝𝜌𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑡
𝑑𝑡

𝑡𝑐1
𝑡𝑚𝑎𝑔1

)
𝐿𝑟
0

𝑑𝑥 = 𝜖𝑝𝜌𝑓𝑐𝑓𝑉𝑟∆𝑇𝑀𝐶𝐸,𝑚𝑎𝑔    Eq. 145 

∫ (∫ 𝐴𝑐,𝑟(𝜖𝑏 − 𝜖𝑝)𝜌𝑎𝑐𝑎
𝜕𝑇𝑠

𝜕𝑡
𝑑𝑡

𝑡𝑐1
𝑡𝑚𝑎𝑔1

)
𝐿𝑟
0

𝑑𝑥 ≅ 𝑚𝑎𝑐𝑎∆𝑇𝑀𝐶𝐸,𝑚𝑎𝑔    Eq. 146 

∫ (∫ 𝐴𝑐,𝑟(1 − 𝜖𝑏)𝜌𝑠𝑐𝑠
𝜕𝑇𝑠

𝜕𝑡
𝑑𝑥

𝑡ℎ1
𝑡𝑑𝑒𝑚𝑎𝑔1

)
𝐿𝑟
0

𝑑𝑡 ≅ 𝑚𝑠〈𝑐�̅�,𝑑𝑒𝑚𝑎𝑔〉∆𝑇𝑀𝐶𝐸,𝑑𝑒𝑚𝑎𝑔   Eq. 147 

∫ (∫ 𝐴𝑐,𝑟𝜖𝑝𝜌𝑓𝑐𝑓
𝜕𝑇𝑓

𝜕𝑡
𝑑𝑥

𝑡ℎ1
𝑡𝑑𝑒𝑚𝑎𝑔1

)
𝐿𝑟
0

𝑑𝑡 = 𝜖𝑝𝜌𝑓𝑐𝑓𝑉𝑟∆𝑇𝑀𝐶𝐸,𝑑𝑒𝑚𝑎𝑔    Eq. 148 

∫ (∫ 𝐴𝑐,𝑟(𝜖𝑏 − 𝜖𝑝)𝜌𝑎𝑐𝑎
𝜕𝑇𝑠

𝜕𝑡
𝑑𝑡

𝑡ℎ1
𝑡𝑑𝑒𝑚𝑎𝑔1

)
𝐿𝑟
0

𝑑𝑥 ≅ 𝑚𝑎𝑐𝑎∆𝑇𝑀𝐶𝐸,𝑑𝑒𝑚𝑎𝑔   Eq. 149 

Substituting the above integrations and assumptions into Eq. 89, The ∆𝑇𝑀𝐶𝐸,𝑚𝑎𝑔 and ∆𝑇𝑀𝐶𝐸,𝑑𝑒𝑚𝑎𝑔 can 

be solved. 

∆𝑇𝑀𝐶𝐸,𝑚𝑎𝑔 =
𝑚𝑠〈𝑐�̅�,𝑚𝑎𝑔〉

𝑚𝑠〈𝑐�̅�,𝑚𝑎𝑔〉+𝜖𝑝𝜌𝑓𝑐𝑓𝑉𝑟+𝑚𝑎𝑐𝑎
〈∆𝑇𝑎𝑑,𝑚𝑎𝑔〉 =

〈∆𝑇𝑎𝑑,𝑚𝑎𝑔〉

1+𝑈𝑚𝑎𝑔 𝑉∗⁄ +𝑈𝑚𝑎𝑔 𝑈𝑎⁄
  Eq. 150 

∆𝑇𝑀𝐶𝐸,𝑑𝑒𝑚𝑎𝑔 =
〈∆𝑇𝑎𝑑,𝑑𝑒𝑚𝑎𝑔〉

1+𝑈𝑑𝑒𝑚𝑎𝑔 𝑉∗⁄ +𝑈𝑑𝑒𝑚𝑎𝑔 𝑈𝑎⁄
      Eq. 151 

where 𝑈𝑚𝑎𝑔 and 𝑈𝑑𝑒𝑚𝑎𝑔 are the utilization factors associated to magnetization and demagnetization, 

respectively. Thus, the ∆𝑇𝑒𝑞 in magnetization and demagnetization periods can be derived as follows: 

∆𝑇𝑒𝑞,𝑚𝑎𝑔 = ∆𝑇ℎ𝑐 +
〈|∆𝑇𝑎𝑑,𝑚𝑎𝑔|〉

1+𝑈𝑚𝑎𝑔 𝑉∗⁄ +𝑈𝑚𝑎𝑔 𝑈𝑎⁄
   Eq. 152 

∆𝑇𝑒𝑞,𝑑𝑒𝑚𝑎𝑔 = ∆𝑇ℎ𝑐 +
〈|∆𝑇𝑎𝑑,𝑑𝑒𝑚𝑎𝑔|〉

1+𝑈𝑑𝑒𝑚𝑎𝑔 𝑉∗⁄ +𝑈𝑑𝑒𝑚𝑎𝑔 𝑈𝑎⁄
   Eq. 153 

The equivalent active effectiveness for an AMR can be defined as 



 
36 Effectiveness-based analytic model 

휀𝑐,𝐴𝑀𝑅 =
∫ �̇�𝑓𝑐𝑓𝑇𝑓,ℎ,𝑜𝑢𝑡
𝑡𝑐2
𝑡𝑐1

𝑑𝑡−∫ �̇�𝑓𝑐𝑓𝑇𝑓,𝑐,𝑖𝑛
𝑡𝑐2
𝑡𝑐1

𝑑𝑡

∫ �̇�𝑓𝑐𝑓∆𝑇𝑒𝑞,𝑚𝑎𝑔
𝑡𝑐2
𝑡𝑐1

𝑑𝑡
≅
∫ 𝑇𝑓,ℎ,𝑜𝑢𝑡(𝑡)
𝑡𝑐2
𝑡𝑐1

𝑑𝑡 (𝑡𝑐2−𝑡𝑐1)⁄ −𝑇𝑐

∆𝑇𝑒𝑞,𝑚𝑎𝑔
 Eq. 154 

휀ℎ,𝐴𝑀𝑅 =
∫ �̇�𝑓𝑐𝑓𝑇𝑓,ℎ,𝑖𝑛
𝑡ℎ2
𝑡ℎ1

𝑑𝑡−∫ �̇�𝑓𝑐𝑝,𝑓𝑇𝑓,𝑐,𝑜𝑢𝑡
𝑡ℎ2
𝑡ℎ1

𝑑𝑡

∫ �̇�𝑓𝑐𝑓∆𝑇𝑒𝑞,𝑑𝑒𝑚𝑎𝑔
𝑡𝑐2
𝑡ℎ1

𝑑𝑡
≅
𝑇ℎ−∫ 𝑇𝑓,𝑐,𝑜𝑢𝑡(𝑡)

𝑡ℎ2
𝑡ℎ1

𝑑𝑡 (𝑡ℎ2−𝑡ℎ1)⁄

∆𝑇𝑒𝑞,𝑑𝑒𝑚𝑎𝑔
 Eq. 155 

The 휀𝑐,𝐴𝑀𝑅 and 휀ℎ,𝐴𝑀𝑅 allows us to map the passive effectiveness to the equivalent active effectiveness.  

휀𝑐,𝐴𝑀𝑅|∆𝑇=∆𝑇ℎ𝑐 ≅ 휀𝑐|∆𝑇=∆𝑇𝑒𝑞,𝑚𝑎𝑔   Eq. 156 

휀ℎ,𝐴𝑀𝑅|∆𝑇=∆𝑇ℎ𝑐 ≅ 휀ℎ|∆𝑇=∆𝑇𝑒𝑞,𝑑𝑒𝑚𝑎𝑔   Eq. 157 

The defined 휀𝐴𝑀𝑅 (Eq. 156 and Eq. 157) for an AMR at a temperature span of ∆𝑇hc is assumed to be 

identical to the effectiveness for the passive regenerator with the same size, heat capacity, geometry and 

fluid flow profile, but the temperature span is modified to ∆𝑇eq. 

The cooling and heating capacities normalized by MCM mass can be obtained as: 

�̇�𝑐 =
𝑓

𝑚𝑠
∫ �̇�𝑓𝑐𝑓(𝑇𝑓,𝑐,𝑖𝑛 − 𝑇𝑓,𝑐,𝑜𝑢𝑡)𝑑𝑡
𝜏

0
       Eq. 158 

=
𝑓

𝑚𝑠
(∫ �̇�𝑓𝑐𝑓𝑇𝑓,𝑐,𝑖𝑛𝑑𝑡

𝑡𝑐2
𝑡𝑐1

− ∫ �̇�𝑓𝑐𝑓𝑇𝑓,𝑐,𝑜𝑢𝑡𝑑𝑡
𝑡ℎ2
𝑡ℎ1

)                                                                              

=
𝑓

𝑚𝑠
(∫ �̇�𝑓𝑐𝑓𝑇𝑓,𝑐,𝑖𝑛𝑑𝑡

𝑡𝑐2
𝑡𝑐1

− ∫ �̇�𝑓𝑐𝑓𝑇𝑓,ℎ,𝑖𝑛
𝑡ℎ2
𝑡ℎ1

𝑑𝑡 + ∫ �̇�𝑓𝑐𝑓𝑇𝑓,ℎ,𝑖𝑛
𝑡ℎ2
𝑡ℎ1

𝑑𝑡 − ∫ �̇�𝑓𝑐𝑓𝑇𝑓,𝑐,𝑜𝑢𝑡𝑑𝑡
𝑡ℎ2
𝑡ℎ1

)           

=
𝑓

𝑚𝑠
(−∫ �̇�𝑓𝑐𝑓∆𝑇ℎ𝑐

𝑡𝑐2
𝑡𝑐1

𝑑𝑡 + 휀ℎ,𝐴𝑀𝑅∆𝑇𝑒𝑞,𝑑𝑒𝑚𝑎𝑔 ∫ �̇�𝑓𝑐𝑓
𝑡ℎ2
𝑡ℎ1

𝑑𝑡)                                                    

≅
𝑓𝜌𝑓𝑐𝑓𝑉𝑝

𝑚𝑠
(휀ℎ∆𝑇𝑒𝑞,𝑑𝑒𝑚𝑎𝑔 − ∆𝑇ℎ𝑐)                                                              

≅
𝑓𝜌𝑓𝑐𝑓𝑉𝑝

𝑚𝑠
[

ℎ〈|∆𝑇𝑎𝑑,𝑑𝑒𝑚𝑎𝑔|〉

1+𝑈𝑑𝑒𝑚𝑎𝑔 𝑉∗⁄ +𝑈𝑑𝑒𝑚𝑎𝑔 𝑈𝑎⁄
− (1 − 휀ℎ)∆𝑇ℎ𝑐]     Eq. 159 

�̇�ℎ ≅
𝑓𝜌𝑓𝑐𝑓𝑉𝑝

𝑚𝑠
[

𝑐〈|∆𝑇𝑎𝑑,𝑚𝑎𝑔|〉

1+𝑈𝑚𝑎𝑔 𝑉∗⁄ +𝑈𝑚𝑎𝑔 𝑈𝑎⁄
− (1 − 휀𝑐)∆𝑇ℎ𝑐]     Eq. 160 

The specific cooling capacity of zero-span �̇�𝑐|∆𝑇ℎ𝑐=0 and no-load temperature span ∆𝑇ℎ𝑐|�̇�𝑐=0 are 

further derived. 

�̇�𝑐|∆𝑇ℎ𝑐=0 ≅
𝑓𝜌𝑓𝑐𝑓𝑉𝑝

𝑚𝑠
∙ ℎ〈|∆𝑇𝑎𝑑,𝑑𝑒𝑚𝑎𝑔|〉

1+𝑈𝑑𝑒𝑚𝑎𝑔 𝑉∗⁄ +𝑈𝑑𝑒𝑚𝑎𝑔 𝑈𝑎⁄
  Eq. 161 

∆𝑇ℎ𝑐|�̇�𝑐=0 ≅
ℎ

1− ℎ
∙

〈|∆𝑇𝑎𝑑,𝑑𝑒𝑚𝑎𝑔|〉

1+𝑈𝑑𝑒𝑚𝑎𝑔 𝑉∗⁄ +𝑈𝑑𝑒𝑚𝑎𝑔 𝑈𝑎⁄
  Eq. 162 



 

 
 

37 Analysis tools 

Furthermore,  the regeneration ratio (𝜑) [103,105,200] and reduced isothermal cooling capacity (휁) can 

be defined to evaluate the AMR performance relative to the material’s caloric effect, 

𝜑 =
∆𝑇ℎ𝑐|�̇�𝑐=0

〈|∆𝑇𝑎𝑑|〉
=

(1− )⁄

1+𝑈 𝑉∗⁄ +𝑈 𝑈𝑎⁄
    Eq. 163 

휁 =
�̇�𝑐|∆𝑇ℎ𝑐=0

𝑇〈|∆𝑠𝑖𝑠𝑜|〉
≅

�̇�𝑐|∆𝑇ℎ𝑐=0

𝑓〈𝑐𝑠〉〈|∆𝑇𝑎𝑑|〉
=

𝑈

1+𝑈 𝑉∗⁄ +𝑈 𝑈𝑎⁄
  Eq. 164 

Summarily, the effectiveness-based analytical model provides a simplified tool to decribe the AMR 

cooling and heating performance with respective to heat transfer effectiveness, average adiabatic 

temperature change of MCMs, utilization, relative fluid displacement and thermal mass of binding agent. 

This analysis tool would be useful for preliminary design of AMRs with new geometry and unknown heat 

transfer correlations. Interested readers about detailed discussion of validity and effectivity of this model 

can be referred to Appendix A3.  

 

2.5. Analytical model for temperature profile 

Temperature profile along a regenerator is directly related to average properties (such as spatial average 

of ∆𝑇𝑎𝑑  described in Chapter 2.4 and material metrics in Table 4) and exergy destruction (such as 

integration of second law metrics in Table 3). The solution of temperature profile is normally implicit in 

energy equations and can be simplified to analytical expressions using additional assumptions. Some of the 

previous efforts on analytically solving the temperature profiles are summarized in Table 8. Most of the 

cases are based on the assumptions of infinite thermal mass of one phase, or no heat source term, or steady 

state of one phase. However, AMRs normally exhibit the solid-fluid coupling transients (comparable 

thermal masses), as well as the dynamic MCE superimposition. Instead of solving all the transients directly, 

a harmonic analysis inspired from Ref. [207] will be applied for the variable amplitudes with a complex 

notation and the factors out all the assumed harmonics of temperature, magnetic field and fluid flow, which 

yields the solutions of the control equations in cyclic steady state only. 

 

 

 

 

 



 
38 Analytical model for temperature profile 

Table 8 Analytical solutions of temperature profile for regenerators. All the cases disregard the presence of binding 

agent with the assumption of 𝜖𝑏 = 𝜖𝑝 = 𝜖. 

References Equations and constrains Temperature profile solutions Solution description 

Klein and 

Eigenberger 

[208] 

2𝜋

𝑈

𝜕휃𝑠

𝜕�̌�
=
1

𝑃𝑒

𝜕2휃𝑠
𝜕𝜉2

+𝑁𝑇𝑈(휃𝑓 − 휃𝑠) 

2𝜋

𝜑

𝜕휃𝑓

𝜕�̌�
= −

𝜕휃𝑓

𝜕𝜉
− 𝑁𝑇𝑈(휃𝑓 − 휃𝑠) 

Boundary conditions: 
𝜕𝜃𝑠

𝜕𝜉
|�̌�=0 = 0  

𝜕𝜃𝑠

𝜕𝜉
|�̌�=1 = 0  

휃𝑓(𝜉 = 1, �̌� = 0) = 𝑇𝑐  

휃𝑓(𝜉 = 0, �̌� = 𝜋) = 𝑇ℎ  

휃𝑗(𝜉, �̌�)|0≤�̌�<𝜋 = 휃̅𝑗(𝜉) +

𝑁𝑇𝑈(�̌�−0.5𝜋)

2𝜋𝑈(1+𝑁𝑇𝑈)
  

휃𝑗(𝜉, �̌�)|𝜋≤�̌�<2𝜋 = 휃̅𝑗(𝜉) +

𝑁𝑇𝑈(0.75𝜋−�̌�)

2𝜋𝑈(1+𝑁𝑇𝑈)
  

𝑗 = 𝑠 or 𝑓 

휃̅𝑠(𝜉) =
0.5+𝑁𝑇𝑈(1−𝜉)

1+𝑁𝑇𝑈
  

휃̅𝑓(𝜉)|0≤�̌�<𝜋 =
𝑁𝑇𝑈(1−𝜉)

1+𝑁𝑇𝑈
  

휃̅𝑓(𝜉)|𝜋≤�̌�<2𝜋 =
1+𝑁𝑇𝑈(1−𝜉)

1+𝑁𝑇𝑈
  

 

The first order Taylor 

series expansion is 

applied to the 

temperature expressions. 

The transient parts for 

both solid and fluid 

temperatures are 

assumed the same. 

 

Schopfer 

[207] 
휃𝑗(𝜉, 𝑡) = 휃̅𝑗(𝜉) + 𝑅𝑒[∆휃𝑖𝑒

𝑖�̌�] 

𝑗 = 𝑠 or 𝑗   

𝑖∆휃𝑠 = −𝐵𝑖 ∙ 𝐹𝑜(∆휃𝑓 − ∆휃𝑠)  

𝑖∆휃𝑓 = 1 +
4𝑁𝑢

𝑃𝑟𝑅𝑒𝜔
(∆휃𝑓 − ∆휃𝑠) 

𝐹𝑜 =
𝑘𝑠

2𝜋𝑓𝜌𝑠𝑐𝑠(𝑙𝑐)
2  

𝐵𝑖 =
ℎ∙𝑙𝑐

𝑘𝑠
  

𝑅𝑒𝜔 =
2𝜋𝑓𝜌𝑓𝐷ℎ

2

𝜇𝑓
  

𝑙𝑐 =
1−𝜖

𝛼𝑠
  

∆휃𝑓 =
4𝑅∙𝑁𝑢+𝑖𝑃𝑟∙𝑅𝑒𝜔

−𝑃𝑟∙𝑅𝑒𝜔+𝑖∙𝑁𝑢(𝑅+1)
  

∆휃𝑠 = −𝑅(∆휃𝑓 + 𝑖)  

𝑅 =
𝜖𝜌𝑓𝑐𝑓

(1−𝜖)𝜌𝑠𝑐𝑠
  

 

The first order Fourier 

series expansion is 

applied to the 

temperature expressions. 

The Nusselt number is a 

complex number to 

indicate the phasing of 

heat flux, as well as solid 

and fluid temperatures. 

 

Sebald et al. 

[209] 
𝑐𝑗 (

𝜕𝑇𝑗

𝜕𝑡
+ 𝑣𝑗(𝑡)

𝜕𝑇𝑗

𝜕𝑥
) +

𝜕𝑄𝑗(𝑡)

𝜕𝑡
= 𝑘𝑗

𝜕2𝑇𝑗

𝜕𝑧𝑗
2  

Temperature assumption: 

𝑇𝑗(𝑥, 𝑧𝑗 , 𝑡) = 𝑇0(𝑥) + 𝑇𝑎1,𝑗(𝑧𝑗)𝑒
𝑖𝜔𝑡 

Caloric effect assumption: 

𝑄𝑗(𝑡) = 𝑞𝑗𝑒
𝑖𝜔𝑡   

Fluid velocity assumption: 

𝑣𝑗(𝑡) = 𝑣𝑗𝑒
𝑖𝜔𝑡  

Boundary conditions: 

𝑇𝑗(𝑧𝑗 = −ℎ𝑗 2⁄ ) = 𝑇𝑗−1(𝑧𝑗−1 =

ℎ𝑗−1 2⁄ )  

𝑇𝑎1,𝑗 = 𝐴𝑗𝑐𝑜𝑠 ((1 − 𝑖)√
𝜔𝑐𝑗

2𝑘𝑗
𝑧𝑗) +

𝐵𝑗𝑠𝑖𝑛 ((1 − 𝑖)√
𝜔𝑐𝑗

2𝑘𝑗
𝑧𝑗) −

𝑞𝑗

𝑐𝑗
+

𝑣𝑗

𝑤

𝜕𝑇0

𝜕𝑥
𝑖  

where constant parameters 𝐴𝑗 and 

𝐵𝑗  are determined by the boundary 

conditions. 

The amplitudes of 𝑇𝑎1,𝑗 are 

complex numbers, whose of 

The active regenerator 

was assumed as parallel-

plates with infinite lateral 

dimensions and 

neglecting caloric losses 

and hysteresis. Conjugate 

heat transfer is 

determined by the 

boundary conditions of 

continuous temperature 

profile across two 
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References Equations and constrains Temperature profile solutions Solution description 

𝑘𝑗
𝜕𝑇𝑗(𝑧𝑗=−ℎ𝑗 2⁄ )

𝜕𝑥
=

𝑘𝑗−1
𝜕𝑇𝑗(𝑧𝑗−1=ℎ𝑗−1 2⁄ )

𝜕𝑥
  

where j denotes the number for 

passive and active layers and ℎ𝑗 

denotes the thickness in jth layer. 

solutions indicates the temperature 

oscillation and phase. 

adjacent layers instead of 

specifying heat transfer 

coefficient. The speed of 

the fluid is a complex 

number with a phase 

shift between the fluid 

motion and the caloric 

induction. 

F. de Monte 

[210] 

Lagrange 

frame of 

reference 

𝐷𝑇𝑓[𝑥(𝑡),𝑡]

𝐷𝑡
= −

ℎ𝛼

𝜖𝜌𝑓𝑐𝑓
(𝑇𝑓[𝑥(𝑡), 𝑡] −

𝑇𝑠[𝑥(𝑡)])  

The law of motion of the particle, 

𝑥(𝑡) = 𝑥′ + 𝑣𝑓(𝑡 − 𝑡
′)  

where 𝑥′ represents a generic 

position where a fluid particle is 

located at a generic time instant 𝑡′.  

Cyclic boundary condition: 

∮𝑇𝑓𝑑𝑡 = 𝜏𝑇𝑠  

𝑇𝑓[𝑥(𝑡
′), 𝑡′] =

𝑇𝑓[𝑥(𝑡0), 𝑡0]𝑒
ℎ𝛼

𝜖𝜌𝑓𝑐𝑓
(𝑡0−𝑡

′)
+

ℎ𝛼

𝜖𝜌𝑓𝑐𝑓
∫ 𝑇𝑠[𝑥(𝑡)]𝑒

ℎ𝛼

𝜖𝜌𝑓𝑐𝑓
(𝑡−𝑡′)

𝑑𝑡
𝑡′

𝑡0
  

The initial temperatures for the 

fluid particle are determined by the 

conditions of  

(1) 𝑡0 = 0 

(2) 𝑥(𝑡0) = 0 

(3) 𝑡0 = 𝜏 2⁄  

(4) 𝑥(𝑡0) = 𝐿𝑟  

 

The solid thermal 

capacity is infinitely 

large relative to the fluid 

thermal capacity – the 

solid temperature 

oscillation is neglected. 

The convective heat 

transfer coefficient is 

constant. The flow 

velocity is assumed time 

independent. The relative 

displacement is assumed 

greater than unity. 

 

The dimensionless energy equations (Eq. 85 and Eq. 86) are applied to derive the analytical temperature 

profile. For brevity, the binder heat storage term is neglected ( 1
𝑈𝑎

𝜕𝜃𝑠

𝜕�̌�
= 0), but the difference between bulk 

porosity and pore porosity is not negligible. The following dimensionless variables according to Eq. 80, Eq. 

83 and Eq. 84 are expanded using the first order Fourier series. 



 
40 Analytical model for temperature profile 

�̇� = Real(𝜋𝑖𝑒𝑖�̌�)    Eq. 165 

휃𝑠(𝜉, 𝑡) = 휃̅𝑠(𝜉) + Real(휃𝑠,𝑎1(𝜉)𝑒
𝑖�̌�)  Eq. 166 

휃𝑓(𝜉, 𝑡) = 휃̅𝑓(𝜉) + Real(휃𝑓,𝑎1(𝜉)𝑒
𝑖�̌�)  Eq. 167 

휃𝑎𝑑(𝜉, 𝑡) = Real(휃𝑎𝑑,𝑎1(𝜉)𝑒
𝑖�̌�)  Eq. 168 

where subscript 𝑎1 denotes the amplitude of first order term in Fourier series. The temperature fields 

consist of a time average component and a periodically time-varying component. It is assumed that the 

time-varying component of temperature field is synchronous with the displacement thermal mass of fluid, 

and therefore 90 degree phase offset with displacement velocity (Eq. 165). The phase offset of solid and 

fluid temperatures relative to the harmonic phase of fluid flow is embodied in the complex number of  

휃𝑠,𝑎1(𝜉) and 휃𝑓,𝑎1(𝜉), respectively. The complex number 휃𝑎𝑑,𝑎1(𝜉) indicates the phase offset of magnetic 

field relative to the harmonic phase of temperature. Substitute Eq. 165-Eq. 168 into the control equations 

Eq. 85 and Eq. 86,  and then rearrange the equations as: 

𝑒𝑖�̌� (
𝑖

𝑈
휃𝑠,𝑎1 −

𝑖

𝑈
휃𝑎𝑑,𝑎1 − 𝐴0

𝜕2𝜃𝑠,𝑎1

𝜕𝜉2
−
𝑁𝑇𝑈

2𝜋
(휃𝑓,𝑎1 − 휃𝑠,𝑎1)⏟                                

Term 1s

) = 𝐴0
𝜕2�̅�𝑠

𝜕𝜉2
+
𝑁𝑇𝑈

2𝜋
(휃̅𝑓 − 휃̅𝑠)⏟              

Term 2s

  Eq. 169 
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Term 1f
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Term 2f
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𝑘𝑓
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𝜕𝜉2
−
𝑁𝑇𝑈

2𝜋
(휃̅𝑓 − 휃̅𝑠)⏟                    

Term 3f

        Eq. 170 

The terms 1s, 2s, 1f, 2f and 3f are only the function of 𝜉. The only way these equations can be satisfied 

is with all the terms equal to zero. 

Term 2s:  𝐴0
𝜕2�̅�𝑠

𝜕𝜉2
+
𝑁𝑇𝑈

2𝜋
(휃̅𝑓 − 휃̅𝑠) = 0      Eq. 171 

Term 3f:  1

2𝜋𝑃𝑒
(
𝑘𝑑𝑖𝑠𝑝

𝑘𝑓
)
𝜕2�̅�𝑓

𝜕𝜉2
−
𝑁𝑇𝑈

2𝜋
(휃̅𝑓 − 휃̅𝑠) = 0    Eq. 172 

Term 2f:  𝜕𝜃𝑓,𝑎1
𝜕𝜉

= 0        Eq. 173 
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Term 1s: 𝑖
𝑈
휃𝑠,𝑎1 −

𝑖

𝑈
휃𝑎𝑑,𝑎1 − 𝐴0

𝜕2𝜃𝑠,𝑎1

𝜕𝜉2
−
𝑁𝑇𝑈

2𝜋
(휃𝑓,𝑎1 − 휃𝑠,𝑎1) = 0  Eq. 174 

Term 1f: 𝑖
𝑉∗
휃𝑓,𝑎1 −

1

2𝜋𝑃𝑒
(
𝑘𝑑𝑖𝑠𝑝

𝑘𝑓
)
𝜕2𝜃𝑓,𝑎1

𝜕𝜉2
+
𝑖

2

𝜕�̅�𝑓

𝜕𝜉
+
𝑁𝑇𝑈

2𝜋
(휃𝑓,𝑎1 − 휃𝑠,𝑎1) = 0 Eq. 175 

From numerous results from the 1D model, it is initially assumed that solid and fluid average temperatures 

are identical. 

 휃̅𝑓(𝜉) = 휃̅𝑠(𝜉) Eq. 176 

From Eq. 171, Eq. 172, and Eq. 176, the linear average temperature profiles for both solid and liquid are 

obtained. 

𝜕2�̅�𝑠

𝜕𝜉2
=
𝜕2�̅�𝑓

𝜕𝜉2
= 0 Eq. 177 

From Term 2f:  Eq. 173 and Eq. 177, the 휃𝑓,𝑎1 and 𝜕�̅�𝑓
𝜕𝜉

 are independent of 𝜉. From Eq. 175, the 휃𝑠,𝑎1 is 

accordingly independent of 𝜉. Thus, Eq. 174 and Eq. 175 can be written as: 

𝑖

𝑈
휃𝑠,𝑎1 −

𝑖

𝑈
휃𝑎𝑑,𝑎1 −

𝑁𝑇𝑈

2𝜋
(휃𝑓,𝑎1 − 휃𝑠,𝑎1) = 0  Eq. 178 

𝑖

𝑉∗
휃𝑓,𝑎1 +

𝑖

2

𝜕�̅�𝑓

𝜕𝜉
+
𝑁𝑇𝑈

2𝜋
(휃𝑓,𝑎1 − 휃𝑠,𝑎1) = 0   Eq. 179 

The elimination of conduction terms implies that the axial heat conduction would destroy the first order 

harmonics. Eq. 178 and Eq. 179 are the linear algebraic equations, which can be solved explicitly. 
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휃𝑠,𝑎1 = −
1

2
𝛾𝑠1

𝜕�̅�𝑓

𝜕𝜉
+ 𝛾𝑠2휃𝑎𝑑,𝑎1   Eq. 180 

휃𝑓,𝑎1 = −
1

2
𝛾𝑓1

𝜕�̅�𝑓

𝜕𝜉
+ 𝛾𝑓2휃𝑎𝑑,𝑎1   Eq. 181 

𝛾𝑠1 =
𝑉∗𝑈∙𝑁𝑇𝑈

𝑁𝑇𝑈(𝑉∗+𝑈)+2𝜋𝑖
     Eq. 182 

𝛾𝑠2 =
𝑉∗𝑁𝑇𝑈+2𝜋𝑖

𝑁𝑇𝑈(𝑉∗+𝑈)+2𝜋𝑖
     Eq. 183 

𝛾𝑓1 =
𝑉∗(𝑈∙𝑁𝑇𝑈+2𝜋𝑖)

𝑁𝑇𝑈(𝑉∗+𝑈)+2𝜋𝑖
     Eq. 184 

𝛾𝑓2 =
𝑉∗𝑁𝑇𝑈

𝑁𝑇𝑈(𝑉∗+𝑈)+2𝜋𝑖
     Eq. 185 

For passive regenerators, the average temperature profile curves are numerically linear as shown in Fig. 

4. We can continue to use the initial assumptions in Eq. 176 and Eq. 177. The linear average temperature 

profile is derived from Ref. [208].  

휃̅𝑓 = 휃̅𝑠 =
0.5+𝑁𝑇𝑈(1−𝜉)

1+𝑁𝑇𝑈
     Eq. 186 

For AMRs, the MCE results in average temperature profile curves deviating from linearity (Fig. 6). 

Consequently, post corrections are made: (I) 𝑈 is reset to be 𝜉 dependent making parameters 𝛾𝑠1, 𝛾𝑠2, 𝛾𝑓1 

and 𝛾𝑓2 to be 𝜉 dependent, and (II) instead of linear assumption, 휃̅𝑓(𝜉) and 휃̅𝑠(𝜉) are solved from a one-

phase control equation by merging Eq. 85 and Eq. 86 with the assumption in Eq. 176. 
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    Eq. 187 

휃̅𝑓(𝜉) = 휃̅𝑠(𝜉) =
1

2𝜋
∫ 휃(𝜉, �̌�)𝑑�̌�
2𝜋

0
   Eq. 188 

To validate the harmonic assumption and post corrections, the analytical solutions of temperature profile 

are compared to numerical results and passive experimental results. The regenerator configuration is 

summarized in Table 9. 
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Table 9 Parameters of the packed particle bed regenerators for validation of analytical solutions. 

Parameters PB-SS PB-Gd PB-HS 

Shape (ØD×L, mm×mm) Ø20×64 Ø20×64 Ø20×64 

Particle size (µm) 1000 500 520 

Bulk porosity (𝝐𝒃) 0.48 0.37 0.37 

Material Stainless steel Gadolinium La(Fe,Mn,Si)13Hy 

Mass (g) 93.8 100.8 88.4 

 

As 𝑇𝑓  and 𝑇𝑠  can not be measured with thermocouples, a weighted average temperature 𝑇𝑚  was 

introduced to represent the temperature values measured from thermocouples.  

𝑇𝑚 = (1 − 𝜖𝑏)𝑇𝑠 + 𝜖𝑝𝑇𝑓   Eq. 189 

 

Fig. 4 Passive average temperature gradients for (a-b) PB-SS operating at different utilization factors and (c-d) PB-

HS operating at different reservoir temperatures. Due to the experimental limitation, the operating frequencies are 
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set to 0.5Hz. From the results of experimental, numerical and analytical, the average temperature profiles show 

linear trend. The solid material of PB-HS is the same as the MCM in Fig. 18 (e), which exhibits the temperature 

dependent specific heat. The Curie temperatures for the sold material are shown in each subfigure (c-d). 
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Fig. 5 Passive average temperature gradients for PB-SS operating at different reservoir temperatures. The 

operating frequencies are set to 0.5Hz. The Curie temperatures for the sold material are shown in each subfigure. All 

the results of experimental, numerical and analytical show that, the temperature dependent specific heat of MCMs 
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does not affect the overall trend of temperature gradient, but would change the amplitude of temperature oscillation. 

The larger the specific heat, the smaller the amplitude is.  

 

 

Fig. 6 Active temperature profiles for PB-Gd operating at different reservoir temperatures and utilization factors. 

The operating frequencies are set to 1Hz. The AMR operated through the steps in Fig. 2. The magnetic fields are set 

from 0 to 1.1 Tesla. The Curie temperatures for the sold material are shown in each subfigure. Non-linear trends are 

observed for overall temperature gradient. The steepest slopes of temperature gradient are captured near the Curie 

temperatures. 
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Fig. 7 Comparison of dynamic temperatures at 14 points along the axial axis between experimental and analytical 

results for (a-b) PB-SS operating at different utilization factors and (c-d) PB-HS operating at different reservoir 

temperatures. The operating frequencies are set to 0.5Hz. Larger deviations locate in the vicinity of both ends, 

because the thermal boundaries destroy the harmonics.  
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Fig. 8 Comparison between analytical and numerical results for dynamic temperature amplitudes and phasing at 5 

points along the axial axis: (a) PB-SS and (b) PB-HS operating passively without magnetic field, and (c-d) PB-Gd 

operating actively at different utilization factors. The magnetic fields are set from 0 to 1.1 Tesla. The solid phases 

lag behind the fluid phases for PB-SS and PB-HS, while the fluid phases lag behind the solid phases for PB-Gd. 

 

In Fig. 4-Fig. 8, the analytical temperature profiles for PB-SS, PB-Gd and PB-HS are in good agreement 

with numerical and experimental results. This implies that the analytical solutions from the harmonic 

analysis in combination with post corrections can closely predict the temperature profiles, as well as solid 

and fluid temperature phasing to the numerical methods. The characteristics of temperature profile are 

summarized as follows. 

(1)  The average temperature profiles are nearly linear for passive regenerators (Fig. 4). The temperature 

dependent specific heat of solid phase does not affect the linearity, but it affects the amplitude of local 

temperature oscillation (Fig. 5). 
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(2) The MCE affects the linearity of average temperature profiles. The larger the MCE, the steeper slope 

the temperature profile will be (Fig. 6). Quantifying the relation of temperature profile slope and the 

MCE, as well as local heat and mass transfer characteristics, is an effective tool to design the layering 

AMRs. 

(3) The local temperature transients near both ends of regenerator deviate the harmonics due to the 

thermal boundaries (Fig. 7 and Fig. 8). 

The harmonic analysis provides a connection between the average temperature profile and the 

temperature transient of each phase, which would be an option to study the temperature profile internally. 

 

2.6. Summary 

The experimental, numerical and analytical tools are developed to study and design AMRs. The 

experimental facilities consist of a passive regenerator tester for heat and mass transfer study, an active test 

machine for cooling performance confirmation and an in-field DSC for material characterization. The 

numerical model is updated taking the binding agent into account, which is also the basis of analytical 

models. The analytical models consist of (I) heat transfer effectiveness decomposition model, which can 

guide how to apply the effectiveness for AMR heat transfer study, (II) effectiveness-cooling capacity model, 

which can visualize the heat transfer effect on the cooling performance, and (III) temperature profile model, 

which can study the temperature transients analytically.  
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3. Experimental characterization of active magnetic regenerators 

The AMR is a component of transferring the magnetocaloric heat from the MCMs to the consumer. The 

magnetocaloric heat induced by the magnetic field is the driving force, which determines the upper limit of 

the cooling capacity. With the thermal energy flowing from the MCMs to the consumer, the ultimate useful 

cooling capacity is determined by the parasitic losses that are mainly related to heat and mass transfer, axial 

conduction, hysteresis and other losses, which is shown in Fig. 9. 

 

Fig. 9 Schematic of thermal energy flow from the MCMs to the consumer. This figure is reproduced from Ref. 

[160]. 

 

In this chapter, four different groups of small-scale AMRs are characterized by means of geometry, heat 

and mass transfer, cooling performance and stability. The geometries of AMR are characterized by 

hydraulic diameter, porosity and specific surface area in Chapter 3.1. As the range of geometrical 

parameters are limited by the manufacturing process upon the specific MCMs, a brief introduction of 

relevant material route will be presented in Chapter 3.1. The heat and mass characterization focuses on the 

correlations of Nusselt number and friction factor through the experimental temperature and pressure 

responses combined with modelling derivation as shown in Chapter 3.2. In Chapter 3.3, the cooling 

performance will be evaluated by specific cooling capacity and temperature span through the small-scale 

active experiments. As matrix MCE and AMR cooling performance have a significantly positive correlation, 

the MCE parameters of relevant MCMs are compared in Chapter 3.4. In Chapter 3.5, the chemical and 
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mechanical stabilities are evaluated by reproducing the data of specific heat capacity, heat transfer 

effectiveness and pressure drop. All the AMRs are newly characterized at DTU and fabricated from 

different collaboration institutes (Vacuumschmelze GmbH & Co. KG and Fraunhofer IFAM). This chapter 

is based partially on the papers attached in Appendices A1, A2, and A4, as well as the paper in preparation 

“Experimental study of non-bonded packed bed regenerators with stabilized La(Fe,Mn,Si)13Hy”.   

 

3.1. Geometry and process 

From the viewpoint of geometry, an efficient regenerator prefers: (I) thin walls and small channels, which 

can facilitate the heat conduction from the interior of MCM to the core of fluid due to finite conjugate heat 

transfer [120], (II) even channel arrangement, which can lead to a homogeneous flow, (III) rounding square 

corners for the pores, which can increase local heat transfer coefficient [74,211] and (IV) appropriate 

tortuosity, which ensure a balance between friction factor and flow patterns [212]. This dissertation aims at 

investigating promising geometries for practical AMRs. The characterized regenerators can be divided into 

four groups: (I) the freeze-cast AMRs with lamellar microchannels, (II) the 3D-printed AMRs with double 

corrugated microchannels, (III) a triangular microchannel AMR, and (IV) the packed spherical or irregular 

particle AMRs with epoxy-bonded or non-bonded structures.   

Four freeze-cast AMRs were fabricated following the process described by Christiansen et al. 

[195,213], with slight alterations regarding suspension composition and freezing conditions. The freeze-

casting process can be summarized as (I) preparing suspension consisting of 30 vol% of LCSM ceramics 

in MiliQ water with 2.5 wt% dispersant, (II) pH regulation for the suspension from ~8 to ~6.5, (III) 

mixing the suspension in a ball mill for a consistent particle size and then adding the binder to avoid 

bubbles, (IV) freeze-casting the suspension in a mold along a specific temperature profile, (V) removing 

the ice from the frozen samples in a freeze-drier, and (VI) firing the samples and then sintering. LSCM 

was chosen to be shaped into the AMRs because of its low cost and its low reactivity with solvent. The 

geometries of the four freeze-cast AMRs are shown in Fig. 10 and characterized in Table 10. The 

characteristics of these geometries can be summarized as: (I) lamellar pores with an ellipsoid cross-

section on the micrometer-scale, (II) non-ordered orientations in the cross sectional plane, (III) low 

tortuosity, and (IV) large specific surface area.  
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Fig. 10 Geometry of freeze-cast AMRs. Scanning electron microscopy (SEM) micrographs of cross sections of 

the freeze-cast samples from (a) Fre1-LCSM, (b) Fre2-LCSM, (c) Fre3-LCSM and (d) Fre4-LCSM, where grey 

areas are the ceramic walls and black areas are the voids in the form of aligned, lamellar channels. Micrographs 

were obtained at cross sections parallel to the freezing direction in the center of the structure. 

It is important to be noted that freeze-casting is very sensitive to apparent conditions complicating the 

reproducibility of freeze-cast AMRs across different suspension batches, set-ups, furnace conditions etc. 

[214]. Fre1-, Fre2- and Fre3-LCSM with the pore widths from large to small in Table 10 were fabricated 

from the same batch and the same process condition. The Fre4-LCSM was fabricated earlier, which 

exhibits a greater pore width, but much rougher channel walls (see Fig. 10). As seen in Table 10, the pore 

porosity is about 2/3 of the bulk porosity. As the dead end or isolated pores were not observed in the 

images in Fig. 10, the reasons for these porosity differences can be assumed as micro porosity in the 

walls.   
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Table 10 Geometrical parameters of the freeze-cast AMRs. Structural characteristics are from the image analysis 

of scanning electron micrographs, which are based on the analysis of 15 images for each AMR evenly distributed 

along the axial direction and are given as an average. A single freeze-cast AMR matrix consists of two combined 

monoliths of freeze-cast sample frozen at identical conditions and thus with homogenous structural characteristics. 

Parameters Fre1-LCSM Fre2-LCSM Fre3-LCSM Fre4-LCSM 

Shape (ØD×L, mm×mm) Ø30×30 Ø30×30 Ø30×30 Ø30×27 

Pore width (µm) 66.3 ± 4.6 49.6 ± 4.6 43.1 ± 5.1 71.6 ± 6.4 

Bulk porosity  0.73 0.72 0.73 0.72 

Pore porosity (𝝐𝒑) 0.415  0.420  0.441  0.420 

Hydraulic diameter (µm) 94.9  75.0  66.3  104  

Specific surface area (m–1) 1.75 × 104 2.24 × 104 2.66  × 104 1.61  × 104 

Tortuosity 1.75  1.75  1.62  1.61  

Mass (g) 29.85 29.33 30.04 27.23 

Cross section picture 

    

 

For the 3D-printed AMR group, two double corrugated microchannel AMRs (constant hydraulic 

diameter, EDH and constant cross-section area, EAC) and one straight cylindrical microchannel AMR (STR) 

as baseline were fabricated at Fraunhofer IFAM. The double corrugated tubes are nature-inspired 

mimicking the vascular counter-flow heat exchanger found in several fish species that developed the body 

endothermy [215,216], as shown in Fig. 11. The double corrugation tube as a blood vessel can prevent the 

thermal stratification of the blood flow, which increases heat transfer across the vessel walls. This geometry 

allows the specific body parts of the fish to maintain the temperatures slightly higher than the rest of the 

body and the ambient temperature [215]. At the same time, the increased pressure drop is low enough not 

to overstress the heart. 
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Fig. 11 The schematic of EAC tube (in red) and the EDH tube (in blue). The EAC tube wall is described by 

x=R ( 𝐴𝑅(𝑠𝑖𝑛(
2𝜋

𝐾
𝑧)))  and y=R (𝐴𝑅(− 𝑠𝑖𝑛(

2𝜋

𝐾
𝑧))) , and the EDH tube wall is described by x= 𝑅

2
AR

(sin(
2π

𝐾
z))

+ 𝑅

2
 and 

y=
𝑅

2
AR

(− sin(
2π

𝐾
z))
+
𝑅

2
, where R is the radius of an equivalent straight flow passage, AR is the aspect ratio of x and y 

axes, z is the longitudinal position, and K is the corrugation period. Both flow passages have been designed with the 

same R, K and AR values of 0.175 mm, 1.6 mm and 1.4, respectively. The image is from Appendix A5. 

The whole process for the 3D-printed AMRs made from LaCe(Fe,Mn,Si) alloy (LCFMS) can be 

summarized as: (I) generating support structures to secure the regenerator on the build-platform [217], (II) 

laser beam melting - metal powder is spread in thin layers and then selectively melted based on the design 

CAD geometry of the part [218,219], (III) cutting off the 3D-printed parts from the build-platform using 

electro-discharged machining wire erosion technique, (IV) cleaning the parts using water in an ultrasonic 

bath and then using compressed air, (V) heat treating the parts in argon atmosphere to form the 

magnetocaloric 1:13 phase, (VI) hydrogenating the parts to shift the Curie temperature to room temperature, 

and (VII) combining the parts in series into a regenerator. In addition to the 3D-printed AMRs with LCFMS 

materials, another three AlSi7Mg0.6 (ASM) regenerators in the same geometries are produced to 

comparatively study the qualities of 3D-printed part with conventional metal and MCM. The geometrical 

parameters of six 3D-printed regenerators are summarized in Table 11. All the six 3D-printed regenerators 

showed similar porosities, channel and wall sizes, but different channel passage patterns. Comparatively 

study of these regenerators can evaluate the channel qualities and efficiencies. According to the naked eye 

observation, the ASM regenerators exhibit better surface quality than LCFMS regenerators. From the 

analysis in Appendix A5, the geometrical deviation of the ASM regenerators from the CAD models is 

significantly lower than those of the LCFMS regenerators. Continuous efforts have been invested to 

improve the manufacturing quality of AMRs via the laser beam melting technique. 

Table 11 Geometrical parameters of the 3D-printed AMRs and AlSi7Mg0.6 regenerators. The channel size and wall thickness 

are derived from CAD drawing. The bulk porosity is measured from the volume of displaced water, which is slightly smaller than 

the pore porosity derived from the CAD drawing. Considering the processing error, the bulk porosity and the pore porosity are 

assumed identical. 

Parameters STR-LCFMS EDH-LCFMS EAC-LCFMS 

Shape (ØD×L, mm×mm) Ø28.7×50.5 Ø28.7×50.5 Ø28.7×53.8 

Channel size (µm)  350 350 350 

Wall thickness (µm)  300 300 300 

Bulk porosity 0.171  0.165 0.180 

Hydraulic diameter (µm) 300 300 300 

Specific surface area (m–1) 748.6 775.6 830.4 

Material LaCe(Fe,Mn,Si)H LaCe(Fe,Mn,Si)H LaCe(Fe,Mn,Si)H 
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Parameters STR-LCFMS EDH-LCFMS EAC-LCFMS 

Mass (g) 189.0 189.9 199.1 

Cross section picture 

   

Parameters STR-ASM EDH-ASM EAC-ASM 

Shape (ØD×L, mm×mm) Ø28.4×47.0 Ø28.4×46.7 Ø28.3×46.8 

Channel size (µm)  350 350 350 

Wall thickness (µm)  300 300 300 

Bulk porosity 0.165 0.165 0.155 

Hydraulic diameter (µm) 300 300 300 

Specific surface area (m–1) 748.6 775.6 830.4 

Material AlSi7Mg0.6 AlSi7Mg0.6 AlSi7Mg0.6 

Mass (g) 66.1 65.4 66.2 

Cross section picture 

   

 

One triangular microchannel AMR was fabricated by Vacuumschmelze GmbH & Co. using the MCM 

of La(Fe,Mn,Si)13Hy alloys. Although this geometry is widely adopted in efficient heat sinks [220], its 

application in AMRs has not previously been observed. As shown in Fig. 12, the arrangement of staggered 

triangular channels is geometrically a parallel-plate architecture with 60o ribs situated between adjacent 

plates. Thus, the triangular microchannel AMR has the potential to balance the competing irreversibilities 

of heat transfer and flow resistance between the geometries of packed particle bed and parallel-plate bed. 
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Fig. 12 End view of the triangular microchannel AMR. The triangles are nearly isosceles with side lengths of ~0.420 

mm and ~0.341 mm and heights of ~0.284 mm. The vertical interval between triangle arrays is about 0.48 mm. The 

error for randomly selected 20 positions over the cross section was presented.  

 

The triangular microchannel regenerator was produced by powder metallurgy methods with the following 

steps: (I) jet-milling the starting alloys to fine powders, (II) mixing different fine powders to achieve the 

desire composition, (III) adding organic binders and a solvent to the mixed powders to make a slurry, (IV) 

casting the slurry onto a polymer substrate using a tape casting machine, (V) removing the tapes from the 

substrate, (VI) staking up the tapes by embossing, (VII) heat treating the stack to remove the organic binder 

and then sintering, and (VIII) hydrogenating the stack to shift the Curie temperature to room temperature.  

During the process, the La(Fe,Mn,Si)13Hy was synthesized with a higher 𝛼−Fe content (CALORIVAC-

HS). As seen in Fig. 12, a single AMR matrix consisted of two parallel monolithic pieces at identical 

conditions and thus with homogenous structural characteristics. The geometrical parameters are 

summarized in Table 12. As will be shown below, this triangular microchannel AMR (Tri-HS) is potentially 

able to provide a high efficiency, as well as a high performance when the geometry is incorporated into a 

graded MCM design. 

Table 12 Geometrical parameters of the triangular microchannel AMR. Bulk porosity and pore porosity are 

assumed identical, which are determined optically from images of the cross section. The channels are assumed 

straight. 

Parameters Tri-HS 

Housing (mm×mm×mm) 20×20×40 

Monolith dimension (mm×mm×mm) 10×20×40 

Pore width or particle size (µm)  200 

0.420 0.007

0.48 0.01

0.284 0.006
0.341 0.006

0.56 0.03

Unit: mm
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Parameters Tri-HS 

Bulk porosity 0.38 

Hydraulic diameter (µm) 217  

Specific surface area (m–1) 7004 

Material CALORIVAC-HS 

MCM mass (g) 53.8 

 

The packed particle bed is one of the most widely used geometries in AMRs due to its high heat transfer 

efficiency and easy installation. However, these AMRs with FOPT materials are reported to break apart 

without or with less bonding binder [196,221], owing to the magnetovolume effect. To address the 

brittleness of FOPT materials in packed particle AMRs, researchers tended to explore the possibilities in 

two different directions: binder-bonding and MCM stabilization. For binder-bonding solution, which 

involves polymer-bonding [148] or metal-bonding [176,179], it would result in lower heat transfer 

conductance and reduced MCM fraction [177], as well as the aging and fatigue problems for the epoxy 

adhesive [171,178]. Thus, binder-bonding is essentially a trade-off between mechanical stability and 

irreversibilities caused by heat transfer and dead volume. For the solution of MCM stabilization, the 

La(Fe,Mn,Si)13Hy can be stabilized by increasing the 𝛼−Fe content (non-magnetocaloric phase). Thus, the 

MCM stabilization is a trade-off between mechanical stability and MCE of materials.  

To investigate the optimal trade-off for packed particle AMRs, four AMRs were produced with original 

and stabilized La(Fe,Mn,Si)13Hy  and with epoxy-bonded and non-bonded structures, which are listed in 

Table 13. The MCMs for Epo-HS and Sph1-HS are spherical particles with and without epoxy, respectively. 

They are from the same batch, which can be assumed to have the same MCE, while the irregular 

CALORIVAC-H particles (Irr1-H and Irr2-H) are from different batches. The SEM micrographs of 

particles from Sph1-HS, Irr1-H and Irr2-H are shown in Fig. 13. The images clearly illustrate the different 

morphologies of the MCM samples. Sph1-HS particles are mostly spherical in shape and have a uniform 

size with a diameter of about 0.5 mm, while the different size ranges of Irr1-H and Irr2-H particles have a 

very irregular morphology. 

 

 

 



 
58 Geometry and process 

Table 13 Geometrical parameters of the packed particle AMRs. In the row of particle size, the average values in 

parentheses are determined from measuring average mass per particle. Bulk porosity and pore porosity are assumed 

identical; it means that the porosity in the particle is neglected. 

Parameters Epo-HS Sph1-HS Irr1-H Irr2-H 

Shape (ØD×L, mm×mm) Ø22.6×40 Ø22.6×40 Ø30×40 Ø22.6×40 

Particle shape Spheres Spheres Irregular particles Irregular particles 

Particle size (µm) † 400-640 (505) 400-640 (505) 250-450 (350) 100-250 (200) 

Bulk porosity ~0.465 0.491 0.505 0.545 

Hydraulic diameter (µm) 301 334 238 140 

Specific surface area (m–1) 6173 5873 8486 1.56× 104 

Material CALORIVAC-HS CALORIVAC-HS CALORIVAC-H CALORIVAC-H 

Mass (g) 59.2 56.3 82.1 50.4 

Cross section picture 

    
† The size ranges come from the manufacture that were analyzed using the sieve analysis. The average values in parentheses are 
determined from measuring average mass per particle, which are used as 𝐷𝑠𝑝 in Eq. 54. 

 

   

Fig. 13 SEM micrographs of the microstructures of Sph1-HS particles (left), the Irr1-H irregular particles of 250-

450 µm (middle), and the Irr2-H irregular particles of 100-250 µm (right). 

 

As Irr1-H and Irr2-H failed to survive the active test due to a failure of the screen mesh holding the 

particles in the regenerator, the material of Irr1-H was reused to produce another AMR Irr3-H for active 

testing. As will be seen, the cooling performance of Sph1-HS is not promising due to low packing quality. 

We reproduced AMRs Sph2-HS and Sph3-HS using the MCMs from Sph1-HS to investigate the effect of 

packing quality. The parameters for all reproduced AMRs are summarized in Table 14. 
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Table 14 Geometrical parameters of the reproduced packed particle AMRs 

Parameters Sph2-HS Sph3-HS Irr3-H 

Shape (ØD×L, mm×mm) Ø22.6×34 Ø22.6×40 Ø22.6×40 

Particle shape Spheres Spheres Irregular particles 

Particle size (µm) 400-640 400-640 250-450 

Total porosity 0.415 0.405 0.490 

Hydraulic diameter (µm) 246 236 224 

Specific surface area (m–1) 6750 6865 8743 

Material CALORIVAC-HS CALORIVAC-HS CALORIVAC-H 

Mass (g) 55.0 65.8 56.4 

 

The schematic diagram for the test history from Sph1-HS to Sph3-HS is shown in Fig. 14. For brevity, 

Sph2-HS and Sph3-HS skipped the full passive test and focused on the cooling performance as shown in 

Chapter 3.4. The pressure drop was still tested for Sph3-HS in Chapter 3.2 to investigate the potential of 

non-bonded AMRs with a higher packing density.  

 

Fig. 14 The schematic diagram for testing the packed sphere AMRs from Sph1-HS to Sph3-HS.  

 

As a progress to continuously improve the AMR performance, four groups of AMR are prepared in 

collaboration with external institutes. From the perspective of geometry and process, the following 

summary can be made.  

(1) Due to the high manufacturing difficulties and the brittleness of MCMs, the implements of accurate 

channels for AMRs especially with novel geometries are still more challenging than for conventional 

porous parts.   

(2) The geometrical parameters of AMR are limited by both MCM properties and material process. This 

means that the design range of specific AMR geometry is narrow. 

(3) Reducing the hydraulic diameter of an AMR can theoretically improve the heat transfer performance. 

However, it is accompanied by larger ineffective void volume (difference between 𝜖𝑏 and 𝜖𝑝) and 

lower channel quality. 
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3.2. Heat and mass transfer 

The figures of merit regarding heat and mass transfer in Table 1 can be derived from the passive 

experimental data and the correlations of friction factor and Nusselt number. The pressure drop is a direct 

measure associated with the flow resistance and the pumping work in an AMR, and generally depends on 

fluid velocity, regenerator length, hydraulic diameter, channel tortuosity and wall roughness. As found in 

the literature [110], the flow velocity responds quite linearly to the pressure gradient, which suggests the 

validity of Darcy’s law. These phenomena are widely observed for oscillating flows with small utilization 

[92,222]. Additionally, the pressure drop increases both with increasing dimensionless oscillation 

amplitude (inversely proportional to hydraulic diameter) and Reynolds number [73]. The pressure drop can 

be normalized to the dimensionless friction factor (Fanning friction factor, 𝑓𝐹), which can be defined as 

follows [73,75,76]. 

𝑓𝐹 =
2𝐷𝑟

2

𝐾⏟
𝑐1

𝑅𝑒ℎ
−1 +

2𝐷𝑟𝐹

√𝐾⏟
𝑐2

     Eq. 190 

where 𝐷r is the inner diameter of the regenerator. K is the permeability of the porous media, which links to 

the pore structure as 𝐾 ∝ (𝑐0, 𝜖, 〈𝑟〉2) [223]. The geometrical factor 𝑐0 is related to the shape, connectivity, 

aspect ratio and tortuosity of the pores. Average pore radius 〈𝑟〉 indicates the pore width. F is the inertial 

coefficient, which is normally important when the flow velocity or operating frequency is high. The 

parameters of 𝑐1 and 𝑐2 can be fitted through the experimental data. As the 𝑅𝑒h is relatively low when the 

AMRs operate under the practical conditions, the inertial behavior is subtle, which corresponds to the low 

values of 𝑐2. Thus, the friction factor is mainly determined by the permeability. 

For an AMR with a new geometry, the correlations of 𝑁𝑢 is not measured directly, it is extracted from a 

1D model and the experimental temperature response using the following steps. 

(1) The form of 𝑁𝑢 correlation is determined considering the flow pattern within the porous structure. 

For the micro-channels in an oscillating and developing flow,  

𝑁𝑢 = 𝑐3[𝐿𝑟 (𝐷ℎ𝑅𝑒ℎ𝑃𝑟)⁄ ]𝑐4  Eq. 191 

where 𝑐3 - 𝑐4 are the parameters for the correlation. 

(2) The numerical temperature evolution of outflow in an AMR is obtained by running a 1D model with 

the updated fitting parameters of 𝑁𝑢 correlation.  

(3) The objective function is defined as a vector. Each component represents the difference between the 

numerical and experimental temperature evolutions of outflow under a specific operating condition. 

Different components in the vector represent different operating conditions.  
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(4) The fitting parameters of the correlation is updated in each modelling iteration until the convergence 

of objective function via the Levenberg–Marquardt method for nonlinear least-squares cases.  

For the cases of deriving the specific 𝑁𝑢 for each operating condition instead of fitting 𝑐3 - 𝑐4, the 

fitting process will be changed to as follows. 

(1) The value of 𝑁𝑢 is initialized for a defined operating condition. 

(2) The numerical temperature evolution of outflow in an AMR is obtained by running a 1D model using 

the current 𝑁𝑢.  

(3) The objective function is defined as a scalar, which represents the difference between the numerical 

and experimental temperature evolutions of outflow under the defined operating condition.  

(4) The value of 𝑁𝑢 is updated in each modelling iteration until the convergence of objective function. 

(5) To derive the 𝑁𝑢 for the other operating conditions, steps (1) – (4) are repeated. 

The detailed validations about the 𝑁𝑢 and 𝑓𝐹 derivation are available in Appendix A1, A2 and A4. With 

the knowledge of 𝑓𝐹, 𝑁𝑢 and relevant geometrical parameters, the average characteristics of heat and 

mass transfer for AMRs can be fully defined. Other parameters, such as pressure drop amplitude 

(𝛥𝑝𝑚𝑎𝑥 =
𝛥𝑝𝑐,𝑚𝑎𝑥+𝛥𝑝ℎ,𝑚𝑎𝑥

2
), 𝑅𝑒ℎ and 𝑁𝑇𝑈, are important indicators for AMR characterization.  

The pressure drops for different regenerators are summarized in Fig. 15. Owing to the variations in 

hydraulic diameter, regenerator dimension and channel pattern, the pressure drops for different AMR 

groups are in different magnitude levels. The relation of pressure drop and pore velocity follows a nearly 

linear trend, which indicates a Darcy regime. The spreads superimposing on the linear trend are probably 

attributed to the temperature-dependent viscosities of fluid. In the case of Tri-HS, the significant spreads 

are probably caused by measurement noise, as the measured values are small compared to the sensor 

range.  

In the following, the pressure drops of all the regenerators are analyzed under the same velocities and in 

the sequence of pressure drop from small to large. The pressure drop in the Tri-HS is orders of magnitude 

smaller than that in other regenerators, probably due to the estimated smallest channel roughness and 

tortuosity. Similar phenomena are captured in the STR-ASM with straight channel pattern obtaining the 

second smallest pressure drop. The Sph3-HS and Irr1-H exhibit the similar values of pressure drop shown 

in Fig. 15 (d), because of similar values of hydraulic diameter shown in Table 13 and Table 14. The 

pressure drop of Epo-HS approaches that of Irr2-H in spite of larger hydraulic diameter, which confirms 

the narrowing passages due to the addition of epoxy. In Fig. 15 (b), the channel pattern of EAC exhibits 

the larger pressure drop than that in EDH channels regardless of conventional materials (-ASM) or 
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MCMs (-LCFMS). The reason for the larger pressure drop in STR-LCFMS than those in EAC-LCFMS is 

probably attributed to the channel shaping qualities. For the freeze-cast AMR group, the pressure drops of 

Fre1-LCSM, Fre2-LCSM and Fre4-LCSM are similar to each other. The reason is that the pressure drop 

of Fre1-LCSM is larger than expected based on the hydraulic diameter in Table 10. As can be seen in Fig. 

10, more dendrites are observed in Fre1-LCSM, which result in a higher roughness and hydraulic 

resistance. 

 

(a)       (b) 

 

(c)       (d) 

Fig. 15 Pressure drops of (a) freeze-cast AMRs, (b) 3D-printed regenerators, (c) triangular microchannel AMR, 

and (d) packed particle bed AMRs. 
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The dimensionless relationships of 𝑓F~𝑅𝑒h are shown in Fig. 16.  For the freeze-cast AMR group, the 

𝑓F increases with the pore width decreases as a whole. However, the 𝑓F in Fre1-LCSM with relatively 

large pore width is the largest among the four freeze-cast AMRs, which confirms the dendrite effect 

mentioned above. The Fre2-LCSM has the lowest 𝑓F. Thus, there will be an optimal pore width obtaining 

the lowest hydraulic resistance. For the 3D-printed AMR group, the 𝑓F ranking within the group is the 

same as the pressure drop ranking, because they have similar hydraulic diameters and dimensions. 

Compared to the 𝑓F in other AMR groups, the values of 𝑓F in the 3D-printed AMR group are significantly 

higher. The reason might be unwanted channel roughness or partial clogging caused by manufacturing 

quality. For the Tri-HS, the values of 𝑓F  are significantly lower than those for the other regenerators, 

which indicates an excellent channel shaping. For the packed particle AMR group, Irr1-H and Irr2-H 

show similar 𝑓F values that are lower than those in Sph3-HS and Epo-HS, because of their higher 

porosities and then more flexible channel pattern. Comparing the 𝑓F values between Sph3-HS and Epo-

HS, Sph3-HS with lower porosity still exhibits a lower 𝑓F than Epo-HS, which indicates the disadvantage 

of epoxy addition to the flow resistance. To be quantified, the fitting values of 𝑐1 and 𝑐2 related to  Eq. 

190 are summarized in Table 15. 

 

(a)       (b) 
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(c)       (d) 

Fig. 16 Fanning friction factor of (a) freeze-cast AMRs, (b) 3D-printed regenerators, (c) triangular microchannel 

AMR, and (d) packed particle bed AMRs. 

 
Table 15 The fitting parameters of Fanning friction factor 

Regenerators 𝒄𝟏 𝒄𝟐 

Fre1-LCSM 524.1 <1×10-8 

Fre2-LCSM 304.2 <1×10-6 

Fre3-LCSM 489.1 <1×10-8 

Fre4-LCSM 357.5 <1×10-8 

STR-ASM 2545 27.66 

EDH-ASM 7194 114.5 

EAC-ASM 6896 292.5 

STR-LCFMS 16382 <1×10-8 

EDH- LCFMS 14454 20.15 

EAC- LCFMS 19799 <1×10-8 

Tri-HS 203.4 <1×10-6 

Epo-HS 948.3 11.23 

Irr1-H 322.7 0.001 

Irr2-H 318.6 6.251 

Sph3-HS 544.5 10.68 

 

As the Nusselt number varies with the local variations of temperature and fluid velocity, the values of 

average overall Nusselt number (𝑁𝑢̅̅ ̅̅ ) for various regenerators of microchannel type are plotted as a function 
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of cyclic average 𝑅𝑒̅̅̅̅ h in Fig. 17. The trend of 𝑁𝑢̅̅ ̅̅ ~𝑅𝑒̅̅̅̅ h  is in a sublinear relationship, which approaches 

the trend in packed sphere beds [112] rather than the constant trend in parallel-channels under a fully 

developed laminar flow [74,224]. However, there are a number of experimental investigations reporting 

that 𝑁𝑢 increases with 𝑅𝑒ℎ [225]. In addition to the uncertainties, the reasons can be (I) actual periodic 

boundary condition rather than falling in between constant temperature and heat flux boundary conditions, 

and (II) entrance effect of developing flow resulting in a deviation from the fully developed laminar flow. 

Other practical reasons are probably the surface roughness or the variations in the channel geometry from 

the ideal microchannel architecture. For comparison, the theoretical curves of packed spheres, parallel-

plates, and triangular channels under different thermal boundaries are plotted in the same figure. In Fig. 17, 

the 𝑁𝑢̅̅ ̅̅  of Tri-HS shows higher values than those of 3D-printed passive regenerators, and fall in between 

triangular channels and parallel-plates in a steady unidirectional flow. On the other hand, the 𝑁𝑢̅̅ ̅̅  for freeze-

cast AMRs shows relatively low values in a narrower range of 𝑅𝑒̅̅̅̅ h. It is important to be noted that high 𝑁𝑢̅̅ ̅̅  

does not absolutely result in high heat transfer performance, because the heat transfer area is another key 

factor. For all the freeze-cast AMRs, the fitting parameters of  Eq. 191 are consistent with 𝑐3 = 0.34 and 𝑐4 

= -0.32.  

 

Fig. 17 The relation between Nusselt number and particle Reynolds number (based on pore velocity). Each data 

point of 𝑁𝑢̅̅ ̅̅  for the microchannel regenerator is derived from the experimental effectiveness and a 1D numerical model. 

The correlations for the packed spheres, parallel-plates and equilaterally triangular channels are based on steady 
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unidirectional flow through a single channel for heat sinks. 𝑁𝑢H denotes the boundary condition of a constant heat 

flux and uniform circumferential temperature. 𝑁𝑢T represents the boundary condition of constant wall temperature. 

 

The relations of heat transfer effectiveness and NTU for the freeze-cast AMRs and the Tri-HS are shown 

in Fig. 18. As the new members of AMR, the effectiveness of the freeze-cast AMRs and the Tri-HS 

generally show a sublinear increase with NTU (defined in Eq. 7) as other common AMRs, because the fluid 

thermal mass increments are normally more pronounced than the heat transfer coefficient enhancement, 

when the fluid flow rate increases. Some opposite trends are observed in Fig. 18 (a). The reasons can be 

summarized as: (I) a trade-off between heat transfer improving rate and heat transfer cycle time; (II) the 

axial heat conduction at low utilization; (III)  the dead void effect at high NTU (low frequency); and (IV) 

some miscalculation from equipment problems, such as unwanted air in liquid causing flow rate deviation.  

 

(a)      (b) 

Fig. 18 Heat transfer effectiveness as a function of NTU with respect to different utilizations for (a) freeze-cast 

AMRs and (b) triangular microchannel AMR. 

 

The curves of effectiveness with respective to utilization for various regenerators are shown in Fig. 19, 

which follow a general decreasing trend. As mentioned in Chapter 2.3, the effectiveness can indicate the 

relative heat transfer performance only based on the regenerators with similar porosities (e.g. AMRs in the 

same group in this dissertation). Thus, the absolute values of effectiveness of different AMR groups are 

incomparable (also because of different operating frequencies).  



 

 
 

67 Experimental characterization of active magnetic regenerators 

For the freeze-cast AMRs, the effectiveness and hydraulic diameter are in a positive correlation. Smaller 

pore width or hydraulic diameter results in higher heat transfer effectiveness based on the same operating 

and geometry parameters. The Fre4-LCSM has estimated 10% MCM loss due to necessary modification to 

mount the matrix in the housing. Thus, the curve of Fre4-LCSM shifted down further in Fig. 19 (a).  

For the 3D-printed regenerators, the EDH channel pattern exhibits relatively high effectiveness for both 

passive regenerators and AMRs. The EAC pattern shows comparable effectiveness with EDH pattern in 

AMRs and relatively low effectiveness in passive regenerators. This is attributed to a potential flow 

maldistribution due to clogged flow channels rather than an effect of geometrical features. Associating to 

the pressure drop shown in Fig. 15, the EAC pattern AMR may result in relatively low COP. The 

effectiveness of STR-LCFMS showed unexpected low values, which can be attributed to the surface quality 

of the flow channels. 

For Tri-HS, the effectiveness decreases with the operating frequency increases, because the reduction of 

NTU caused by the increment of fluid thermal mass rate overpowers the performance improvement caused 

by 𝑁𝑢̅̅ ̅̅  increasing in this AMR. Although the porosity of Tri-HS is lower than those of the packed particle 

bed AMRs, the effectiveness in the Tri-HS is not significantly lower than that in the packed particle bed 

AMRs. Thus, the Tri-HS shows an excellent heat transfer performance.  

For packed particle bed AMRs, the Epo-HS exhibited a significantly lower effectiveness compared to the 

other regenerators. The reasons can be twofold: (I) reducing the specific surface area through narrowing 

the flow passages [177] and (II) imposing extra thermal resistance of solid-fluid interface [226]. For AMRs 

without epoxy addition, Irr1-H and Irr2-H with irregular particles outperformed the Sph1-HS with spheres 

on effectiveness, probably due to (I) less intense tortuosity-induced fluid mixing [86,106] and (II) larger 

hydraulic diameter [206] in Sph1-HS. According to the values of effectiveness in Fig. 19 (d) and the values 

of hydraulic diameters in Table 5, the effect of hydraulic diameter on effectiveness become significant at 

higher utilization. Thus, the order of AMRs being Irr2-H, Irr1-H, Sph1-HS and Epo-HS can be sorted for 

heat transfer effectiveness ranking from high to low. 
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(a)       (b) 

 

(c)       (d) 

Fig. 19 Heat transfer effectiveness as a function of utilization for (a) freeze-cast AMRs at 0.75Hz, (b) 3D-printed 

regenerators at 0.5Hz, (c) triangular microchannel AMR at various frequencies and (d) packed particle bed AMRs at 

1 Hz. 

 

As mentioned in Chapter 1.2.3, the effects of dead volume and flow maldistribution are external 

irreversibilities to reduce the effectiveness. The general perception of dead volume impacts is the change 

of the thermal boundary conditions [101]. Small dead volume size is usually accompanied with the fitting 

shape of an abrupt expansion. The inflow maldistribution and flow recirculation region are created, which 

reduce the effective heat transfer area [87]. Manifolds, which are situated at both ends of a regenerator in 

the passive regenerator tester described in Chapter 2.1, are critical to vary the dead volume and regulate 

the inlet and outlet streams. To evaluate the trade-off between the dead volume and flow maldistribution 
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effects, three manifolds inspired from Ref. [87] are designed to Fre1-LCSM shown in Fig. 20. Manifold 

A is the original design for the above characterizations, which has the moderate dead volume ratio and 

even flow regulating. Manifold B is expected to have a lower dead volume ratio and higher flow 

regulating ability, but probably results in a higher pressure drop. Manifold C is referred to zero dead 

volume design that the inflow and outflow through different connection fittings, and it is supposed to 

cause the inflow maldistribution and internal transverse temperature gradient [227].  

   

  (a)     (b)     (c)   

Fig. 20 Different designs for (a) manifold  A with 𝛷∗ = 0.101 , 𝜓∗ = 0.288 (𝑈 = 0.67), 𝜓∗ = 0.191 (𝑈 = 1.01) 

and 𝜓∗|𝑈=1.35 = 0.144; (b) manifold  B with 𝛷∗ = 0.0287 , 𝜓∗ = 0.0813 (𝑈 = 0.67), 𝜓∗ = 0.0542 (𝑈 = 1.01) 

and 𝜓∗|𝑈=1.35 = 0.0406; and (c) manifold C with 𝛷∗ ≅ 0 and 𝜓∗ ≅ 0. Parameters 𝛷∗ and 𝜓∗ are defined in Eq. 39 

and Eq. 40, respectively. 
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(a) 

 

(b) 

Fig. 21 (a) Effectiveness during a hot-to-cold blow and (b) pressure drop amplitude as a function of frequency in 

Fre1-LCSM at different utilizations. Manifolds A, B and C represent the cases of moderate dead volume and 

moderate flow uniformity, small dead volume and high flow uniformity, zero dead volume and low flow uniformity 

respectively.  The designs of manifolds can be referred to Fig. 20.  

 
In Fig. 21, the heat transfer effectiveness and pressure drop are compared by applying different 

manifolds. As expected, the Fre1-LCSM putting on manifold B obtained the highest effectiveness due to 

both dead volume reduction and flow regulation. Lowest effectiveness appears in the application of 

manifold C, which is considered as the minimum dead volume condition. It could be explained that the 

flow uniformity is critical for the channel effectivity inside the freeze-cast AMRs. Since the freeze-cast 

AMRs are all bulky and short, the inflow maldistribution would impose greater penalties. Regarding 

different utilizations, the difference in effectiveness among different manifold applications is more 

obvious at 𝑈 = 1.01 than in 𝑈 = 0.67 or 𝑈 = 1.35. At low utilization conditions, the dead volume and 

flow maldistribution are vulnerable to the effectiveness, because the main driving factor is the thermal 

mass of MCM. As the regenerator effectiveness is in negative correlation with the relative dead volume 
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[125], the dead volume effect at high utilization becomes weak due to the small value of relative dead 

volume 𝜓∗ (Eq. 40). Thus, the effectiveness curves from manifold A and manifold B are quite close to 

each other at 𝑈 = 1.35. For the pressure drop comparison in Fig. 21 (b), applying the manifold B does not 

bring into significantly extra pressure drop, because the pressure drop at manifolds is relatively minor to 

that in the regenerator. Furthermore, the differences between the pressure drops of Fre1-LCSM with 

different manifolds are subtle when the utilizations are small (𝑈 = 0.67) or high (𝑈 = 1.35). At the 

moderate utilization (𝑈 = 1.01), the pressure drop of Fre1-LCSM with manifold B is even smaller. This is 

probably attributed to the even flow causing the higher channel effectivity and therefore the slightly 

pressure drop reduction.  

From the heat and mass transfer characterization for the four groups of AMR, the following summary 

can be made.  

(1) All the regenerators follow the general trends regarding pressure drop, friction factor and heat transfer 

effectiveness. It indicates a reasonable range of manufacturing quality of regenerator shaping.   

(2) The freeze-cast AMRs obtained both high effectiveness and pressure drop due to large specific area 

and small hydraulic diameter. However, there is much room to reduce the ineffective porosity (𝜖𝑏 −

𝜖𝑝) to secure more MCMs and decrease the flow resistance by optimizing the shaping process.    

(3) The 3D-printed AMRs obtained moderate effectiveness and high pressure drop. Improving the surface 

quality of flow channel could be one of the directions to reduce the flow resistance and enhance the 

heat transfer. 

(4) The triangular channel AMR obtained relatively high effectiveness and significantly low pressure 

drop, which has a potential of high COP. To improve the performance of this AMR, optimizing 

channel size and wall thickness could be considered. 

(5)  The non-bonded packed bed AMRs outperformed the epoxy-bonded AMR for both heat transfer and 

flow resistance. Fabricating MCM particles with sufficient stability to mitigate the epoxy addition 

could be a feasible way to develop high efficiency AMRs. 

(6) Minimizing the external irreversibilities can further improve the AMR performance. 

 

3.3. Magnetocaloric materials 

The MCE of MCMs is the power source to drive the temperature lift and output the cooling capacity for 

an AMR (see Fig. 9). The specific heat of MCMs is a key property that indicates the MCE and hysteresis 

of MCMs and play an important role in the thermodynamic interaction in an AMR. 
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The data of specific heat derived from the in-field DSC (Chapter 2.1) with a ramp rate of 1K/min are 

shown in Fig. 22. With regard to thermal hysteresis described in Chapter 1.2.3, the difference of specific 

heat between cooling and heating protocols are discussed in Appendix A4. We found that the thermal 

hysteresis is negligible for CALORIVAC-HS. As SOPT materials depicted in Fig. 22 (a)-(b), the specific 

curves of LCSM and LCFMS at zero field show broader lambda-like cusps and lower amplitude peaks 

than those of CALORIVAC-H and -HS, which indicates a lower MCE but a wider active range. 

Contrastingly, the specific heat curves of CALORIVAC-H exhibit sharp peaks and therefore relatively 

strong FOPT characteristics. The observed multiple peaks in the specific heat curve at zero field in Fig. 

22 (c) is probably due to the slightly local chemical inhomogeneity [198]. In Fig. 22 (d)-(e), the specific 

heat curves of CALORIVAC-HS for Tri-HS and Sph3-HS show the characteristic of a so-called weak 

FOPT between paramagnetic and ferromagnetic states, as also observed in the raw materials [228].  

 

(a)       (b) 

 

(c)       (d) 
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(e) 

Fig. 22 Specific heat curves for (a) LCSM from Fre1-LCSM, (b) LCFMS from STR-LCFMS, (c) CALORIVAC-H 

irregular particles from Irr1-H, (d) CALORIVAC-HS flakes from Irr3-HS and (e) CALORIVAC-HS spheres from 

Sph3-HS. Note that the specific heat capacities of Sph1-HS and Sph2-HS are assumed the same as that of Sph3-HS, 

because the MCMs are from the same batch. 

 

Between the CALORIVAC-HS applications in Tri-HS (monolith) and Sph3-HS (spheres), the specific 

heat curves in Tri-HS show relatively shallower peaks than those in Sph3-HS. The curves of ∆𝑇ad for the 

MCMs from Tri-HS and Sph3-HS as shown in Fig. 23 confirm the lower MCE in the Tri-HS probably 

due to larger 𝛼−Fe contents. 

z 

(a)       (b) 

Fig. 23 The adiabatic temperature change under various magnetic fields for (a) CALORIVAC-HS piece from Tri-

HS and (b) CALORIVAC-HS spheres from Sph3-HS. Note that the MCE of Sph1-HS and Sph2-HS are assumed the 
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same as that of Sph3-HS, because the MCMs are from the same batch. The data were provided by Vacuumschmelze 

GmbH & Co. KG.  

 

Fig. 22 (c)-(e) shows how the specific heat changes for FOPT La(Fe,Mn,Si)13Hy in the presence of 

magnetic fields. The shift of the transition temperature with the field ∆𝑇Curie ∆𝐻⁄  is estimated in negative 

correlation with the field hysteresis (Eq. 41). From Fig. 22 (c)-(e), the ∆𝑇Curie ∆𝐻⁄  for Tri-HS, Sph3-HS 

and Irr3-H are estimated as 6.7, 6.0, and 5.1 K/T, respectively, which is in the range of this type of MCMs 

[229]. Thus, the order of AMRs being Tri-HS, Sph3-HS and Irr3-H can be sorted for field hysteresis from 

small to large and simultaneously MCE from low to high.  

Based on the material standpoint, the characteristics of MCM can be summarized as follows. 

(1) The MCMs in freeze-cast AMRs and 3D-printed AMRs show weak MCE and wide active range. 

(2) The MCMs in Tri-HS, Sph3-HS and Irr3-H exhibits the MCE from low to high and field hysteresis 

from small to large. However, the difference of field hysteresis is small. The purpose of enlarging 

𝛼−Fe content is more related to mechanical stability than hysteresis.  

 

3.4. Cooling performance 

The cooling performance study consists of analyzing the curves of no-load temperature span (∆𝑇ℎ𝑐,0) 

versus working temperature span and unitization, as well as the cooling curves as defined in Chapter 

1.2.2.  

The influence of the working temperature on ∆𝑇ℎ𝑐,0 was measured varying the hot reservoir 

temperatures as shown in Fig. 24. The maximum ∆𝑇ℎ𝑐,0 is generally found when the material transition 

temperature approaches the midpoint of the reservoir temperatures [230]. Thus, the working temperature 

is defined as the average of the hot and cold reservoir temperatures in this study. The curves of triangular 

microchannel AMR and packed particle bed AMRs exhibited a significant sensitivity of ∆𝑇ℎ𝑐,0 on the 

working temperatures due to the nature of first-order MCMs. The curves of freeze-cast and 3D-printed 

AMRs show a less sensitivity and relatively low ∆𝑇ℎ𝑐,0, which is partially due to the weak MCE of 

MCMs. It is noticeable that the working temperature of peak ∆𝑇ℎ𝑐,0 corresponds to the temperature of 

peak specific heat at zero field shown in Fig. 22. It is important to be noted that the ∆𝑇ℎ𝑐,0 from different 

AMR groups are based on different utilization and fluid displacement velocities, and the values of ∆𝑇ℎ𝑐,0 
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are not fully optimized with different operating conditions. Thus, the values of ∆𝑇ℎ𝑐,0 from different 

AMR groups are not comparable to each other. 

As described in Chapter 3.5, only Fre3-LCSM and Fre4-LCSM were tested successfully in the active 

test machine. The absolute values of the temperature span are small compared to other results in Fig. 24 

from the same test device. The reasons can be summarized as: (I) less MCM (~30g), (II) higher specific 

heat capacity and low average ∆𝑇ad in LCSM, (III) ineffective space (excluding MCM and fluid) that 

further lower the average ∆𝑇ad and (V) higher fluid displacement velocity than in other regenerators. 

Based on the same operating conditions, the Fre3-LCSM outperformed the Fre4-LCSM, which is 

consistent with the effectiveness comparison between them (Fig. 19).  

For 3D-printed AMRs, even though they have large masses of MCMs, the values of ∆𝑇ℎ𝑐,0 are still 

small. The reasons are probably due to (I) insufficient heat transfer based on low porosity configuration, 

(II) weak MCE of materials as shown in Fig. 22, and (III) extra Fe binder that further weaken the MCE. 

The EDH-LCFMS outperforms both the EAC-LCFMS and the STR-LCFMS, which is consistent with the 

effectiveness values in Fig. 19. However, the EAC-LCFMS does not outperformance the STR-LCFMS as 

the effectiveness ranking in Fig. 19, probably due to different intensities of flow maldistribution between 

the conditions of passive and active tests.  

The Tri-HS shows the similar ∆𝑇ℎ𝑐,0  to the Epo-HS for both peak amplitude and width, except a 

temperature shift of the peak due to the different transition temperatures of the MCMs. As the pressure drop 

in Tri-HS is significantly lower than that in Epo-HS shown in Fig. 15, the Tri-HS could be a good alternative 

of the Epo-HS. Comparing the ∆𝑇ℎ𝑐,0 between Sph2-HS and Sph3-HS with the same diameter and very 

similar porosity, the longer AMR Sph3-HS is found to increase the ∆𝑇ℎ𝑐,0 to some extent in the vicinity of 

the transition temperature. However, but it is subtle at the working temperatures beyond the Curie 

temperature where the MCE is relatively weak. Comparing the ∆𝑇ℎ𝑐,0 between Sph1-HS and Irr3-H with 

similar porosities, Sph1-HS significantly underperforms Irr3-H, which is probably attributed to both 

relatively lower MCE (Fig. 22) and lower heat transfer effectiveness (Fig. 19) in Sph1-HS. The Sph3-HS 

obtained the largest ∆𝑇0 of 10.2 K, because it is configured with less internal dead volume (low porosity) 

and without the heat resistant epoxy. Thus, epoxy mitigation can compensate the reduction of MCE from 

CALORICVAC-H to -HS, but the packing density of MCMs should be controlled to avoid the parasitic 

losses. 
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Fig. 24 No load temperature span for freeze-cast, 3D-printed, triangular microchannel and packed particle bed 

AMRs at the fluid displacement velocities of 10mm/s, 5mm/s, 3mm/s and 3mm/s, respectively. The data for 3D-

printed AMRs are from Appendix A5. 

 

The ∆𝑇ℎ𝑐,0 measurements are convex-like functions of the utilization shown in Fig. 25 for various 

selected AMRs, which resemble those found in literatures [61,98,100]. In the active test machine, heat 

transfer to the ambient through the housing and piston are unavoidable. The optimum utilization 

maximizing the ∆𝑇ℎ𝑐,0 is a balance between enough fluid being blown to maintain a high cooling capacity 

for covering the heat losses and possible heat load, but at the same time little enough not to destroy the 

temperature gradient [80]. In Fig. 25, the cases of relatively low sensitivity of ∆𝑇ℎ𝑐,0 on 𝑈 can be 

attributed to (I) low sensitivity of heat transfer effectiveness on 𝑈 shown in Fig. 19, i.e. Fre3-LCSM, 

Fre4-LCSM, Sph1-HS, and Irr3-H (similar to Irr1-H), and (II) low sensitivity of MCE on temperature 

shown in Fig. 22, i.e. Fre3-LCSM, Fre4-LCSM, STR-LCFMS and EDH-LCFMS. Given the constant 

geometrical parameters, the ∆𝑇ℎ𝑐,0 can be theoretically estimated to increase with the heat transfer 

effectiveness and the average adiabatic temperature of MCM (∆𝑇ℎ𝑐,0 ∝ 1−
∆𝑇𝑎𝑑, Appendix A3). It is 

noticeable that the Tri-HS and the Epo-HS show similar both curve shape and magnitude, which is 

accordingly observed in Fig. 24. The reasons are attributed to the similar heat transfer effectiveness (Fig. 
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19) and the same MCM families between them. Thus, the AMRs with less sensitivity of effectiveness and 

MCE on the operating parameters can potentially operate in a wider range.  

 

Fig. 25 The variation of no-load temperature span caused by varying utilization for selected AMRs. The data for 

3D-printed AMRs are from Appendix A5. 

 

The cooling curves that describe the specific cooling capacity �̇�𝑐 versus the temperature span ∆𝑇ℎ𝑐 are 

shown in Fig. 26 for various selected AMRs. The cooling curve for each AMR is chosen from the best 

results for varying utilization and fluid displacement velocities. Interested readers regarding the parametric 

studies of cooling curves for individual AMR can refer to Appendices A2 and A4. The temperatures of hot 

reservoir are set constant as ~16 °C for the freeze-cast AMRs and ~20 °C for the other AMRs to pilot the 

temperature range covering the Curie point. Consequently, the ∆𝑇ℎ𝑐,0 in Fig. 26 is not necessary to be the 

fully optimized one considering the working temperatures. For Fre3-LCSM and Fre4-LCSM with SOPT 

materials, the �̇�𝑐 decreases proportionally with the ∆𝑇ℎ𝑐, which are consistent with other cases where spatial 

variations in the MCMs are subtle [97]. For other AMRs with FOPT La(Fe,Mn,Si)13Hy and temperature 

dependent MCE, the cooling curves exhibit a near-linear trend with a lower slope at lower temperature span, 

which is similar to previously reported results [97,231]. Based on the same MCMs, the Fre3-LCSM 

outperformed the Fre4-LCSM in the entire measuring range due to the heat transfer effectiveness 

contributions. At low temperature span, Epo-HS and Irr3-H obtained relatively high cooling capacity 
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compared to Tri-HS and Sph1-HS, while the reverse phenomena are observed at high temperature spans. 

The reasons are: (I) less internal dead volume losses for Epo-HS, (II) more intensive MCE for Irr3-H over 

a narrow temperature span, and (III) less dependence of heat transfer effectiveness on the cooling capacity. 

Among all the AMRs, the Sph3-HS exhibits the best performance due to high effectiveness and sufficient 

MCE of material. 

 

Fig. 26 The cooling lines for various selected AMRs 

 

The cooling performance of the four groups of AMR were comparatively and parametrically studied, and 

the heat transfer and MCE contributions to their cooling capacity and temperature span are investigated. 

The following summary can be made.  

(1) The weaker factor of either heat transfer effectiveness or average magnetocaloric effect would 

deteriorate the cooling capacity especially at higher temperature span. 

(2) The sensitivity of either heat transfer effectiveness or average MCE on the operating parameters can 

reflect the operating range of AMRs. 

(3) The cooling performance of freeze-cast and 3D-printed AMRs are mainly limited by the average MCE, 

which could be addressed by the replacement of higher MCE materials and the improvement of 

effective MCM density. 
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(4) The triangular channel AMR exhibits similar performance to the epoxy-bonded AMR with the same 

MCM. However, the triangular channel AMR is a more promising candidate for magnetocaloric 

device due to significantly lower flow resistance. 

(5)  The non-bonded AMRs with larger 𝛼−Fe La(Fe,Mn,Si)13Hy can outperform the AMRs with original 

higher MCE La(Fe,Mn,Si)13Hy due to the compensation of higher heat transfer effectiveness and lower 

internal dead volume.  

 

3.5. Mechanical stability 

Along with the performance evaluation, the stability assessment of AMR is equally important. In Chapter 

3.3, the chemical stability is evaluated through the repeated measurements of specific heat of MCMs. 

However, the AMRs with brittle MCMs (usually FOPT materials) and without appropriate securities 

(usually binder bonding or addition [171,178]) would tend to break apart due to magnetovolume effect and 

fluid oscillation in a long-term running. For CALORIVAC-H irregular particles, non-bonded regenerator 

[221] and 1 wt % epoxy-bonded regenerator [196] performed by other researchers disintegrated after the 

test of a few weeks. The AMR stability and integrity are critical factors for future commercialization. 

The stability mainly depends on geometrical parameters (e.g. porosity and channel size), and process 

routine (e.g. sintering profile). The mechanical stabilities of AMRs were evaluated by re-measurement of 

heat transfer effectiveness and pressure drop. 

The freeze-cast AMRs were tested for at least 200 hours passively and 120 hours actively. All the 

freeze-cast AMRs survived the passive testing. In Fig. 27, the Fre1-LCSM exhibits almost no variation in 

terms of heat transfer effectiveness and pressure drop. It is thus to some extent shown that the Fre1-

LCSM can withstand the oscillatory flow impacts. However, Fre1-LCSM did not survive in a periodic 

magnetic force from the active test machine for more than 96 hours, as cracks were found at both ends. 

The reason is probably that a significant amount of LCSM is in the form of dendrites inside the channels 

(Fig. 10), thus reduces the effective form of the walls. Due to an accidental issue, Fre2-LCSM was 

destroyed after passive test and could not be run in the active test machine. Fre3-LCSM and Fre4-LCSM 

successfully passed the passive and active tests without any visible wear. In Fig. 28, no significant 

changes in effectiveness are observed for Fre4-LCSM, which validates the structure stability. The 

pressure drop decreases slightly, probably as a result from the fluid flow initially unclogging some 

channels, as some fine powder was captured in the meshes initially. However, after a few days of 

operation, no powder was visually observed. Similar results are also captured in Fre3-LCSM, not 

presented here for brevity.  
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(a) 

 

(b) 

Fig. 27 (a) Effectiveness and (b) pressure drop amplitude comparisons between initial test and repeated test at the 

utilizations of 0.67, 1.01 and 1.35 in Fre1-LCSM. The curve marked ‘repeated’ stands for a repeated passive test 

after about 300 hours of passive testing. 
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Fig. 28 Effectiveness and pressure drop amplitude comparisons between initial test and repeated tests at the 

utilizations of 0.67 and 1.35 in Fre4-LCSM.  

 

The triangular microchannel AMR has been tested for ~220 hours in the passive tester and ~120 hours 

in the active test machine. Almost no change in effectiveness and minor decrease in pressure drop are 

observed in Fig. 29 from the repeated measurements. Given the stability of the effectiveness, the pressure 

drop decreases probably because some fine blockage is washed away during the oscillating hydraulic 

flow. Thus, the Tri-HS can withstand the oscillating hydraulic flow and magnetic force impacts. 
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Fig. 29 Comparison of effectiveness and pressure drop versus the utilization for Tri-HS before and after the 

hydraulic and magnetocaloric tests.  

 

The repeated measurement for the Sph1-HS was performed in 7 months after the initial test of Sph1-HS 

and before it is reproduced to Sph2-HS as shown in Fig. 14. In Fig. 30, the repeated curves of effectiveness 

and pressure drop (dashed lines) exhibit similar trend and values to the original curves (solid lines). It 

implies that the packing quality and channels’ profile of Sph1-HS can withstand the long-time periodic 

dwelling, magnetic force and fluid flow. Furthermore, the sufficiently good performance of reproduced 

Sph2-HS and Sph3-HS in Fig. 24 also indicates the performance stability of CALORIVAC-HS particles. 
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Fig. 30 Comparison of heat transfer effectiveness and pressure drop with respect to the utilization before and after 

the passive and active tests for Sph1-HS. 

 

According to the mechanical stability evaluation, the following summary can be made. 

(1) The freeze-cast LCSM can be mechanically stable. However, more dendrites would reduce the 

effective form of the walls 

(2) The CALORIVAC-HS particles are potential to be used non-bonded AMRs due to their sufficient 

mechanical stability. 

(3) From the failures in the literature, the CALORIVAC-H particles are recommended to be secured with 

proper bonding due to the magnetovolume effect. 
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3.6. Summary 

In this chapter, four groups of AMR are characterized by means of geometries, material properties, heat 
and mass transfer, cooling capacity and stability.  

(1) The freeze-cast AMRs showed excellent heat transfer characteristics accompanied with high pressure 
drop, and low material MCE and cooling capacity. The mechanical integrity is stable for some 
geometrical configurations. The possible upgrading ways could be replacing MCMs with high MCE 
materials and improving MCM filling density.  

(2) The 3D-printed AMRs showed moderate heat and mass transfer characteristics, and low material 
MCE and cooling capacity. The possible upgrading ways could be updating MCMs, optimizing 
porosities and improving the channel qualities.  

(3) The triangular channel AMR showed excellent mechanical stability, and has a potential of high COP 
due to high heat transfer performance and low flow resistance. Optimizing channel size and wall 
thickness, as well as grading MCMs with different Curie temperatures, could be the next step to 
approach commercialization. 

(4) The non-bonded AMRs with CALORIVAC-HS exhibits relatively high cooling capacity with stable 
mechanical integrity. Grading MCMs with different Curie temperatures could be a feasible way to 
substitute the epoxy-bonded AMRs. 
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4. Conclusions and perspectives 
 

The dissertation aims at sharing different insights to study the performance of AMR. Researchers in the 
community invested great efforts to achieve a high cooling capacity and a large temperature span at a high 
AMR efficiency. Based on a series of AMR analysis tools established by various research groups all over 
the world, this study attempted to update some of them to clarify and simplify the complex coupling 
between generic fixed bed regenerators and AMRs. With the help of various analysis tools, four groups of 
new AMR candidates were investigated by means of geometry characterization, heat and mass transfer, 
material evaluation, cooling performance and stability.  

The analysis tools in this study consist of experimental apparatus, as well as numerical and analytical 
models, which cover the thermodynamic aspect to understand the behavior of AMR and its performance.  

The experimental apparatus are comprised of a passive regenerator tester, an active test machine and 
an in-field DSC. The passive regenerator tester measures the AMRs passively, with oscillating flow and 
without magnetic field. Thus, one can directly and indirectly derive the heat and mass transfer indicators, 
such as, pressure drop, friction factor, heat transfer effectiveness, Nusselt number, as well as the 
temperature profile. The active test machine provides an environment of periodic magnetic field to visualize 
the cooling capacity and temperature span, which can be used to compare and evaluate the cooling 
capacities for small-scale AMRs. The in-field DSC facilitates the full definition of material properties. The 
in-field heat capacities of different MCMs are derived for model input and material characterization. 

A numerical model is modified to incorporate the binding agent. The binder heat storage term, effective 
static conductivity and effective heat transfer coefficient are updated. The corresponding dimensionless 
energy equations are defined to serve the analytical models. 

The analytical models visualize the coupling of heat transfer effectiveness and its individual 
contributions, heat transfer effectiveness and cooling capacity, as well as average temperature profile and 
local temperature oscillating amplitude. These analytical models can guide the application of heat transfer 
effectiveness for the preliminary design of AMR geometries. The characteristics of axial temperature 
profile are essential to AMR designs, especially for layered AMRs. 

In the evaluation part of new AMR candidates, the four groups of AMR consist of freeze-cast lamellar 
channel AMRs, 3D-printed double corrugated channel AMRs, triangular microchannel AMR and packed 
particle bed AMRs.  

The freeze-cast AMRs exhibit excellent heat transfer properties due to a small hydraulic diameter and 
large specific surface area. As the MCM is second order type with weak MCE and the material matrix is 
not fully condensed, the cooling capacity is lower than expected. The mechanical strength is stable, but the 
freeze-cast AMRs with more dendrites in channels would reduce the internal wall strength. The freeze 
casting techniques are suitable to shape sub-millimeter channel size, which have a great potential to 
fabricate high-performance AMRs.  

The 3D-printed AMRs show moderate heat transfer characteristics due to too low porosity and therefore 
small specific surface area. Preliminarily reasonable performances are obtained. For the reasons of low 
MCE material and low channel surface quality, the flow pattern and cooling capacity need to be improved. 
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However, the 3D-printing techniques have a great potential to access various novel geometries, which will 
be a promising solution for the next generation AMRs. 

The triangular channel AMR is developed with initial size configuration and stabilized FOPT 
La(Fe,Mn,Si)13Hy. No significant performance reduction is found compared to packed particle bed AMRs 
with the same MCMs when they are tested in the same test machine. Due to the relatively high heat transfer 
effectiveness and significantly low pressure drop, this AMR has a potential of operating in a high frequency 
with a high COP. The potential of triangular channel AMR would be even higher when layered design 
and optimized channel configuration are introduced based on this geometry. 

The packed particle bed AMRs are comparatively studied with so-called weak FOPT materials and 
original FOPT materials, with and without epoxy-bonding. The non-bonded AMRs with stabilized FOPT 
La(Fe,Mn,Si)13Hy show stable integrity and relatively high heat transfer and cooling performance, which 
have the potential to replace the epoxy-bonding AMRs with original La(Fe,Mn,Si)13Hy. On the other hand, 
the non-bonded AMRs also facilitate the flexible packing strategies, which would result in easy layering 
for grading AMRs. 

However, there is still a lot of work to be done in order to address the problems raised within this 
dissertation, specifically to improve the design techniques for AMRs and investigate the qualified AMR 
candidates. The perspectives for this dissertation are listed as follows: 

(1) All the necessary properties of MCMs can be derived from a single in-field DSC, as the 

thermodynamic state of MCM is fully defined in the process of in-field DSC. 

(2) The solution of average temperature profile of AMR can be further simplified to explicit expressions 

instead of solving one-phase partial derivative equations with thermal boundaries. This can simplify 

the design process for AMRs, especially for layered AMRs. 

(3) Based on the quantitative understanding of the temperature profile in a layered AMR, we can develop 

an analytical solution of optimum Curie temperature spacing for a given material and heat transfer 

performance. 

(4) The wall and channel surface qualities of freeze-cast AMRs can be improved by optimizing the freeze-

casting process. The materials with strong MCE can be introduced in freeze-casting fabrication.  

(5) The channel surface quality of 3D-printed AMRs can be improved by optimizing the selective laser 

melting process with MCMs.  

(6) Size optimization can be performed for triangular microchannel AMRs.  

(7) The sufficient mechanical integrity of stabilized La(Fe,Mn,Si)13Hy particles raises the possibilities of 

accelerating performance data collection and the availabilities of training the AMR experimental data 

for layering strategies based on machine learning. 

(8) Many more AMRs with strong MCE and novel geometries are desired to be evaluated with the rapid 

development of magnetic material process. 
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(9) The analysis tools can be extended to wider spectrum. For instance, straightforward indicators or 

expressions would be derived to understand the relations of the control parameters and the 

performance with parallel multi-bed AMRs in a system-level device. 

(10) With the further improvement of magnetocaloric material process in the future, such as freeze-

casting, 3D-printed with laser selective melting and tape casting, it would be interesting to inherit 

various novel channel patterns from porous heat exchangers in the other areas. 
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a b s t r a c t 

The heat transfer and flow resistance of a novel freeze-cast porous regenerator of the magnetocaloric ce- 

ramic La 0.66 Ca 0.27 Sr 0.06 Mn 1.05 O 3 was experimentally characterized. Such a porous architecture may be use- 

ful as a regenerator geometry in magnetic refrigeration applications due to the sub-millimeter hydraulic 

diameters that can be achieved. Here the heat transfer effectiveness and friction losses are characterized 

using experiments and processed with a 1D numerical model. Empirical correlations of the friction fac- 

tor and Nusselt number are reviewed and chosen for modelling the specific geometry. The experimental 

results show that the freeze-cast regenerator has increased heat transfer effectiveness and pressure drop 

compared to reference packed bed regenerators made from epoxy bonded spherical and irregular parti- 

cles, as well as packed, unbonded spheres. Fixing the pressure drop and regenerator size, the freeze-cast 

regenerator achieves 10-15% higher heat transfer performance compared to packed bed regenerators. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

.1. Introduction to magnetic refrigeration 

As one of the promising alternative refrigeration technologies,

esearch in room temperature magnetic refrigeration mainly fo-

usses on: magnetocaloric materials [1–3] , magnet arrangements

4–6] , and regenerator designs [7–9] . The last issue is to pursue

he best practical performance of regenerators fabricated using in-

ustrially relevant magnetocaloric materials (MCMs) and process-

ng paths. MCMs can convert energy from magnetic work (field

hange) to thermal energy (temperature change), based on the

agnetocaloric effect [10] . Rare earths (gadolinium and its al-

oys) [11] , intermetallics (La-Fe-Si based) [12] and ceramics (i.e.

a 0.66 Ca 0.33-x Sr x Mn 1.05 O 3 ) [13] are commonly used MCMs for the

pplications of room temperature magnetic refrigeration. Due to

he intrinsic material characteristics, the magnetocaloric effect

MCE), except the giant MCE in the vicinity of the Curie temper-

ture for some MCMs [14] , is normally small [ 15 , 16 ]. The MCE

s characterized by the isothermal entropy difference ( �S iso ) and

diabatic temperature change ( �T ad ). For the benchmark MCM

adolinium (Gd), the value of �T ad in a 1 T magnetic field is about

.0 - 3.5 K experimentally, depending on the purity of the Gd
∗ Corresponding author. 
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 17 , 18 ]. Thermodynamic cycles without regeneration configuration

re restricted by the small �T ad . The active magnetic regenerative

ycle is generally adopted in magnetic refrigeration prototypes [19] ,

hich are based on progressively creating and maintaining an axial

emperature gradient along the MCM regenerator [20] . The ther-

odynamic cycle for the active magnetic regenerator (AMR), for

xample the Brayton cycle, consists of four steps: 1) adiabatic mag-

etization; 2) iso-field flow from cold to hot reservoir through the

egenerator; 3) adiabatic demagnetization; and 4) iso-field reverse

ow. Each infinitesimally small part of the regenerator bed under-

oes a unique refrigeration cycle and interacts with the adjacent

aterial via the heat transfer fluid. 

The AMR characterization involves both the magnetocaloric and

eat transfer properties of the regenerator, which are generally

haracterized based by the temperature span, cooling capacity and

fficiency of the AMR system [21] . Other AMR studies have focused

n flow profiles [22–25] and working conditions [ 26 , 27 ]. Poten-

ial regenerator geometries can be tested with an applied mag-

etic field as an active regenerator or with no applied magnetic

eld as a passive regenerator and various test devices of each type

ave been presented in the literature [ 28 , 29 ]. A passive testing de-

ice is essentially a synchronized AMR device with zero applied

agnetic field. Passive testing focusses on the heat transfer perfor-

ance and pressure drop characteristics of the geometry and can

e performed on materials with or without a magnetocaloric ef-

ect. The effectiveness ( η) and friction factor are the most impor-

https://doi.org/10.1016/j.ijheatmasstransfer.2020.119772
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.119772&domain=pdf
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Nomenclature 

AMR Active magnetic regenerator 

Gd gadolinium 

LCSM La 0.66 Ca 0.27 Sr 0.06 Mn 1.05 O 3 

MCE Magnetocaloric effect 

MCM Magnetocaloric material 

SEM Scanning electron microscope 

Variables 

A c Cross sectional area, [m 

2 ] 

c 1 - c 4 Fitting parameters, [-] 

c Specific heat capacity, [J kg −1 K 

−1 ] 

D h Hydraulic diameter, [m] 

D sp Particle diameter, [m] 

f Frequency, [Hz] 

f D Darcy friction factor, [-] 

f F Fanning friction factor, [-] 

h Convective heat transfer coefficient, [w m 

−2 K 

−1 ] 

k Thermal conductivity, [w m 

−1 K 

−1 ] 

L Length, [m] 

m Mass, [kg] 

NTU Number of transfer units, [-] 

Nu Nusselt number, [-] 

p Pressure, [Pa] 

Pe Péclet number, [-] 

Pr Prandtl number, [-] 

Re Reynolds number 

r Residual tensor, [-] 

T Temperature, [K] 

t Time, [s] 

t ∗ Phase angle, [-] 

U Utilization, [-] 

v Velocity, [m/s] 

V Volume, [m 

3 ] 

S Entropy, [J K 

−1 ] 

α Specific surface area, [m 

−2 ] 

β1 - β2 Correlation parameters, [-] 

β Scaling factor, [-] 

σ Standard deviation 

� Difference 

ɛ Porosity, [-] 

η Effectiveness, [-] 

μ Dynamic viscosity, [Pa •s] 

ρ Density, [kg m 

−3 ] 

τ Period time, [s] 

T Tortuosity, [-] 

Subscripts 

c Cold end 

disp Dispersion 

f Fluid 

h Hot end 

m Macro 

Max Maximum 

Min Minimum 

p Pore 

r Regenerator 

s Solid 

stat Static 

w Wall 

tant performance metrics that reflect the behavior of heat transfer

and viscous friction. Lei et al. [30] compared effectiveness and fric-

tion factor between two epoxy bonded regenerators with spher-
cal and irregular particles on a passive test rig. Trevizoli et al.

31] performed a parametric η- NTU analysis and viscous friction

actor characterization of packed bed regenerators to be used in

MR cycles with different diameters of stainless steel spheres us-

ng a passive apparatus. Šarlah et al. [32] carried out passive exper-

ments to characterize the Colburn j -factor and the friction factor

mong six different geometries. Passive characterization is an effi-

ient way to focus on the behavior of heat and mass transfer, espe-

ially for a new regenerator morphology while ignoring the mag-

etocaloric effect. 

In passive mode, the regenerator serves as a thermal storage

eat exchanger with oscillating fluid flow. Intermittent alternat-

ng heat transfer takes place between the solid matrix and the

uid in two periods: 1) hot blow: fluid from the high-temperature

eservoir warms up the solid matrix; 2) cold blow: reversing the

uid flow and the matrix releases the stored heat. From this point

f view, an efficient regenerator requires [33] : 1) a large value

f the overall heat transfer coefficient times surface area; 2) a

arge thermal inertia to decrease oscillations of interstitial temper-

ture difference; and 3) a low friction factor to minimize pumping

ower consumption and viscous losses. Over the last decades, var-

ous geometries have been developed and tested for AMR applica-

ions, such as: 1) packed particle bed [34] , 2) parallel plate [35] ,

) micro-channel [36] , and 4) packed screen bed [37] . These ge-

metries have their own advantages and weaknesses. Concerning

he heat transfer performance and friction dissipation, the paral-

el plates and micro-channel matrices normally exhibit small val-

es [ 38 , 39 ]; while packed particle beds exhibit both high values of

ffectiveness and friction factor. Thus, any new geometry of regen-

rator might exhibit different heat transfer performance and para-

itic losses, and needs to be passively characterized prior to being

sed in an AMR device. A new applicable geometry could be that

f a freeze-cast ceramic. 

.2. Shaping by freeze-casting 

Freeze-casting, or ice-templating, is a processing technique used

o shape, typically, ceramics into monolithic, anisotropic structures

ith an aligned channel-geometry of highly tunable dimensions

nd porosity. The channels are typically on the order of ~ 1 to

100 μm wide [40–42] . Freeze-cast structures have great mechan-

cal durability and have been used in a broad range of applications,

rimarily within biomaterials for tissue engineering or membranes

or catalysis, electrodes, filters etc. [43] . 

In freeze-casting, a suspension of ceramic particles in water is

rozen directionally by bringing only one side of the suspension

nto contact with a cooling source. This initiates directional growth

f ice crystals along the temperature gradient, causing a segrega-

ion of particles resulting in a two-phase structure of ceramic and

ce. The latter is then removed by sublimation. Subsequent sinter-

ng results in a rigid ceramic structure with directional porosity in

he form of parallel, well-defined channels as seen in Fig. 1 a. The

orphology and dimensions of these channels strongly depend on

reezing conditions [ 41 , 44 , 45 ], while the porosity depends on the

eramic load of the slurry. The structural and dimensional charac-

eristics, and thus flow properties of the freeze-cast structure, can

hus be adjusted and optimized by changing processing parame-

ers. 

Utilizing this processing route for shaping of MCMs thus results

n an attractive regenerator geometry of lamellar micro-channels

s shown in Fig. 1 . The MCM La 0.66,396 Ca 0.27 Sr 0.06 Mn 1.05 O 3 (LCSM)

as primarily chosen for its low cost and its low reactivity with

olvent. The freeze-cast geometry can be summarized as follows: 

1) Narrow, lamellar pores with an ellipsoid cross-section on the

micrometer-scale. The lack of square corners for this pore
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Fig. 1. Geometry of freeze-cast LCSM ceramics. (a) SEM micrographs of cross sec- 

tions of a freeze-cast sample where grey areas are the ceramic walls and black areas 

are porosity in the form of aligned, lamellar channels. Micrographs are obtained at 

cross sections perpendicular and parallel to the freezing direction in the center of 

the structure. (b) 3D reconstruction of freeze-cast LCSM specimen segment based 

on interactive segmentation using Avizo software (Thermo Fischer Scientific) of to- 

mography images obtained using an X-ray Microscope (ZEISS Xradia 520 Versa). 
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shape, compared to other micro-channel geometries, could re-

sult in the increment in local heat transfer coefficient [ 46 , 47 ]. 

2) Non-ordered orientations of the major axes of the ellipsoidal

channels in the plane perpendicular to the flow direction. 

3) Low tortuosity, i.e. almost straight channels. 

4) Tunable porosity and large specific surface area, providing a ge-

ometry that will presumably exhibit high convection coefficient

with reasonable flow resistance. 

In this paper, we propose a novel freeze-cast matrix as a possi-

le regenerator for an AMR and present measurements of regen-

rator effectiveness and pressure drop for a freeze-cast regener-

tor. These results are compared with a packed bed of spheres,

hich is considered a baseline AMR regenerator geometry. Further-

ore, a 1D model framework [48] is used to derive the specific

mpirical correlations of Nusselt number and friction factor by fit-
ing the model to the measured inlet and outlet temperatures and

easured pressure drops. The numerical model is validated over

 broad range of operating conditions. The model helps to better

nderstand the internal phenomena of heat transfer and flow re-

istance, which is difficult to measure experimentally. The thermal

valuations can be used to assist in the new regenerator develop-

ent of physics-based predictive capabilities, performance metrics,

nd design guidelines. 

. Sample fabrication and characterization 

.1. Freeze-casting procedure 

The fabrication and characterization of freeze-cast ceramics fol-

ows the process described by Christiansen et al. [ 45 , 49 ], with

light alterations regarding suspension composition and freezing

onditions. 

Freeze-cast ceramics were prepared from suspensions of 30

ol% of LCSM (CerPoTech, Norway) in MiliQ water with 2.5 wt%,

olid to ceramic ratio, of dispersant (DURAMAX 

TM D-3005, Rohm

nd Haas, Dow Chemical, USA). Additionally, the pH of the suspen-

ion was adjusted from ~ 8 to ~ 6.5 with dropwise addition of

 molar nitric acid to establish a sufficient dispersion of particles,

here the final pH was verified using a pH-meter (780, Metrohm).

he suspension was then mixed on a low energy ball mill with alu-

ina balls (Ø10 mm) for at least 72 hours until a consistent parti-

le size of d 50 = 1.2 μm was reached. 2 wt%, solid to ceramic ratio,

f binder (DURAMAX 

TM B-1022, Rohm and Haas, Dow Chemical,

SA) was added and the suspension was mixed for an additional

4 hours. Both binder and dispersing agent were chosen based on

heir low viscosity and thus suspensions were easily de-aired im-

ediately before casting by brief sonication in order to avoid bub-

les. 

Cylindrical Teflon 

TM molds, with inner diameter of 30.5 mm

nd outer diameter of 50 mm, and a detachable copper bottom

ere pre-cooled in an ice-bath along with the ceramic suspension

rior to casting. The suspension was poured into the mold, which

as then attached to the cold finger of a novel freeze-casting de-

ice utilizing thermoelectric cooling for precise temperature con-

rol, making it possible to set a specific temperature profile of the

old finger during casting. By lowering the temperature of the cold

nger while keeping the suspension and mold open to ambient

onditions of 5 ◦C, the suspension is frozen directionally from the

ottom and up. The temperature of the cold finger is kept at 2.5 ◦C

or 300 s prior to freezing to equilibrate the temperature of the

old and suspension, and is then decreased at -1 K/min until the

ntire suspension is frozen solid. A linearly decreasing temperature

rofile was chosen in order to achieve homogenous channel widths

long the sample height in accordance with previous work [45] . 

Ice was subsequently removed from the frozen samples in a

reeze-drier (Christ Alpha 1-2 LD plus, Buch & Holm) for 24 hours.

ry samples were fired in air, initially burning out the organic ad-

itives at 250 and 450 ◦C, with a holdtime of 2 hours at each tem-

erature and a heating rate of 15 K/min, followed by sintering at

100 ◦C for 12 hours with a heating rate of 30 K/min. 

.1.1. Structural characterization of freeze-cast ceramics 

Freeze-cast samples for testing were cut into smaller pieces as

escribed in section 2.1.2 . Top and bottom parts were mounted in

poxy (Epofix, Struers, Denmark), and the cross section was then

maged using a scanning electron microscope (TM30 0 0, Hitachi

igh-Technologies). The analysis of micrographs follows that de-

cribed by Christiansen et al . [45] , where channel width (as defined

n Fig. 1 a), macro porosity and tortuosity are determined. Addition-

lly, the perimeter of channels can be measured in binarized mi-

rographs of cross sections perpendicular to the freezing direction
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Table 1 

Geometry parameters of tested regenerators. Structural characteristics of freeze-cast ceramics are from 

image analysis of obtained micrographs. The corresponding measurements are based on the analysis 

of 15 images evenly distributed along the height parallel to the freezing direction of a freeze-cast 

sample and are given as an average. Data of other reference regenerators are also introduced from 

the publish works. The size of housing is specified as diameter and length. 

Parameters Freeze-cast Gd packed bed [48] VAC-A [30] VAC-B [30] 

Housing (mm ×mm) Ø30 ×40 Ø30 ×40 Ø20 ×70 Ø20 ×70 

Pore width (μm) 72.0 ± 6.4 / / / 

Avg. particle diameter (mm) / 0.3 0.56 0.58 

Sample porosity 0.72 0.45 0.46 0.48 

Macro porosity 0.42 0.45 0.46 0.48 

Hydraulic diameter (mm) 0.102 0.160 0.410 0.380 

Specific surface area (m 

–1 ) 1.64 ×10 4 1.10 ×10 4 4.49 ×10 3 5.05 ×10 3 

Tortuosity 1.6 ± 0.3 / / / 
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yielding a measurement of the specific surface area. A total of 21

micrographs, each covering ~ 300 channels in the perpendicular

cross section, obtained evenly distributed across the cross sections

of the freeze-cast samples have been analyzed to calculate the av-

erage structural parameters. These parameters have been summa-

rized in Table 1. As measurements of the tortuosity requires imag-

ing of cross sections parallel to the channel direction, and thus re-

quires additional destructive procedures, the calculation of tortuos-

ity is based on a sample fabricated from the same suspension and

frozen under the same conditions. 

As is seen on Fig. 1 , the overall geometry of the channels in

freeze-cast structures are lamellar with channels running along the

freezing direction. In the horizontal plane the shape of channels

are ellipsoidal with a pore width as shown on Fig. 1 . While the ori-

entation of channels in the horizontal plane is ordered in smaller

domains, channels are highly aligned in the plane parallel to the

freezing direction. Tortuosity is a measure of this alignment and

curviness of channels and is calculated as the ratio between the

direct distance across a cross section parallel to the freezing direc-

tion and the average distance through a channel. Thus, a tortuosity

of T = 1 describes a direct flow path through the structure, while

an increase in tortuosity corresponds to an increasingly curved and

obstructed flow path. 

The total porosity, or sample porosity, ɛ , of ~ 70 % of the freeze-

cast structure is directly related to the ceramic load of the suspen-

sion during processing. To omit non-desired distorted channels at

the two ends of the specimen, only two thirds of this in length is

accounted for by channels in the final structure, i.e. the channel

porosity or macro porosity, ɛ p , as given in Table 1 . The remaining

porosity consists of micro porosity in the walls. As only the macro

porosity is assumed to act as flow paths for fluid, ɛ p is used for

determining pore velocity while ɛ is adopted for solid mass calcu-

lations. Additionally, the hydraulic diameter is derived as follows:

D h = 4 ε m 

/α (1)

where α is the specific surface area. The specific area α is deter-

mined by the sum of total cross sectional perimeter of each chan-

nel per area from image analysis, i.e. the cross sectional view in

Fig. 1 (a) and ignores the small protrusions that can be seen in

some channels. 

2.1.2. Preparation of freeze-cast regenerator 

A single freeze-cast regenerator matrix is composed of two

combined monolithic pieces of freeze-cast ceramic frozen at iden-

tical conditions and thus with homogenous structural characteris-

tics. Two pieces are used to ensure a sufficient length and thermal

mass of the regenerator for the AMR system used. Each piece of 15

mm is cut from a full freeze-cast sample with a length of approxi-

mately 29 mm. Due to the nature of freeze-cast ceramics, the bot-

tom part of the sample does not contain aligned channels [ 50 , 51 ]
nd thus the bottom 8 mm and remaining top of the sample are

iscarded. The matrix, with a total of 30.0 g, is mounted in a trans-

arent housing (Ø30 mm × 40 mm) using silicone glue, sealing

ossible gaps between the housing and the solid matrix and thus

voiding fluid flowing around the freeze-cast matrix. The transpar-

nt housing helps to observe the conditions of bypass flow and

esidual bubbles. 

.2. Reference regenerators 

Three benchmark regenerators were used for comparison. One

s a Gd packed sphere bed regenerator which is used as baseline

nd tested in this study, as this is the most commonly used type

f regenerator for passive and active characterizations in magnetic

efrigeration. Furthermore, epoxy bonded regenerators made from

rregular or spherical particles of La(Fe,Mn,Si) 13 H y referred to as

AC-A and VAC-B, respectively, are used as a mean of testing state

f the art magnetocaloric regenerators. 

The diameter of particles in the Gd bed is ~0.3 mm, and it uses

he same housing as the freeze-cast regenerator. A mesh screen is

sed to keep the particles in the housing. Although this housing

eometry is not optimal for the Gd regenerator, it is important to

nsure that the tested regenerators have the same system effects

eyond the regenerator, such as dead volume loss and heat leaks.

he end views of the freeze-cast and packed bed regenerators are

hown in Fig. 2 . 

The epoxy bonded regenerators were not tested in this work.

nstead their experimental data are taken from the references

 30 , 48 ] directly. Note that the epoxy bonded regenerators are

oaded in the same tester but with a smaller housing diameter,

hich results in a smaller dead volume. Thus, the effectiveness

easure of the epoxy bonded regenerators would not suffer from

dditional losses caused by the dead volume effect compared to

he freeze-cast regenerator. On the other hand, the pressure drop

easure between all these regenerators can be assumed as a fair

omparison due to the same sensors and tubing. The geometry pa-

ameters of the reference regenerators in this paper are included

n Table 1. 

. Passive characterization of heat transfer and pressure drop 

.1. Experimental setup description 

The infrastructure of the passive regenerator test apparatus was

ublished previously [30] . The instrumentation and connections

re shown in Fig. 3 , including the regenerator assembly, cold and

ot reservoirs, piston and motor assembly and check valves. 

The regenerator assembly consists of regenerative material, 3D-

rinted resin housing and manifolds with thermocouples (Omega,

ype E) and pressure transducers (Gems, 2.5 bar). Within the green
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Fig. 2. End views of (a) freeze-cast regenerator and (b) packed bed regenerator. 
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ashed box shown in Fig. 3 , four check valves direct the fluid flow.

he end temperature probes are set in T f, h and T f, c , which are po-

itioned to almost touch the screens at each end of the regenera-

or. Another two thermocouples that represent inflow and outflow

emperatures, are positioned in T h and T c outside the dashed box.

wo pressure transducers are set at the ends of the regenerators

easuring the pressure drop. Data acquisition is performed with

 National Instruments (NI) cDAQ9174 system connected to an NI

213 thermocouple module and an NI 9203 current module (for

he pressure transducers). The tests are performed using tap water

s the heat transfer fluid. 

The piston and motor assembly is a motor-crank system con-

ected to two cylinders, one for each direction of flow. The motor

otary frequency control and displacement record are implemented

y a linear encoder. The oscillating flow is generated by the recip-

ocating movement of the two cylinders. In Fig. 3 , the solid arrows

epresent the hot blow, while the dashed arrows indicate the cold

low. 

All tests performed in this work are carried out for balanced

ow conditions in both the freeze-cast regenerator and the Gd

acked sphere bed regenerator. The temperature span between the

ot and cold end is set as a constant for comparison. With a small

emperature span it is not easy to capture the temperature break-

hroughs in T f, h and T f, c during the blow, and therefore a 10 K

pan is used here, as this is suitable based on the existing heater

apacity. To reveal the heat capacity sensitivity on local tempera-

ure and bound the Curie temperature of LCSM (~19 ◦C ,), the varia-

ion of cold reservoir temperature T c tested is from 15 ◦C to 30 ◦C ,

ith an increment of 5 ◦C Four testing temperature intervals are

elected considering the effect of the local specific heat variation

f LSCM. In Fig. 4 , the four intervals indicate the different trends

f specific heat, which represent the peak bounded, decreasing re-

ion, buffer region and flat region, respectively. During each mea-

urement with fixed reservoir temperatures, the piston stroke was

djusted to control the thermal mass of the fluid, in order to keep

he utilization constant. The frequency was varied from 0.50 to 2

z in steps of 0.25 Hz. The uncertainty analysis is described in Ap-

endix. A. 

.1.1. Performance metrics 

To introduce the effectiveness-NTU method for passive char-

cterization, the relationship of effectiveness, utilization ( U ) and

umber of transfer unit (NTU) will be investigated experimentally

nd numerically in the following section. The utilization is a pre-

iminary design parameter to characterize the system configuration

28] . Due to small-scale channels, in the expression for the U we

ssume that the solid thermal mass accounts for the total thermal
ass, the fluid specific heat capacity is temperature independent

nd the flows are balanced. 

 = 

∫ τ/ 2 
0 

˙ m f c f dt 

m s c s 
(2) 

Here the subscripts f and s denote solid and fluid respectively.

hroughout this paper, periods from 0 to τ /2 and from τ /2 to τ in-

icates the hot to cold blow and the cold to hot blow, respectively.

ote that the background value of the solid specific heat capacity

 s = 518 J •kg −1 •K 

−1 is used rather than the peak value. As a mea-

ure of the intensity of heat transfer, the NTU is defined as: 

T U = 

hαV r 

2 /τ ∫ ττ/ 2 ˙ m f,c c f,c dt 
(3) 

here h, α and V r are heat transfer coefficient, specific surface

rea and regenerator volume, respectively. ˙ m f,c c f,c indicates that

he thermal mass rate is taken from the cold blow. Accordingly,

he Nu is defined as: 

u = 

h D h 

k f 
(4) 

here D h and k f are hydraulic diameter and thermal conductivity

f the fluid. As a metric of heat transfer performance, the effec-

iveness in each blow period (subscripts h and c are for hot and

old blow, respectively) are given by: 

h = 

T h − 2 /τ ∫ ττ/ 2 T f,c dt 

T h − T c 
(5) 

c = 

2 /τ ∫ τ/ 2 
0 

T f,h dt − T c 

T h − T c 
(6) 

Flow resistance is characterized by the relationship between the

anning friction factor ( f F ) and Reynolds number (Re). In oscillatory

ow situations, pressure drop amplitude and cycle average pres-

ure drop are adopted to define the oscillatory friction factor ( f osc )

52] and cycle average friction factor ( f avg ) [53] respectively. f osc is

uitable for correlation fitting, flow pattern and system operating

ange determinations [ 54 , 55 ], while f avg is directly linked to pump-

ng work and comparison with steady flow [56] . To be consistent

ith the existing framework of f F correlations in Table. 2. which

ill be discussed below, f osc is selected to define the friction fac-

or. 

f F = 

�p max 

L r 

D h 

2 ρ f 

(
ν f,max 

)2 
(7) 

Regarding the definition of Re , the velocity term can be super-

cial velocity, pore velocity or angular velocity. Here the Reynolds
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Fig. 3. (a) Passive test rig with hot blow and cold blow flow directions illustrated. (b) Schematic of the regenerator connected to manifolds at both ends. Each manifold 

integrates the functions of flow separation, thermocouple and pressure transducer installations. The outflow from the manifold will go through the outlet check valve, piston, 

cold reservoir or heater, inlet check valve, and then back to the inlet of the manifold. 
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number based on the pore velocity is chosen also to be consistent

with the correlations in Table 2: 

R e p = 

ρ f 

(
v f,max / ε p 

)
D h 

μ f 

(8)

where v f and μf are fluid superficial velocity and dynamic viscos-

ity, respectively. 

3.2. Data analysis tools 

As a novel micro-channel matrix, there has been little research

effort to model the solid-fluid heat transfer and flow resistance in

freeze-cast sample like architectures. Developing the specific cor-

relations for heat transfer and friction dissipation to be used in
orous media models, is therefore necessary to derive the internal

arameters i.e. Nu and NTU. It is also an effective tool for model

redictions in the future. 

.2.1. Numerical model 

Since a freeze-cast regenerator as a random geometry cannot be

ully addressed in a two-dimensional space, a 1D model is suitable

ere. The energy and mass governing equations are taken from Lei

016 [48] to characterize the interior transient temperature distri-

ution, as well as the pressure drop. The two equations are cou-

led by means of the heat convection term. 
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Table 2 

Correlations for the average Nusselt number and friction factor in micro-channels matrix. The Reynolds number in the14 table is based on the pore velocity. Heat transfer 

fluid is assumed to be incompressible. 

References Boundary condition Correlations Fitting form 

Shih [67] Developed laminar flow, rectangular f F = 24(1 − 1 . 3553 ∝ +1 . 9467 ∝ 

2 − 1 . 7012 ∝ 

3 

+0 . 9564 ∝ 

4 − 0 . 2537 ∝ 

5 ) /Re, ∝ is aspect ratio. 

f F = P(∝ ) /Re P is a 

polynomial function. 

Jiang et al. [60] Developed laminar flow, rectangular f D = 68 . 53 /Re , smooth. 

f D = 1639 /R e 1 . 48 , Re < 600 , roughness. 

f D = 36 . 4 /Re + 0 . 45 , porous. 

f D is the Darcy friction factor, which is four times of the 

Fanning friction factor: f D = 4 f F . 

f D = aR e b + c

Hornbeck [61] Developing laminar flow, circular f app = 

D h 
4 L 

(13 . 74 ( x + ) 1 / 2 + (1 . 25 + 64 x + − 13 . 74 ( x + ) 1 / 2 ) / 

( 1 + 0 . 0021 ( x + ) −2 
)) , f app is apparent friction factor. x + is 

non-dimensionalized length: x + = L r / ( D h R e p ) 

As left 

Steink and Kandlikar [62] Developing laminar flow, rectangular K(∞ ) = 0 . 6796 + 1 . 2197 ∝ 

+3 . 3089 ∝ 

2 − 9 . 5921 ∝ 

3 + 8 . 9089 ∝ 

4 − 2 . 9959 ∝ 

5 , 

K(∞ ) is Hagenbach’s factor. 

f app = f + 

D h 
4 x 

P(∝ ) 

Lorenzini and Morini [63] Developed laminar flow, trapezoidal 

and rectangular with rounded corners 

For each fixed ∝ , 

f F = 14 . 226 R e −1 
5 ∑ 

i =0 

A i ( 
R c 
H r1 

) i , 

Nu = 3 . 608 
5 ∑ 

i =0 

A i ( 
R c 
H r1 

) i . 

R c is the curvature of the channel corner. 

H r1 is the height of a trapezoid or rectangle. 

f F = P( R c 
H r1 

) R e b 

Nu = P( R c 
H r1 

) 

Liou et al. [64] Laminar, parallelogram serpentine f F = R e −0 . 8 
5 ∑ 

j=0 

5 ∑ 

i =0 

A i, j ∝ 

i θ j 

Nu = R e 0 . 5 
5 ∑ 

j=0 

5 ∑ 

i =0 

B i, j ∝ 

i θ j 

θ is included angle 

f = P( ∝ , θ ) R e a 

Re = P( ∝ , θ ) R e b 

Choi et al. [65] Laminar, circular Nu = 0 . 0 0 0972 R e 1 . 17 P r 1 / 3 

Re < 20 0 0 

Nu = aR e b P r c 

Hausen et al. [66] Laminar, circular Nu = 

3 . 657+0 . 19 ( x ∗ ) −0 . 8 

1+0 . 117 ( x ∗ ) −4 . 67 , x ∗ is dimensionless length: 

x ∗ = L r / ( D h R e p Pr ) . 

Nu = 

a + b ( x ∗ ) d 
1+ c ( x ∗ ) e 

Jiang et al. [60] Laminar, rectangular Nu = 0 . 52 ( x ∗) −0 . 62 , x ∗ < 0 . 05 . 

Nu = 2 . 02 ( x ∗) −0 . 31 , x ∗ > 0 . 05 . 

Nu = a ( x ∗) b 

Kandlikar et al. [47] Developed laminar flow, rectangular Nu = 8 . 235(1 − 10 . 6044 ∝ 

+61 . 1755 ∝ 

2 − 155 . 1803 ∝ 

3 + 176 . 9203 ∝ 

4 −72 . 9236 ∝ 

5 ) 

Nu = P(∝ ) 

Sadeghi et al. [67] Developed laminar flow, arbitrary cross 

section 

Characteristic length: 
√ 

A instead of D h . 

N u √ A = C 1 ( 
I p 
A 2 

) C 2 ( 
√ 

A 
P 

) C 3 , 

I p is polar moment of inertia, 

P is perimeter, A is cross sectional area. 

N u √ A = C 1 ( 
I p 
A 2 

) C 2 ( 
√ 

A 
P 

) C 3 

Shah and London [68] Developing laminar flow, rectangular Nu = 4 . 363 + 8 . 68 ( 10 3 x ∗) −0 . 506 e −41 x ∗ Nu = a + b ( 10 3 x ∗) c e d x 
∗

Lee and Garimella [69] Developing laminar flow, rectangular Nu = 

1 

C 1 ( x ∗ ) 
C 2 + C 3 

+ C 4 

For 1 ≤∝≤ 10 , x < L t 
C 1 = P 3 (∝ ) , C 2 = const

C 3 = P 2 (∝ ) , C 4 = P 3 (∝ ) 

Nu = 

1 

C 1 ( x ∗ ) 
C 2 + C 3 

+ C 4 

For 1 ≤∝≤ 10 , x < L t 
C 1 , 3 , 4 = P (∝ ) 

C 2 = const

︸
w  

c  

c  

s  

w  

s  

a  

i

k

k

w  

m  

n  

i  

p  

d

3

 

l  

r  

o  

v  

t  

o  

u

N

The energy balance on the fluid: 

∂ 

∂x 

(
k disp A c 

∂ T f 
∂x 

)
︸ ︷︷ ︸ 

Heat conduction 

− ˙ m f 

∂ h f 

∂x ︸ ︷︷ ︸ 
Enthalpy flow 

−Nu k disp 

D h 

a s A c 

(
T f − T s 

)
︸ ︷︷ ︸ 
Heat convection with solid 

− h w, f a w, f A c 

(
T f − T w 

)
︸ ︷︷ ︸ 

Heat convection with housing 

+ 

∣∣∣∣∂ p 

∂x 

˙ m f 

ρ f 

∣∣∣∣︸ ︷︷ ︸ 
Viscous dissipation 

= A c ε ρ f c f 
∂ T f 
∂t ︸ ︷︷ ︸ 

Thermal storage rate 

(9) 

The solid energy equation: 

∂ 

∂x 

(
k stat A c 

∂ T s 
∂x 

)
 ︷︷ ︸ 

Heat conduction 

+ 

Nu k disp 

D h 

a s A c 

(
T f − T s 

)
︸ ︷︷ ︸ 

Heat convection 

= A c ( 1 − ε ) ρs c s 
∂ T s 
∂t ︸ ︷︷ ︸ 

Thermal storage rate 

(10) 

here T, p, A c , ˙ m , h, ρ , c , ɛ , a and D h are temperature, pressure,

ross sectional area, mass flowrate, specific enthalpy, density, spe-

ific heat, sample porosity, specific area and hydraulic diameter, re-

pectively. Subscripts f, s and w refer to fluid, solid and housing

all, respectively. The static conductivity ( k stat ) and fluid disper-

ion ( k disp ) conductivity, which are considering the 3-D conduction

nd axial dispersion effect in porous AMR beds, respectively, are
llustrated in Eq. (11-12) [57] . 

 stat = ( 1 − ε ) k s + ε k f (11) 

 disp = k f 
P e 2 

210 

(12) 

here Pe is the Péclet number. This 1D model integrates all the

ajor terms of (1) temperature dependence of fluid properties (dy-

amic link to CoolProp [58] ), interpolation from experimental data

n magnetocaloric effect and demagnetization factor [59] , (3) tem-

erature dependent heat capacity of MCM, (4) axial thermal con-

uction, (5) pressure drop and (6) thermal dispersion. 

.2.2. Form of Nusselt number and friction factor correlations 

The specific correlations can be derived from the existing corre-

ations of laminar flow with micro-channels in Table 2 . These cor-

elations typically show a difference between the flow conditions

f steady state or oscillatory flow, the region of developing or de-

eloped flow, and different channel shapes. The following correla-

ion forms are chosen considering the flow characteristics of devel-

ping and oscillatory within the narrow shape micro-channels and

se the same form as [60] for the friction factor and Nu : 

f F = c 1 Re −1 
p + c 2 (13) 

u = c 3 [ L r / ( D h R e p P r ) ] 
c 4 . (14) 
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Fig. 4. Temperature dependency of specific heat capacity of LCSM in zero field. 
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where c 1 ~ c 4 are fitting parameters that are assumed to depend

on the matrix geometry. Since only average geometrical parame-

ters are available in this study, parameters c 1 - c 4 are fitted by aver-

aging. This implies that the geometrical parameters and therefore

fitting parameters are spatially and temporally uniform. Only op-

erating conditions, such as temperatures and velocities, cause the

variations of local f F and Nu. Note that the correlations are valid

for liquid laminar flow. 

[ c 1 , c 2 , c 3 , c 4 ] = f ( D h , T ) (15)

T is the channel tortuosity: 

T = L p / L r (16)

where L p is the average length of geometrical flow path of pores,

L r is the straight-line length of the regenerator sample. When one

specific matrix is designated, the parameters of c 1 ~ c 4 can be

treated as constants and fitted from experimental results. 

Experimental data for a number of frequencies and utilizations

are used to fit the parameters in Eq. (13-14) . In the friction factor

fit, the oscillatory friction factor defined in Eq. (7) can be treated as

temporal independent and can be fitted all through the experimen-

tal operating conditions. The Nu is sensitive to the fluid flowrate

and therefore it is time dependent. Multi objective fitting as shown

in Eq. (17) is implemented by using the numerical model to find

the set of parameters that best matches the experimental temper-

ature outlet curves to those predicted by the model: 

min 

c 3 > 0 , c 4 ∈ R 

( r ) , 

r = 

⎡ 

⎢ ⎣ 

r 1 ( c 3 , c 4 ) 
r 2 ( c 3 , c 4 ) 
r 3 ( c 3 , c 4 ) 
r 4 ( c 3 , c 4 ) 

⎤ 

⎥ ⎦ 

, 

r 1 = T f,c,model ( f min , U min ) − T f,c,exp ( f min , U min ) 
r 2 = T f,c,model ( f max , U min ) − T f,c,exp ( f max , U min ) 
r 3 = T f,c,model ( f min , U max ) − T f,c,exp ( f min , U max ) 
r 4 = T f,c,model ( f max , U max ) − T f,c,exp ( f max , U max ) 

(17)

where r is the residual tensor for least squares fitting. In detail, the

magnitude of the residual, r , is determined by the absolute value

of difference between modelling and measurement values of T f, h 
and T f, c at 20 equidistant points for each blow. The condition of

residual r 1 is derived from the case when the frequency and uti-

lization are set at the minimum values within the operating range;

while r 2 ~ r 4 correspond to other extreme cases for the variables

frequency ( f ) and utilization ( U ). A nonlinear least-squares solver

named lsqnonlin in MATLAB is applied to solve the parameters

c ~ c . 
3 4 
.2.3. Model validation 

Since new correlations are implemented, the parameters can be

tted with experiments. Neglecting the effect of fluid viscosity due

o the temperature, c 1 and c 2 in Eq. (13) are fitted by pressure

rop measurements. Based on the correctness of material prop-

rties, end temperature readings reflect the internal heat transfer

onditions. Therefore the parameters c 3 and c 4 in Eq. (14) are fit-

ed by T f, h ( t ) and T f, c ( t ) using the residual defined in Eq. (17) . The

odelling validation results with 20 experimental points in each

urve are shown in Fig. 5 (a) and (b) for temperature and pressure

rop respectively, for a number of different operating conditions.

he model fits the overall behavior of the experiments without

ignificant trend differences. In addition, the root mean square er-

or (RMSE) in 84 operating conditions is summarized in Fig. 5 (c).

omparing the fit and experimental data, the deviation is < 0.5 °C
t temperature and < 0.02 bar at pressure drop, which indicates

hat the simulation results are in good agreement with the exper-

mental readings, and thus that the model can be used to reveal

he internal characteristics of a freeze-cast regenerator. 

In order to reveal the sensitivity in terms of the heat trans-

er coefficient, Fig. 5 (d) presents the temperature responses of

 f, c with the artificial perturbation of the heat transfer coefficient

scaling factor β) in the hot to cold blow. Since the errors of most

orrelations in the area of heat transfer are normally within 50%,

erturbations of 0.5 < β < 1.5 are adopted here to observe the

ystem response. A perturbation in the decreasing direction ( β <

) is sensitive to temperature response, especially when β < 0.8.

hen the perturbation is in the increasing direction ( β > 1), the

caling of the heat transfer coefficient is insensitive to tempera-

ure response, due to the small interface temperature differences.

n this state, heat transfer performance is sufficient enough that

ver-scaling in heat transfer coefficient does not result in better

erformance significantly. 

. Results and discussions 

The regenerator has been tested for nearly 700 hours in the

assive experiment setup. It is noted that in the first sets of ex-

eriments, fine powder was observed coming out of the regener-

tor and was intercepted in the meshes. With the operation time

ncreasing, the amount of powder coming out of the regenerator

ecame less and less, until finally no powder could be seen with

he naked eye. This illustrates both the somewhat brittle nature

f LCSM materials but also the fact that residual “loose” material

ight be present within the freeze-cast structures after sintering. 

.1. Nusselt-Reynolds correlations 

The overall spatial and temporal average Nusselt number (Nu =
 / L r 

∫ L r 
0 ( 1 /τ

∫ τ
0 Nu ( t, x ) dt ) dx ) is plotted as a function of cycle av-

rage Re p in Fig. 6 . The local Nusselt number Nu ( t, x ) varies due

o variations in the local Reynolds number, which is caused by

emperature and fluid velocity variations. In general, the trend of

u ~ Re is a sublinear relationship, which is similar to the cases of

acked sphere beds [70] , but different from the constant relation-

hip in macro parallel plates [71] . For comparison, the fitted corre-

ation for local Nu from Eq. (14) with c 3 = 0.34 and c 4 = -0.32 is

lotted in the same figure. The correlation for local Re ~ Nu also

ts the overall Re ∼ Nu trend well, which is convenient for overall

valuations of the freeze-cast regenerator. In comparison with the

ases of the packed bed and rectangular micro-channel, also shown

n Fig. 6 , the absolute values of Nu for the freeze-cast regenerator

re relatively lower than the packed bed one, but slightly higher

han the rectangular micro-channel one. The main reasons for this

re: 
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Fig. 5. Validations of (a) temperature and (b) pressure drop temporal evolution, 

Cond1 and Cond2 are different operating conditions corresponding to T c1 = 20 o C, 

f 1 = 0.75 Hz and T c2 = 15 °C, f 2 = 2 Hz respectively. The model results are based 

on the fitted parameters c 1 - c 4 . Figure (c) is the RMSE between the fit and exper- 

imental data under different frequencies. Figure (d) is the impact of heat transfer 

coefficient perturbation on the temperature profiles of cold end in the hot blow; y- 

axis is the temperature perturbation response of T f,c using T f,c ( β = x ) − T f,c ( β = 1 ) , 

the legend is showing the value x of perturbation factors. 

Fig. 6. Nusselt number as a function of Reynolds number. The markers are ( Re p , Nu ) 

from the numerical model with fitted correlations under different operations. The 

plotting of packed bed is taken from the correlations of Ref. [70] with the same 

parameters as the reference Gd regenerator. The fit of rectangular micro-channel 

heat exchanger is taken from Ref. [60] based on the counterblow experiment of 

steady state. The width and depth of the rectangular micro channels are 0.2 mm 

and 0.6 mm, respectively. 
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1) Small hydraulic diameter: referring to the definition of Nu

( Eq. (4) ), a small hydraulic diameter results in a relatively small

Nu value based on the same heat transfer coefficient. Recalling

Table. 1 , the hydraulic diameter of the packed bed regenerator

is significantly larger than that of the freeze-cast regenerator. In

Fig. 6 , the Nu in the packed bed regenerator outperforms that

of the freeze-cast regenerator. Note that high Nu does not ab-

solutely result in high heat transfer performance, because heat

transfer area is another key factor. 

2) Limitation in oscillating blow evaluation: like single blow char-

acterizations [72] , temperature breakthroughs are insignificant

when the interstitial temperature difference is tiny. In these sit-

uations, heat transfer enhancements only cause a slight change

in temperature difference of solid-liquid, and therefore only

small variations in temperature breakthroughs at the two ends

of the regenerator. As illustrated in Fig. 5 (d), heat transfer co-

efficient is probably under-estimated due to this insensitivity. 

3) Different characterization methodologies: The Nu in the packed

bed is from an ideal situation of steady state, no dead volume

or maldistribution of the flow. In the case of rectangular micro

channels in Fig. 6 , the fit is from the steady state counterblow

experiments without the effect of dead volume. For the char-

acterization of a freeze-cast regenerator, factors of dead vol-

ume and uneven flow are unavoidably brought into the test-

ing due to the nature of the passive rig. In principal, curves

for Fig. 6 are not exactly in the same level of characterization.

The values in the Nu fit on freeze-cast regenerator are further

under-estimated due to these external influences. 

According to the fit of Eq. (14) , when Re p approaches 0 in the

imit, the Nu is unphysically approaching 0. However, in no-flow

eriods of (de)magnetization ( R e p = 0 ) in AMR characterization, Nu

hould rather attain a positive value [73] considering the inter-

titial heat transfer via conduction. Thus, the fit extrapolated to

ear R e p = 0 may not be valid. The experimental Re p in this study

anged from 1 to 15. Thus, the Nu fit in this paper is reason-

bly confined in the passive characterization within the operating

ange. 
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Fig. 7. Experimental friction factor as a function of Reynolds number under differ- 

ent conditions for the freeze-cast regenerator. 
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4.2. Friction factor correlations 

The behavior of f F ~ Re is depicted in Fig. 7 at different operat-

ing conditions. The absolute values of f are relatively high due to

the small hydraulic diameter. The general trend of the f F ~ Re rela-

tionship collapses into one single curve. These relations are picked

up by model fitting from Eq. (13) ( c 1 = 358.8 and c 2 = 0.3951) and

also fit the form of the Ergun equation ( [74] , rewritten in Eq.(18)).

The model profiles are in qualitative agreement with the experi-

mental behavior. The physical relations of f F ~ Re from packed beds

are still suitable for freeze-cast regenerators with different regres-

sion parameters. 

f F = 

1 

4 

f D = 

1 

4 ⎡ 

⎢ ⎢ ⎢ ⎣ 

β1 
( 1 − ε ) 2 

ε 4 
·
(

6 D h 

D sp 

)2 

︸ ︷︷ ︸ 
c 1 regression 

·Re −1 
p + β2 

1 − ε 

16 ε 3 
·
(

6 D h 

D sp 

)
︸ ︷︷ ︸ 

c 2 regression 

⎤ 

⎥ ⎥ ⎥ ⎦ 

(18)
Fig. 8. Effectiveness curves for freeze-cast 
here f D is Darcy friction factor, D sp is the particle diameter and

1 ≈ 2.5 and β2 = 2.4 in Ref. [74] . 

.3. Heat transfer versus flow resistance 

To evaluate the whole regenerator, the curves of η ~ ( U , NTU)

re presented in Fig. 8 for both the freeze-cast regenerator and the

aseline Gd packed sphere regenerator. Theoretically, the regenera-

or can only reach the ideal 100% effectiveness when the utilization

s lower than or equal to unity. Considering the limitations of the

iscrete numbers in piston stroke and piston seal capacity at high

requencies, the utilization of the Gd regenerator is set at ~0.59,

ompared to the value of 0.67 in the freeze-cast regenerator. 

Based on the fixed utilization and housing size but different

 c in the freeze-cast regenerator, the experiments lead to different

~ NTU curves. The reasons are attributed to the loss differences

etween the different regenerators, as well as the impact of tem-

erature dependent properties of the regenerator material Fig. 4 ).

n general, the effectiveness is observed to increase with NTU. Note

hat within the operating conditions’ range, increasing the oper-

ting frequency decreases the NTU. The reason can be identified

rom the definition in Eq. (3) ; the fluid thermal mass increments

re more significant than the heat transfer coefficient enhance-

ent. In some utilization regions, the effectiveness is decreasing

ith increasing NTU. From our extra testing in this passive rig, and

ombined with previous work [75] , we summarize the reasons of

his decreasing trend as: ( (1) Trade-off between heat transfer im-

roving rate and heat transfer cycle time; (2) Axial heat conduc-

ion when operating at low utilization; (3) Dead void effect, espe-

ially in high NTU (low frequency); and (4) Equipment problems,

uch as the piston working at high frequency (low NTU) and long

troke (high utilization) would breathe in some air, reducing the

ocal utilization or causing some miscalculation due to the out-of-

hase of T f, h and T f, c . The values of effectiveness of the Gd and

reeze-cast regenerators are compared at T c = 30 °C to ensure the

emperature is far away from the peak value of the specific heat in

oth LCSM and Gd. Although the Gd regenerator has the advantage

f ~10% lower value of utilization than the freeze-cast regenerator,

he absolute values of effectiveness in the freeze-cast regenerator

re still slightly higher than the Gd one on average (0.942 com-
regenerator and baseline regenerator. 
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Fig. 9. Effectiveness com parison for the freeze-cast regenerator, Gd packed bed re- 

generator and epoxy bonded regenerators with spherical and irregular particles. All 

the regenerators operate at the frequency of 1Hz. The cold reservoir temperatures 

are set to 30 °C for packed bed and freeze-cast regenerators and 22-24 °C for epoxy 

bonded regenerators, which are all above the Curie temperature. 
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Fig. 10. Comparison of pressure drop versus pore velocity among freeze-cast regen- 

erator, Gd packed bed regenerator and epoxy bonded regenerators with irregular 

and spherical particles. 

Fig. 11. UA and pressure drop between freeze-cast and Gd packed bed regenerators. 
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ared to 0.935). NTU in the freeze-cast regenerator is also higher

han for the Gd regenerator. That means that the freeze-cast regen-

rator shows excellent heat transfer performance. 

Regarding the utilization impact, most regenerators follow the

onventional behaviors that effectiveness increases when the uti-

ization decreases. High effectiveness requires a small difference of

egenerator temperature profile between hot blow and cold blow,

hich indicates a small utilization with lower penetration of in-

ow fluid into the material matrix. In Fig. 9 , we compare the ef-

ectiveness versus the utilization among different regenerators. In

his dimension, the freeze-cast regenerator also has the best value

f effectiveness among other regenerators. 

As a preliminary test for the freeze-cast regenerator, it is valu-

ble to provide the data of pressure drop and compare them to

ther reference regenerators in Table. 1. tested in the same tester.

espite the fact that regenerators with different hydraulic diam-

ters result in various values of pressure drop, the pressure drop

ata for freeze-cast regenerators can give a rough comparison of

umping work for further investigation. From Fig. 12 , the pressure

rop signal is approximately a sinusoidal waveform. The minor de-

iations are probably caused by the check valves’ response, inertial

elocity and sensor fluctuations. More important concerns are the

elation of maximum pressure drop and pore velocity under dif-

erent conditions. We compare the viscous dissipation effect of the

reeze-cast regenerator and other regenerators by using the curve

f pressure drop versus pore velocity in Fig. 10 . From the curve the

rend of the freeze-cast regenerator is captured as a nearly linear

ehavior, which is similar to the parallel plate regenerators [75] . In

his case, most of the working conditions are in the Darcy regime.

he variations are mainly caused by the temperature dependence

f the fluid viscosity. Higher temperature values result in a rela-

ively lower pressure drop. On the other hand, the absolute values

f pressure drop in the freeze-cast regenerator are larger than in

he Gd packed bed and epoxy bonded regenerators with spherical

articles, because of the small hydraulic diameter. In the case of

he epoxy bonded regenerator with irregular particles, its curve is

lose to that of the freeze-cast regenerator. However, the housings

n the epoxy bonded regenerators are thinner and longer than in

he freeze-cast and Gd packed bed regenerators, which is shown in

able 1. Consesquently, the measured pressure drop in the freeze-
ast regenerator is larger than in epoxy bonded and Gd packed bed

egenerators based on the similar housing. 

In order to connect heat transfer and flow resistance and high-

ight the characteristics of the target regenerator, the data of UA

heat transfer coefficient times heat transfer area) versus pres-

ure drop between the freeze-cast regenerator and the baseline Gd

acked bed regenerator are plotted in Fig. 11. It should be noted

hat adopting UA as a representative of heat transfer performance

s due to its small error as well as including not only values of Nu

ut also the surface area of the regenerator. From the general heat

ransfer rate equation of ˙ Q = UA �T , the total heat transfer area

 is obtained from the image analysis mentioned previously with

nquantified error. However, the terms of ˙ Q and �T are derived

ndirectly from temperature data through the numerical modelling.

ince the errors of modelling and temperature measurements are

alidated to be small, the errors of ˙ Q , �T and therefore the UA , can

e treated as being small. In general, UA increases with the pres-

ure drop. Some variations are captured based on the same �p ,

ecause different working temperatures result in a variation of vis-

osity values and therefore different values of Re p . The freeze-cast

egenerator exhibits higher values of heat transfer performance for



12 J. Liang, C.D. Christiansen and K. Engelbrecht et al. / International Journal of Heat and Mass Transfer 155 (2020) 119772 

Fig. 12. Temperature (a) and pressure drop (b) measurements of a single operating 

condition compared with the average data over 20 cycles. 
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a given pressure drop compared to the packed Gd sphere regener-

ator. The main contributions are large specific area and small hy-

draulic diameter. When fixing the pressure drop, the value of UA

in the freeze-cast regenerator is approximate 10-15% higher than

that in Gd regenerator. Based on existing features, this regenera-

tor is more suitable for running in the situations of low flowrate

and high performance requirements. On the other hand, it is nec-

essary to develop variable freeze-cast regenerators that fit in dif-

ferent flow conditions. For instance, freeze-cast regenerators with

large pore size and porosity may exhibit relatively low flow resis-

tance. 

5. Conclusion 

In this study, a novel type of regenerator fabricated by the

technique of freeze-casting was thermally and hydraulically char-

acterized. A passive test rig was used to obtain the effectiveness

and friction factor, as well as the modelling correlation validations

of heat and mass transfer. Numerical analysis was performed to

reveal the in-depth thermodynamic parameters of NTU and heat
ransfer coefficients. The following features are obtained due to the

hermal evaluations: 

1) The overall Nusselt number matches the local fitted Nus-

selt number correlation well, and the increasing trend with

Reynolds number is sublinear. The absolute value of the Nusselt

number is relatively low due to the small hydraulic diameter,

limitation of oscillating blow evaluation and external thermal

loss interference. 

2) The relationship of friction factor and Reynolds number fit in

the Ergun equation form, but with different regression parame-

ter values. 

3) The freeze-cast regenerator has both higher effectiveness and

pressure drop than in the packed gadolinium sphere bed and

epoxy bonded regenerators. 

4) The pressure drop shows a nearly linear behavior due to the

low Reynolds numbers. The curve trend is fitting in the situa-

tion of Darcy regime. 

5) The combined characteristics of heat transfer performance and

flow resistance of the freeze-cast regenerator are high. When

the pressure drop is held constant, the UA values for the freeze-

cast regenerators are 10-15% higher than the values in the

packed bed regenerator. Further, the pore size and porosity

could be tunable within certain range for different potential ap-

plications. 

The characterization and modelling correlations are only based

n the current pore size and tortuosity of the sample. Sensitiv-

ty studies on the parameters of hydraulic diameter, porosity and

hannel tortuosity, as well as the parametric passive and active

haracterizations, will be covered in future work. 
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ppendix A. Uncertainty analysis 

To carry out uncertainty analysis, temperature and pressure

easurements are regarded as observations here and designated

s X. Extensive repeatability cycles are performed to validate the

xperimental procedure. To correct the reading oscillations, aver-

ge treatments between cycles are taken into the data reduction

or deriving the mean values: 

 (t) = 

1 

n 

∑ n 

i =0 
X (t + i.τ ) , X = T h , T c , T f,h , T f,c , p 1 , p 2 (A.1)

here repeatability number n = 20 ; t and τ represent the time

eadings and cycle period, respectively. For small sets of data, the

tandard deviation of repeatability is defined by averaging the cy-

le deviations [76] : 

1 ( t ) = 

√ ∑ n 

i=1 

(
X ( t + i · τ ) − X̄ ( t ) 

)2 
/ ( n − 1 ) (A.2) 

Assuming the measurement uncertainties are only due to is-

ues with the repeatability, the overall standard deviation is writ-

en from the error propagation principle: 

( t ) = 

√ 

σ 2 
1 ( t ) + σ 2 

2 ( t ) (A.3) 

here σ 2 ( t ) is the instrument deviation based on current local

emperature of 0.5% and pressure of 0.25%. We extract four cycles

f temperature and pressure measurements with 95% confidence

evel region X ± 2 σ in Fig. 12. Less than 3% uncertainties are ob-

ained from both temperature and pressure measurements. 
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The efficiency of the magnetic refrigeration process strongly depends on the heat

transfer performance of the regenerator. As a potential way to improve the heat

transfer performance of a regenerator, the design of sub-millimeter hydraulic diameter

porous structures is realized by freeze-cast structures. Four freeze-cast regenerators

with different pore widths are characterized experimentally and numerically. Empirical

parameters are determined for the correlations of heat transfer and flow resistance via a

1D model. Thermal effectiveness and pressure drop are measured for thermal-hydraulic

evaluations. Temperature span and specific cooling capacity are obtained to compare

the magnetocaloric potential based on the material La0.66Ca0.27Sr0.06Mn1.05O3. The

stability of freeze-cast regenerators is validated by comparing the performance during,

before and after oscillatory flow and periodic magnetic field tests. Smaller pore design

obtain the better heat transfer performance and required mechanical strength, while

pore design with significant dendrites provides the worst tradeoff between heat transfer

performance and flow resistance.

Keywords: magnetic refrigeration, thermal regenerator, freeze-casting, lamellar microchannel, thermal evaluation

INTRODUCTION

Magnetic refrigeration represents an environmentally friendly cooling technology with the
potential for cost-saving operation, by using a solid refrigerant and using a thermodynamic
cycle that can be more efficient than vapor compression cooling. The temperature change of a
magnetocaloric material (MCM) in response to a changing magnetic field can be analog analog
to the heating and the cooling of a gaseous medium in response to an adiabatic compression and
expansion. The magneto-thermodynamic cycle named the active magnetic regenerator (AMR)
cycle is commonly applied for prototypes in magnetic refrigeration (Barclay and Steyert, 1982;
Kitanovski et al., 2015), due to the limited values of -isothermal entropy difference (1Siso) and
adiabatic temperature change (1Tad) in existing MCMs. As a core component in the AMR cycle,
the regenerator undergoes: (1) adiabatic magnetization; (2) fluid flow from the cold to hot reservoir;
(3) adiabatic demagnetization; and (4) reversed flow from the hot reservoir to the cold reservoir.
AMRs, which perform as combined heat storage, heat exchanger and thermal energy generator, are
moving closer to a possible commercialization, as they can lift the temperature span many times
the adiabatic temperature change of the MCM (Kitanovski and Egolf, 2006; Kitanovski et al., 2015).
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The MCM geometry is one of the critical factors that affects
the AMR performance. The main reason is that a suitable porous
structure of the MCM can effectively transfer the magnetic
work to thermal energy at thermal reservoirs operating over
a useful temperature span. Previous has focused on how the
geometric parameters affect AMR performance. Lei et al. (2017)
simulated and analyzed the regenerator performance with packed
sphere beds, parallel plates, micro channels and packed wire
screen geometries. This aimed at finding the optimal operating
parameters. Li et al. (2019) tested and compared the performance
of AMRs with gadolinium plates, spheres and flakes using a
rotary magnetic refrigerator with the result that better cooling
performance was obtained in the AMRs filled with flakes/spheres.
Trevizoli et al. (2017) presented a systematic experimental
evaluation of three AMRs with geometries of parallel-plate, pin
array and packed sphere beds, based on approximately the same
porosity and specific surface area; the AMR with packed spheres
obtained the highest cooling capacity.

Packed bed regenerators are the most widely used geometry
in AMRs due to their high cooling performance and easy
fabrication. The reasons that other geometries such as parallel
plates or mini-channels cannot easily replace the packed beds are:
(1) thin walls are needed to facilitate heat conduction from the
interior to the surface of MCMdue to finite heat transfer (Nielsen
and Engelbrecht, 2012); (2) thin walls are difficult to fabricate due
to insufficient mechanical strength inMCMs (Nielsen et al., 2014;
Tušek et al., 2014; Monfared and Palm, 2018); (3) high thermal
performance requires small flow channel thickness, which can be
difficult to manufacture consistently (Nielsen et al., 2013). The
porosity of the MCM should not be too high in order to ensure
the mechanical strength and energy generation density of the
regenerator. Consequently, thin wall geometry results in a small
hydraulic diameter and thus high flow resistance.

Freeze-casting is an environmentally friendly materials
processing route (Deville, 2008), which freezes a suspension
of material particles and solvent (normally water). During
the solidification process, ice dendrites grow and particles
concentrate within the space between the ice dendrites, forming
channels of nearly pure ice surrounded by particles. After
the ice is removed by freeze drying, micro-channels remain.
The freeze-casting technique is intrinsically flexible to tune the
pore characteristics within a certain range (Fukasawa et al.,
2001; Naviroj et al., 2017; Scotti and Dunand, 2018). From
our tuning abilities at the Technical University of Denmark
(DTU), the pore size can be tuned by changing suspension
characteristics and solidification conditions (Christiansen et al.,
2018, 2019, 2020a). Generally, each regenerator is most efficient
over a specific domain of operating conditions, which depends
itself on geometrical parameters. To achieve a more in-depth
investigation of freeze-cast regenerators, this study focuses on
identifying the proper pore size and the corresponding operating
conditions. A freeze-cast regenerator identified as having small
hydraulic diameter and which may be manufactured with thin
walls, was preliminarily studied previously (Liang et al., 2020),
with focus on the heat transfer potential of freeze-casting
ceramics applied in a passive regenerator. From zero applied field
test of a single sample, the main advantage of the freeze-cast

regenerator is the excellent heat transfer performance due to the
small hydraulic diameter and large specific surface area. However,
the flow resistance is larger than in packed bed regenerators.
Thus, more samples with different morphologies are valuable to
further assess the potential of freeze-cast regenerators.

No experimental or modeling data about freeze-casted
structures as AMRs in a time-varying magnetic field has
previously been published. Active characterization using a
linear AMR test machine (Bahl et al., 2008) is a small-scale
and simplified way to study the performance of freeze-cast
regenerators with different geometry parameters. Temperature
span and cooling capacity are the most common performance
indicators in active characterizations (Paulo Vinicius Trevizoli,
2015). In the active mode, the performance is strongly related
to the magnetocaloric effect (MCE) of the material, operating
conditions (utilization and frequency), and intrinsic geometry
parameters (porosity, specific surface area and pore size)
(Tušek et al., 2013). The MCM in the freeze-cast regenerator
studied in this work is La0.66Ca0.27Sr0.06Mn1.05O3 (LCSM06),
which is identified as one of the magnetocaloric ceramics
[La0.66Ca0.33−xSrxMn1.05O3, LCSMx (Dinesen et al., 2005)] with
a second order phase transition (SOPT). LCSMx ceramics are
attractive alternatives to the benchmark material gadolinium
(Gd) due to similar specific isothermal entropy difference (1siso)
during (de)magnetization (Dinesen, 2004), adjustable transition
temperature, corrosion resistant and less expensive compounds.
Bahl et al. (Bahl et al., 2012) experimentally extrapolated the
maximum zero-span cooling capacity, which is significantly
larger than the highest measured value for Gd plates in the
similar tests. For the purposes of easy fabrication and mechanical
stability, LCSMx is one of the best choices to freeze-cast
the first generation regenerator. The freeze-casting process is
flexible regarding material choice, where both metals (Chino
and Dunand, 2008; Cuba Ramos and Dunand, 2012), ceramics
(Fukasawa et al., 2001; Deville, 2008; Naviroj et al., 2017;
Christiansen et al., 2018, 2019, 2020a; Scotti and Dunand,
2018), polymers (Zhang et al., 2005; Arai and Faber, 2019) and
composites of the three (Zhang et al., 2005; Vickery et al., 2009)
have successfully been shaped by this processing route. It can be
assumed that other MCMs are compatible with freeze-casting.
However, comparing the AMR performance of different freeze-
cast regenerators based on the same MCM, is valuable to study
the geometry effect on the conversion ability frommagnetic work
to thermal energy. The available performance metrics consist
of cooling capacity, temperature lift, Coefficient of Performance
(COP), exergetic power quotient (Griffith et al., 2019) and second
law efficiency (Rowe, 2011).

In this paper, four freeze-cast regenerators are tested passively
without magnetic field to investigate the heat transfer and
flow resistance characteristics. Combined with the modeling
modeling and fitting to the experimental data, correlations of
Nusselt number and friction factor are determined. In the second
step, active experiments of the same regenerators on a linear
magnetocaloric test machine are carried out in order to evaluate
the AMR performance. Finally, some of the passive and active
experiments are repeated in order to validate the reproducibility
and stability of the freeze-cast regenerators.

Frontiers in Energy Research | www.frontiersin.org 2 April 2020 | Volume 8 | Article 54

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Liang et al. Characterization of Freeze-Cast AMRs

REGENERATOR PREPARATION AND
GEOMETRIC CHARACTERIZATION

Three regenerators (#1, #2 and #3, Figure 1) were fabricated by
freeze-casting under similar conditions to our previous study
on freeze-cast regenerators (regenerator #4) (Liang et al., 2020).
A ceramic suspension for freeze-casting was prepared from 30
vol% of LCSM06 (CerPoTech, Norway) in MiliQ water with 2.5
wt%, solid to ceramic ratio, of dispersant (DURAMAXTM D-
3005, Rohm and Haas, Dow Chemical, USA). PH was adjusted to

∼7 by addition of 1M nitric acid in order to establish a sufficient
dispersion of particles. The suspension was then homogenized
for 72 h on a low energy ball mill. 2 wt%, solid to ceramic
ratio, of binder (DURAMAXTM B-1022, Rohm and Haas, Dow
Chemical, USA), was added and the suspension was mixed for a
few hours. The suspension was de-aired in vacuum immediately
before casting. During freeze-casting, the suspension of LCSM06
particles in water was frozen directionally by bringing one side
of the suspension into contact with a cooling source. Here, we
utilized a custom-built freeze-casting set-up with thermoelectric

FIGURE 1 | Geometry of freeze-cast regenerators. Scanning electron microscopy (SEM) micrographs of cross sections of the freeze-cast samples from regenerators

#1 (A), #2 (B), #3 (C) and #4 (D), where gray areas are the ceramic walls and black areas voids in the form of aligned, lamellar channels. Micrographs were obtained

at cross sections parallel to the freezing direction in the center of the structure. Photographs of regenerator #1 (E,F) after mounting the samples into the housing. A

single freeze-cast regenerator matrix consists of two combined monolithic pieces of freeze-cast samples frozen at identical conditions and thus with homogenous

structural characteristics. Other SEM images at different positions are available at Supplementary Presentation 1.
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temperature control of the cooling source (Christiansen et al.,
2020b). The temperature of the cooling source is decreased by
−0.5, −1.5 and −2.5 K/min (regenerators #1 to #3, respectively)
and the arising thermal gradient causes ice crystals to grow along
the gradient direction, pushing aside particles, causing these to
segregate, which results in a two phase structure of ice crystals
along the thermal gradient and segregated ceramic particles. The
ice was removed by sublimation in a freeze-drier and the green
bodies were sintered at 1100 ◦C for 12 h, resulting in porous
ceramic structures with well-defined microchannels where the
ice used to be. The size of the ice crystals during freeze-casting,
and thereby the size of the resulting micro-channels in the fired
ceramic, depends on the freezing conditions; where faster cooling
rates results in smaller channels (Christiansen et al., 2020b).
Here, only the freezing rates were varied in order to achieve
a range of pore widths enabling the study of the influence of
pore width on AMR performance. The three new regenerators
are compared with our previously published regenerator (#4),
and all the geometrical parameters are summarized in Table 1.
The structural features of the freeze-cast regenerators were
characterized by image analysis of micrographs, as described
in detail in previous studies (Liang et al., 2020). Micrographs
were obtained using a scanning electron microscope (TM3000,
Hitachi High-Technologies). For each sample 12 micrographs,
covering an area of 3310 × 2483µm each, in the perpendicular
cross section, obtained evenly distributed across the cross
sections, were analyzed. Pore width, macro porosity, specific
surface area and tortuosity were evaluated based on image
analysis. The mean and standard deviation of all parameters
are listed in Table 1. From the regenerators with small pore
width to large pore width (Figures 1A–D), the aspect ratio of
cross sectional pore shape increases. That means the freeze
cast regenerators with the small pore width are prone to have
narrow channels.

As freeze-casting is very sensitive to apparent conditions
complicating the reproducibility of freeze-casts across
different suspension batches, set-ups, furnace conditions
etc. (Naleway et al., 2016), regenerators #1-3 were
fabricated from the same batch, frozen subsequently and
dried and sintered together. Accordingly, regenerator #1-
3 exhibits a larger degree of dendrites obstructing the
channels than regenerator #4, which was fabricated from
a different batch and with much smoother channel walls.
Therefore, the measured mean pore width of regenerator
#4 in Table 1 is greater than that of #3 in spite of the
earlier argument stating that faster freezing results in
smaller channels.

In porous media, the pores can be interconnected, dead end
or isolated (Kaviany, 1995). The total void volume divided by the
total volume occupied by the solid matrix and void volumes, is
defined as the total porosity, or sample porosity (ε) in this study.
However, the fluid only flows through the interconnected pores.
The volume fraction of the interconnected pores is defined as the
effective porosity or macro porosity (εm), which is derived from
image analysis. As seen from Table 1, the macro porosity is about
2/3 of the total porosity. Thus, the dead end pores are assumed
negligible. The remaining porosity can be treated as micro

porosity in the walls. In this study, εm is used for determining
pore velocity while ε is adopted for solid mass calculations.
Additionally, the hydraulic diameter (Dh) and tortuosity (T) are
derived as follows:

Dh =
4εm
α

(1)

T =
Lpore

Lr
(2)

where α is the specific surface area derived from image analysis,
Lpore is the average pore length, and Lr is the length of the
regenerator sample.

Experiment and Modeling
The experimental investigation was performed both on a
passive rig (Lei, 2016) and active magnetocaloric test machine
(Navickait et al., 2018) at DTU. The device configurations are
discussed elsewhere (Lei et al., 2018), but the overall experiment
program and the simplified diagram of the test device with
the key measurements are given in Figure 2. The hydraulic
flow profile in the passive rig and the synchronization of flow
profile and magnetic field in the active machine are shown
in Figure 3.

Passive Characterization
Since the passive rig is essentially a synchronized AMR device
with zero magnetic field, a comparative study of freeze-
cast regenerators in terms of heat transfer performance and
flow resistance can be addressed here. In the passive rig,
the regenerator is subjected to an oscillatory flow in steady
state with constant reservoir temperatures. The regenerator
is treated as a thermal storage heat exchanger subjected to
intermittent alternating heat transfer facilitates between the
solid matrix and the fluid in two periods: (1) hot blow:
fluid from the high-temperature reservoir warms up the solid
matrix; (2) cold blow: reversing the fluid flow and the matrix
releases the stored heat. The information from temperature
and pressure measurements is further processed to obtain the
thermodynamic indicators. The predefined operating parameters
consist of motor frequency (f ), piston stroke (Sp) and piston
cross sectional area (Ac,p). Thermo-hydraulic parameters such as
utilization (U) and Reynolds number (Reh) link to the operating
conditions through:

U =

∫ τ
2
0 ṁf cf dt

mscs
=

Ac,pSpρf cf

mscs
(3)

Reh =
ρf

(
vf
εm

)

Dh

uf
(4)

vf = vp

(
Ac,p

Ac,r

)

= π fSp sin
(

2π ft
)
(
Ac,p

Ac,r

)

(5)

Where ρf , cf and uf are the density, specific heat capacity and
dynamic viscosity of the fluid, respectively. The subscripts f
and s denote solid and fluid phases, respectively. Note that the

Frontiers in Energy Research | www.frontiersin.org 4 April 2020 | Volume 8 | Article 54

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Liang et al. Characterization of Freeze-Cast AMRs

TABLE 1 | Geometrical parameters of the freeze-cast regenerators.

Parameters Regenerator #1 Regenerator #2 Regenerator #3 Regenerator #4

Shape (ØD × L, mm × mm) Ø30 × 30 Ø30 × 30 Ø30 × 30 Ø30 × 27

Pore width (µm) 66.3 ± 4.6 49.6 ± 4.6 43.1 ± 5.1 71.6 ± 6.4

Total porosity 0.73 0.72 0.73 0.72

Macro porosity 0.415 ± 0.006 0.420 ± 0.006 0.441 ± 0.005 0.420 ± 0.008

Hydraulic diameter (µm) 94.9 ± 7.8 75.0 ± 6.9 66.3 ± 8.3 104 ± 7.6

Specific surface area (m−1) (1.75 ± 0.11) × 104 (2.24 ± 0.16) × 104 (2.66 ± 0.27) × 104 (1.61 ± 0.08) × 104

Tortuosity 1.75 ± 0.14 1.75 ± 0.31 1.62 ± 0.40 1.61 ± 0.3

Mass (g) 29.85 29.33 30.04 27.23

Structural characteristics are from image analysis of scanning electron micrographs. The corresponding measurements for each regenerator are based on the analysis of 15 images

evenly distributed along the axial direction and are given as an average. A single freeze-cast regenerator matrix is composed of two combined monolithic pieces of freeze-cast sample

frozen at identical conditions and thus with homogenous structural characteristics.

FIGURE 2 | Schematic diagram of passive rig and AMR test machine. The passive rig consists of the regenerator, manifolds, cold and hot reservoirs, piston and

motor assembly, and check valves. The manifolds are situated at the ends of the regenerator, which incorporates the type E thermocouples (Omega) and pressure

transducers (Gems). The thermocouples for measuring Tf ,h (t) or Tf ,c (t) are positioned at the center of the cross section between the regenerator and

manifoldTf ,h (t) Tf ,c (t)Tf ,c (t). The outflow from the manifold goes through the outlet check valve, piston, cold reservoir or heater, inlet check valve, and then back to

the inlet of the manifold. The test machine, which is situated in a temperature-controlled cabinet, consists of a stationary Halbach array permanent magnet, a movable

regenerator, a piston for displacing fluid, and hot and cold reservoirs. The temperature of the hot reservoir is regulated by a heat exchanger interacting with the

ambient in a cabinet. The heat load in the cold reservoir is simulated by a resistance heater. The whole experiment procedure goes through: (1) passive test with

different operating parameters; (2) passive test with different manifolds; (3) repetition of passive experiments; (4) active test; and (5) repetition of passive experiments.

solid specific heat capacity cs is strongly temperature dependent
with a peak near the transition temperature. Here we use the
background value rather than the peak value. The Reynolds
number based on the pore velocity and hydraulic diameter
Reh is selected to be consistent with the previous form of the
correlations (Jiang et al., 2001). Ac,p and Ac,r are the cross
sectional areas of the piston and the regenerator, respectively.
vf is the superficial velocity in the regenerator, which is a
hypothetical flow velocity disregarding the skeleton of the
porous medium. vp is the moving velocity of the piston, its
sinusoidal profile is determined by the crank motion in the
passive rig.

The measurements for performance metrics are end pressure
profiles [p1 (t) and p2 (t)], end temperature profiles [Tf ,h (t)
and Tf ,c (t)] and reservoir temperatures (Th and Tc). The heat
transfer performance and flow resistance can be characterized
by the Nusselt number (Nu), number of transfer unit (NTU),
effectiveness (ηh and ηc) and friction factor (Choi et al.,
2004) (fosc).

Nu =
hDh

kf
(6)

NTU =
hαVr

2
τ

∫ τ
2
0 ṁf ,ccf ,cdt

≈
hαVr

fAc,pSpρf cf
(7)
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FIGURE 3 | Time evolution of (A) the fluid mass flow rate in passive rig and (B) the synchronized magnetic field and fluid mass flow rate in active test machine during

the different steps of over one magnetic cycle. Since the passive rig and AMR test machine run at different frequencies, the amplitudes of fluid mass flow rate are

significantly different between passive and active characterizations.

ηh =
∫ τ

2
0 ṁf cfTf ,hdt −

∫ τ
2
0 ṁf cfTf ,cdt

∫ τ
2
0 ṁf cf (Th − Tc)dt

≈
Th − 2

τ

∫ τ
2
0 Tf ,cdt

Th − Tc
(8)

ηc =

∫ τ
τ
2
ṁf cfTf ,hdt −

∫ τ
τ
2
ṁf cfTf ,cdt

∫ τ
τ
2
ṁf cp,f (Th − Tc)dt

≈
2
τ

∫ τ
τ
2
Tf ,hdt − Tc

Th − Tc
(9)

fosc =
1pmax

Lr

Dh

2ρf
(

νf ,max
)2 =

Dh1pmax

2Lrρf
[

πfSp

(
Ac,p

Ac,r

)]2

(10)

Here h is the interstitial solid-fluid heat transfer, which is derived
from modeling and fitting. The terms kf , α, Vr and Lr are fluid
thermal conductivity, specific surface area, volume and length of
regenerator, respectively. In the NTU approximation (Equation
7), constant fluid properties are assumed due to the weak
temperature dependence on density and specific heat capacity in
pure water. ηh and ηc are effectivenesses associated to hot blow
and cold blow. The approximations in Equation (8, 9) eliminate
the effect of possible mismatching phases of Tf ,h, Tf ,c and ṁf

during the measurements. The parameter fosc is the oscillatory
friction factor based on the maximum pressure drop consistent
with the correlations.

Through the passive experiments, Nu and fosc have been
correlated through model fitting based on a single regenerator
previously reported (Liang et al., 2020). The parameters in
the correlations are further validated by variable geometrical
parameters, such as the pore size. The correlations in Nu and fosc
are taken from our previous study based on the regenerator #4.

fosc = c1Re
−1
h

+ c2 (11)

Nu = c3

[

Lr
(

DhReh Pr
)

]c4

(12)

Where c1 ∼ c4 are fitting parameters assumed to depend on
matrix morphology only; Pr is the Prandtl number.

Active Characterization
The AMR test machine is a small-scale reciprocating system
(Figure 2), which consists of a fixed Halbach cylinder permanent
magnet and a reciprocating regenerator. The apparatus performs
a four-step AMR cycle; the applied magnetic field is changed
periodically from ∼0 to 1.1 T. Oscillatory fluid blows are
generated by the piston synchronizing with the magnetic
field changing. The period for each of the four steps cycle
are controlled by the stepper motors, and marked (τ1-τ4) in
Figure 3A. Thus, the frequency in the AMR test machine is
determined by:

f =
1

τ
=

1

(τ1 + τ2 + τ3 + τ4)
(13)

Where τ and τ1- τ4 are the whole cycle period and the each step
period, respectively. During the blow periods (τ2 and τ4), the flow
profile is divided into parts taken up by flow pauses, flow ramps
and full flow, all together add up to one for a complete cycle.

An electric heater works as a cooling load simulator at the cold
end, of which power is determined by the product of voltage and
current. The specific cooling capacity is defined as

q̇c =
UheaterIheater

ms
(14)

WhereUheater and Iheater are voltage and current respectively. As a
compact design to reduce the dead volume effect (Trevizoli et al.,
2018), the thermocouples located at the hot end (Tf ,h (t)) and
cold end (Tf ,c (t)), which are shown in Figure 2, are only used
for reservoir temperature estimations.

Th =
1

τ

∫ τ

0
Tf ,h (t) dt (15)
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Tc =
1

τ

∫ τ

0
Tf ,c (t) dt (16)

1T = Th − Tc (17)

Where 1T is the temperature span. The whole apparatus
is installed in a thermostatically controlled cabinet. The
temperatureTh is controlled by adjusting the cabinet temperature
due to heat interaction between the cabinet and heat exchanger.
The temperature equilibrium between the hot reservoir and
ambient is determined in part by heat leakage to the cabinet,
which are minimized in the experimental setup. Although the
system still must accept a small heat leak that deteriorates the
performance, it is also a realistic operating condition for a real
magnetic refrigeration application (Arnold et al., 2014). The
temperature evolution speed is observed to decrease with time as
the system stabilizes. The cyclic steady state point is treated as a
cutoff criterion for evaluating the performance (Czernuszewicz
et al., 2019), including Equation (14–17). In the community
of magnetic refrigeration, curves of cooling capacity (Q̇c) vs.
temperature span (1T) are usually defined as the cooling curves
(Rowe, 2011). In general, the slope of the cooling curves is
steeper in higher utilization conditions (Trevizoli et al., 2016;
Li et al., 2019). At the end-points of cooling curve are zero-
span cooling capacity and no-load temperature span, which are
essential metrics in AMR devices (Teyber, 2018).

RESULTS AND DISCUSSIONS

Freeze-cast regenerators #1, #2 and #3 are compared
experimentally in order to investigate the flow resistance, heat
transfer performance, cooling capacity, regenerative temperature
lift and mechanical stability. Relevant data regarding regenerator
#4 may be found in our previous study (Liang et al., 2020).

Modeling Correlations and Validation
The fitting parameters in Equation (11, 12) determined for each
regenerator are shown in Table 2. The values of c1 and c2 are
varied by different pore sizes, especially in regenerator #3 (the
smallest pore size). The values of c3 and c4 are treated as constants
because of negligible changes during the fitting program.

The deviations between experiment and the fit in
Tf ,h (t) ,Tf ,c (t) and pressure drop are evaluated by the relative
root mean square error (RRMSE) under all tested operating
conditions and regenerators #1, and #2 and #3 in Figure 4.
Comparing the fit and experimental data, the maximum
temperature deviation is 1.18 and 3.6% for pressure drop, which
indicates that the simulation results are in good agreement
with the experimental readings and thus that the parameters in
Table 2 can be used to model the internal characteristics of the
freeze-cast regenerators.

Passive Performance Analysis
Pressure drop is the major characteristic of the flow resistance
in a regenerator. The pressure drop generally depends on
pore velocity, regenerator length, hydraulic diameter, channel
tortuosity and channel wall roughness. Since the tested
regenerators are designed with the same length, tortuosity, macro
porosity, total porosity and surface roughness, the curves of

1pmax ∼ f in Figure 5A are essentially the relations of the
pressure drop and the pore velocity. As found in literature (Lei,
2016), the frequency and therefore the velocity responds quite
linearly to the pressure gradient, which suggests that Darcy’s
law is valid for these regenerators. These phenomena are widely
captured for small amplitude oscillating flows (Hsu et al., 1999;
Hsu and Biwa, 2017). The oscillatory flow pressure loss increases
both with increasing dimensionless oscillation amplitude (∝
1
Dh

) and kinetic Reynolds number (Zhao and Cheng, 1996).

Consequently, a smaller hydraulic diameter results in a higher
pressure drop, based on the same flow conditions and other
geometry parameters. The pressure drops in regenerators #1, #2
and #4 are similar. As will be discussed below, regenerator #1
shows higher pressure drop than expected based on the hydraulic
diameter in Table 1. One possible reason from Figure 1A is more
dendrites in regenerator #1, which results in higher roughness
and hydraulic resistance.

The dimensionless relationships of fosc ∼ Reh are shown in
Figure 5B. Because the variations in hydraulic diameter between
the regenerators, the fosc in regenerators #1 and #3 are close to
each other, while the fosc in regenerator #2 is lower. The friction
factor in the pores for periodic steady flows can be generally
defined as follows (Zhao and Cheng, 1996; Jin and Leong, 2008;
Pamuk and Özdemir, 2012).

fosc =
2D2

r

K
︸︷︷︸

c1

Re−1
h

+
2DrF√

K
︸ ︷︷ ︸

c2

(18)

Where Dr is the inner diameter of the regenerator. K is the
permeability of the porous media, which links to the pore
structure as K ∝

(

c, ε, 〈r〉2
)

(Nishiyama and Yokoyama, 2017)..
The geometric factor c is related to the shape, connectivity,
aspect ratio and tortuosity of the pores. Average pore radius 〈r〉
indicates the pore width. F is the inertial coefficient, which is
normally important when the flow velocity is high. Consequently,
parameters c1 and c2, which correspond to Equation 11 and
Table 2, indicate the viscous and inertial forces, respectively.
For low velocity the viscous term dominates, whereas for
high velocity the inertia term does. Since the Reh is quite
low (<15), the corresponding low value of c2 represents the
weak inertial behavior in freeze-cast regenerators. Intrinsically
the friction factor is mainly determined by the permeability.
According to Figure 1, when the pore width decreases, the
cross sectional shape of pores becomes narrow; the permeability
might be reduced. However, in regenerator #3 with large
pore size, dendrites are obvious inside the pores; which also
results in low permeability. Thus, the regenerator #2 have
the highest permeability among these three regenerators due
to the value of c1 in Table 2. From our tuning ability of
pore width, there will be an optimal pore width obtaining
the highest permeability and lowest hydraulic resistance, which
needs detailed characterization of regenerators of various pore
widths in the future.

Effectiveness is an index for heat storage evaluation.
It depends on operating conditions (i.e., utilization and
frequency), solid thermal conductivity and interstitial heat
transfer performance. The ηh ∼ NTU curves based on each
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TABLE 2 | The values of the correlation parameters by fitting program, c3 and c4 of regenerators #1 to #3 are treated as the same as the values in regenerator #4,

because the deviations between the modeling and experiments are small.

Parameters Regenerator#1 Regenerator #2 Regenerator #3 Regenerator #4

c1 524.1 304.2 489.1 357.5

c2 1 × 10−8 1 × 10−6 1 × 10−8 1 × 10−8

c3 0.34 0.34 0.34 0.34

c4 −0.32 −0.32 −0.32 −0.32

Twelve different conditions are used for determining the parameters of c1 and c2, which are also plotted below in Figure 5B.

FIGURE 4 | Experimental and fit comparisons of relationships of RMSE distributions for regenerators #1, #2 and #3.

utilization in Figure 6 reveal the comparison of interstitial heat
transfer between different freeze-cast regenerators. In principal,
the trends of ηh ∼ NTU for freeze-cast regenerators should be a
positive correlation. As discussed previously (Liang et al., 2020),
thermal losses and equipment problems may cause negative
correlations at some points (see Figure 6). Regenerator #3
exhibited the highest average effectiveness over NTU. This is
probably attributed to the larger specific surface area shown
in Table 1, and the higher interstitial heat transfer coefficient.
Since the Nu correlations are the same among these freeze-
cast regenerators (Table 2), smaller hydraulic diameter design
results in higher heat transfer coefficient in Equation 5. For
each utilization in regenerators #1 to #3, the average ηh and the
hydraulic diameter of regenerator are also in positive correlation.
Smaller pore width or hydraulic diameter will cause higher heat
transfer performance based on the same operating condition
and geometry parameters. Regenerator #4 has estimated 10%
MCM loss due to necessary modification to mount the
regenerator in the housing. Thus, the effectiveness in regenerator

#4 is the lowest as the local utilization is higher than for
the others. Therefore, processing freeze-cast regenerators with
smaller pore width can improve heat transfer performance to
some extent.

To couple the heat transfer and flow resistance characteristics,
the UA (heat transfer coefficient times heat transfer surface area)
vs. pressure drop are plotted in Figure 7. UA increases with the
pressure drop with a sub-linear trend. The improvement of UA
caused by increasing pressure drop decreases when the value of
UA is sufficiently large. Regenerator #1 exhibits the lowest values
of heat transfer performance for a given pressure drop compared
to other freeze-cast regenerators. The main reasons are probably
the details of the channel shape such as significant dendrites
(Figure 1A) and larger friction factor (Figure 4A). Consequently,
the internal dendrites probably cannot significantly enhance heat
transfer performance by imposing channel roughness. One way
to achieve a better trade-off between heat transfer and flow
resistance is reducing the dendrites, which should be considered
in future processing of freeze-cast regenerators.
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FIGURE 5 | (A) Pressure drop amplitude as a function of frequency and (B) oscillatory friction factor as a function of pore Reynolds number under different utilizations.

All the regenerators are measured based on the same manifold and hydraulic system in the passive rig. All the regenerators have nearly the same sample porosity,

macro porosity and shape. Note that there is ∼10% reduction of the length of regenerator #4 due to practical reasons. The data for regenerator #4 are derived from

Liang et al. (2020).
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FIGURE 6 | Effectiveness as a function of NTU for different utilizations. The effectiveness is based on hot to cold blow. Since there is ∼10% reduction in length in

regenerator #4, the actual utilization in regenerator #4 is higher than others at the same subplot. The data at regenerator #4 are from our previous publication (Liang

et al., 2020).

FIGURE 7 | UA vs. pressure drop among regenerators #1, #2, #3 and #4.
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Active Cooling Performance Comparison
Due to reasons described in section Regenerator Stability, only
regenerators #3 and #4 were tested successfully in the active test
machine. Since the mass of each regenerator is small (∼30 g), the
absolute values of the temperature span are small in comparison
to other results from the same AMR device (Bahl et al., 2012;
Turcaud et al., 2015). However, the results shown in Figure 8

are valid for comparable studies of the regenerators discussed
here. Compared to relevant measures in Lei et al. (2015, 2018),
Navickait et al. (2018) with first order phase transition (FOPT)
materials, the no-load temperature span (1T0) in Figure 8A is
not so sensitive to the hot reservoir temperature due to the
weaker temperature dependency of LCSM06 properties. MCMs
always show the largest performance around their transition
temperature. The maximum 1T0 for both regenerators #3
and #4 are located at Th = 15oC. This reveals that the
actual transition temperatures of LCSM06 in the freeze-cast
regenerators are around 15oC. As regards the absolute value
of 1Tad, LCSMx cannot compete with Gd. Engelbrecht et al.
(2011) tested tape cast LCSMx plate regenerators, and obtained a
maximum temperature span of 5.1◦C, which was lower than the
maximum temperature span in Gd. This was caused by higher
specific heat capacity in LCSMx and therefore lower adiabatic
temperature change(1 Tad)

Curves of 1T0 ∼ U presented in Figure 8B indicate
the optimal utilizations are ∼0.88 for both regenerators
under no-load operations. In the active test machine, heat
transfer to the ambient through the housing and piston are
unavoidable. Since the amount of cooling capacity is small
in freeze-cast regenerators, heat losses/gains are critical in the
experiments. The optimum utilization is a balance between
enough fluid being blown to maintain a high cooling capacity
for covering the heat gain from the ambient, but at the
same time little enough not to destroy the temperature span
(Navickaite et al., 2018). Since cooling capacity in freeze-cast
regenerators is rather weak, the proportion of the ambient heat
gain made by cooling capacity is large. Thus, the optimum
utilization here is larger than common values reported in
literature (Paulo Vinicius Trevizoli, 2015). The temperature
span measured is between 2.5 and 3.2 K due to too small
MCM mass compared to the inherent losses in the machine.
Furthermore, the 1T0 is higher in regenerator # 3 than in
regenerator #4, because of better heat transfer performance in
regenerator #3.

The cooling curves of specific cooling capacity (q̇c, Equation
11) vs. 1T are shown in Figure 8C. In the cooling curves
of regenerators #3 and #4, the specific cooling capacities
decrease proportionally to the temperature span, which are
consistent with other cases where spatial variations in MCMs
are negligible (Trevizoli et al., 2016). Since the performance
metric q̇c considers the effect of MCMmass, the outperformance
of cooling curves in regenerator #3 can be attributed to the
excellent heat transfer performance contributions. Two cooling
curves from Bahl et al. (2012) are introduced in Figure 8C,
which are based on a graded two-layer regenerator, with two
different LCSMx materials, in the form of stacked parallel
plates. TheMCM properties between the freeze-cast regenerators

FIGURE 8 | (A) Temperature span as a function of hot reservoir temperature at

a utilization of 0.59 between regenerators #3 and #4. (B) Temperature span as

a function of utilization at hot reservoir temperature of ∼15
◦
C between

regenerators #3 and #4. (C) Specific cooling capacity vs. temperature span

(cooling curves) at utilization of 0.59 and hot reservoir temperature of ∼15
◦
C

between regenerator #3 and #4, and cooling curves from a parallel plate

regenerator with similar MCM at utilization equals 0.5. Th1 and Th2 mean the

hot reservoir temperatures are 8
◦
C and 11

◦
C, respectively. The MCM in parallel

plate regenerator is layered by two LCSMx with different Curie temperatures,

which the MCM in freeze-cast regenerators is LCSM of single layer.
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and the parallel plate regenerator are almost the same, except
the different Curie temperatures. Additionally, despite being
tested under the same operating conditions using the same
experimental rig, the thermal isolations of regenerators vary
due to different housing thicknesses. Thus, the comparisons are
only to validate the active experiments rather than performance
analysis. The MCM mass of regenerators in Bahl et al. (2012)
is 51.1 g, comparing to 33.7 g in regenerator #3. Due to the
mass difference and two-layer MCM in parallel plate regenerator,
the no-load temperature span in freeze-cast regenerators are
smaller than in parallel plate regenerator. The specific zero-span
cooling capacity (1T = 0K) in regenerator #3 is quite close
to this parallel plate regenerator. Thus, the results from active
experiments can reasonably reveal the performance difference
between freeze-cast regenerators #3 and #4 due to different heat
transfer performance.

Regenerator Stability
The material stability and integrity are critical factors for future
commercialization. The stability mainly depends on geometrical
parameters (i.e., porosity and pore size), and process routine
(i.e., sintering temperature and period). All the regenerators
were run at least 200 h for the passive rig and 120 h for the
active test machine. All the regenerators survived the passive
testing. In Figures 9A,B, regenerator #1 results repeated during
a passive measurement before the active test. Comparing the
effectiveness and pressure drop between the initial and a
reproducing test, almost no variation is found in terms of
heat transfer performance and flow resistance. It is thus to
some extent shown that the regenerators can withstand the
oscillatory flow impacts. However, regenerator #1 did not survive
more than about 96-h of active test; cracks were found at
both ends. This means that the material cannot withstand the
magnetic force during the reciprocating test for a long time.
The reason is probably that a significant amount of MCM
is in the form of dendrites inside the channels (Figure 1),
thus reducing the effective form of the walls based on the
fixed porosity. Due to an accidental issue, regenerator #2 was
destroyed after passive testing and could not be run in the active
test machine. Regenerators #3 and #4 successfully passed the
passive and active tests without any visible wear. In Figure 9C,
the passive test of regenerator #4 is repeated after all the
passive and active tests finished. No significant changes in
effectiveness are observed, which validates the material stability.
The pressure drop decreases slightly, probably as a result from
the fluid flow initially unclogging some channels, since some
fine powder was captured in the meshes initially. However,
after a few days of operation, no powder was visually observed.
Similar results are also captured in regenerator #3, not presented
here for brevity. Thus, all the freeze-cast regenerators can
withstand oscillatory flow but the large pore design seems not
to be suitable for periodic magnetic field conditions. Further
assessment of freeze-cast regenerators is needed to identify
processing parameters and corresponding structural features
related to mechanical integrity under the specific operational
conditions of an AMR.

FIGURE 9 | Effectiveness (A) and pressure drop amplitude (B) comparisons

between initial test and repeated test under utilizations of 0.67, 1.01, and 1.35

in regenerator #1. The curve marked “repeated” stands for a repeated passive

test after about 300 h of passive testing. (C) Effectiveness and pressure drop

amplitude comparisons between initial test and repeated tests under

utilizations of 0.67 and 1.35 in regenerator #4. The reproducing experiment

was done after nearly 700 h of passive testing and 120 h of active testing.
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CONCLUSION

Four unconventional microchannel regenerators with different
pore widths were fabricated by freeze-casting via different
processing temperature profiles. All the regenerators were
thermally and hydraulically characterized. The effectiveness and
friction factor were derived from the passive experiments, while
the cooling capacity and temperature lift were obtained from
the active test machine experiments. The experimental data were
fitted to the correlations related to heat and mass transfer in a 1D
model. The following performance features were obtained:

• Regenerator #2 with a pore width of 49.6µm achieved
the highest flow permeability within the tested freeze-
cast regenerators.

• For freeze-cast regenerators a larger pore width results in a
decrease of both heat transfer effectiveness and pressure drop.

• Regenerators with a smaller pore width were found to
have higher heat transfer effectiveness and higher cooling
performance (specific cooling capacity and temperature span).

The stability of the freeze-cast regenerators was validated
through comparing the initial and final performance parameters
for passive operation. All the freeze-cast regenerators were
run passively without significant performance reductions for
hundreds of hours of operation. However, the regenerator
with pore width 66.3µm and significant dendrites developed
crack formation when subjected to a periodic magnetic force.
Processing parameters should be investigated in more detail
to capture the optimal balance between the performance, flow
resistance and mechanical integrity. Decreasing the channel

dendrites and adjusting the pore width by changing the
cooling rate and solvent properties in freeze-casting are
suggested for better thermal-hydraulic performance. Regarding

the regeneration ability, increasing the density of the channel
walls (lower porosity) and applying promising first order MCMs
(i.e. La(Fe,Mn,Si)13Hy) with layered design poses as an obvious
continuation of this work.
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A B S T R A C T   

This study reports specific heat transfer figures of merit for thermal regenerators and applications using the 
passive characterization, which can rapidly predict the cooling capacity of active magnetic regenerators (AMRs) 
in magnetic refrigeration. We expand the expression for the thermal effectiveness in terms of the individual 
contributions of heat storage and parasitic losses, using one-dimensional energy equations and mathematical 
estimations. Furthermore, a quantitative expression correlating the heat transfer effectiveness and cooling ca-
pacity provides a metric for the characterization of AMRs having new porous geometries. We found that the solid 
heat storage term of the effectiveness has a clearer impact on both the conjugate heat transfer and cooling ca-
pacity of AMRs than the entire effectiveness does.   

1. Introduction 

Magnetic refrigeration at room temperature is one of the most 
promising non-vapor compression cooling technologies from an energy 
saving and environmental perspective [1,2]. Although some magnetic 
refrigeration systems have been developed [3], the temperature spans 
and efficiencies are still relatively low in recent prototypes [4,5], which 
hampers their commercialization. Owing to its potential superior per-
formance in comparison with magneto-thermodynamic cycles [6], the 
active magnetic regenerator (AMR) design [7] is widely adopted in 
magnetic refrigeration devices [8]. An AMR consists of magnetocaloric 
material (MCM) in a porous structure through which a heat transfer fluid 
is displaced. During a four-step cycle, the AMR acts as both a heat 
storage medium and refrigerant that allows the system to operate over a 
much larger temperature span than the adiabatic temperature change of 
the MCM [9]. The non-magnetic effects [10], such as finite conjugate 
heat transfer, play a major role in performance and efficiency. 

Characterization of an AMR is generally achieved through passive 
and active testing. Passive testing is performed to isolate the thermal-
–hydraulic performance of regenerators intended for active testing. An 
AMR can be passively tested by removing the magnetic field or/and 
using alternative non-magnetic materials instead of MCM [11], where 
the magnetocaloric properties can be measured independently [12]. 
Complete AMR testing focuses on the periodic interactions among fluid 
flow, MCM properties, and the applied magnetic field [13]. AMR 

performance could potentially be improved through the development of 
new porous geometries [14] by methods such as selective laser melting 
[15], freeze-casting [16], 3D printing [17] or other novel fabrication 
techniques that can be used to fabricate new, high-performance AMR 
geometries. Due to manufacturing limitations and cost of MCMs, new 
regenerator geometries are often first fabricated with conventional 
materials (i.e. aluminum compound or stainless steel). Thus, passive 
characterization is an economical and effective thermal–hydraulic 
assessment in regenerator geometry studies [18,19]. 

For heat exchanger thermal design [20], the effectiveness (ε) and the 
number of transfer units (NTU) are frequently applied as heat transfer 
figures of merit in passive characterization. The ε-NTU approach is 
preferred when designing a thermal regenerator, because 1) effective-
ness provides the criterion for heat transfer and can be derived only by 
measuring temperature response and 2) NTU is a comparable bench-
mark for the thermal size of a heat exchanger. So far, the ε-NTU 
approach has been successfully used to rank different AMR geometries 
from a heat transfer standpoint [21–23]. Additionally, the ε-NTU 
approach can assist the geometry and operating parameter optimiza-
tions via entropy generation minimization [24,25]. In a thermal 
regenerator, the effectiveness is an overall measure of the heat storage 
efficiency. Conjugate heat transfer sometimes is not strongly correlated 
with the effectiveness owing to the impacts of the internal dead volume 
and other parasitic losses. Thus, the ε-NTU approach possibly results in 
mismatches between effectiveness values and heat transfer perfor-
mance. For example, 1) a high effectiveness value does not necessarily 
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provide the best thermal–hydraulic and cooling performance [26], 2) 
the ε–NTU relationship may predict behavior that does not agree with 
experimental data owing to neglected external impacts [27], and 3) 
some paradoxical measures are captured under inappropriate operating 
conditions, which will be revealed in this paper. To map the effective-
ness to the heat transfer performance for regenerators, the ε–NTU 
approach can be extended by deriving additional figures of merit. 

Under a magneto-thermodynamic cycle, the general figures of merit 
for AMRs focus on the cooling capacity, temperature lift, and coefficient 
of performance (COP). Researchers extended these metrics to the exer-
getic power quotient [28] and second law efficiency [29] by coupling 
the cooling power with the temperature span and even the magnetic 
field. However, it is less feasible to visualize the potentialities of passive 
thermal regenerators with new geometries owing to a lack of data on 
cooling power. The figures of merit of thermal regenerators and AMRs 
cannot be correlated directly. Considerable effort has been made to 
model these connections [30]. ̌Sarlah and Poredoš [31] found that a 10% 
increase in the heat transfer coefficient results in a 4.4% temperature 
span increase in an AMR using a numerical model. Numerical models 
have also been developed using the heat transfer correlations from 
theoretical or passive characterization [32]. To make the high resolution 
models more realistic, irreversible losses are incorporated in them [33] 
or several component values or dimensions are utilized [34–36]. To 

improve execution, simplified models are developed by reducing the 
temporal and spatial dimensions (i.e. zero-period models [37]). Rowe 
[38,39] reduced the AMR physics to a single partial differential equation 
using the assumptions of the local thermal equilibrium and constant 
temperature gradient over the duration of each blow. The cooling power 
and temperature distribution were coupled with the operating param-
eters mathematically. Burdyny and Rowe [40] improved the simplified 
model by post-imposing finite solid–fluid convection into the thermal 
losses without affecting the internal temperature profile. On this foun-
dation, the simplified models were extended to incorporate the magnetic 
field waveforms [41] and layering AMRs [42]. As the heat transfer co-
efficient is indispensable for standard porous media models, a new ge-
ometry to be applied in an AMR with an unknown heat transfer 
coefficient can be alternatively evaluated through the effectiveness. The 
effectiveness of a thermal regenerator carries physical information 
about heat transfer and thermal losses. Inputting experimental effec-
tiveness data instead of operating parameters is feasible for incorpo-
rating actual conjugate heat transfer and parasitic losses into a 
simplified model. An analytical or mathematical understanding of the 
impact of heat transfer on the cooling power is desirable for designing 
and optimizing AMRs. The existing models still find it challenging to 
transfer figures of merit from thermal regenerator to AMR intuitively 
and rapidly. 

Nomenclature 

Abbreviations 
AMR Active magnetic regenerator 
ASM AlSi7Mg0.6 
COP Coefficient of Performance 
LCSM La0.66Ca0.27Sr0.06Mn1.05O3 
MCE Magnetocaloric effect 
MCM Magnetocaloric material 

Variables 
Ac Cross sectional area, [m2] 
c Specific heat capacity, [J kg− 1 K− 1] 
CNu Scaling factor of Nusselt number, [–] 
Dh Hydraulic diameter, [m] 
f Frequency, [Hz] 
h Convective heat transfer coefficient, [w m− 2 K− 1] 
H Internal magnetic field, [A m− 1] 
h Convective heat transfer coefficient, [w m− 2 K− 1] 
k Thermal conductivity, [w m− 1 K− 1] 
L Length, [m] 
m Mass, [kg] 
NTU Number of transfer units, [–] 
Nu Nusselt number, [–] 
p Pressure, [Pa] 
q̇ Specific cooling/heating power, [w kg− 1] 
Q̇ Cooling/heating power, [w] 
Re Reynolds number 
s Specific entropy, [J K− 1 kg− 1] 
T Temperature, [K] 
t Time, [s] 
U Utilization, [–] 
v Velocity, [m/s] 
V Volume, [m3] 
x Axial position coordinate, [m] 

Greek symbols 
a Specific surface area, [m− 2] 
βε Effectiveness imbalance, [–] 

Δ Difference 
∊ Porosity, [–] 
ε Effectiveness, [–] 
ζ Reduced cooling capacity, [–] 
η Individual part of effectiveness, [–] 
μ Dynamic viscosity, [Pa⋅s] 
ξ Regeneration ratio, [–] 
ρ Density, [kg m− 3] 
τ Period time, [s] 
φ Relative fluid displacement, [–] 
χf Relative fluid displacement, [–] 

Subscripts 
active Active 
ad Adiabatic 
c Cold end or cold-to-hot blow 
c1 Cold-to-hot blow begins 
c2 Cold-to-hot blow ends 
demag1 Demagnetization begins 
demag2 Demagnetization ends 
disp Dispersion 
eq Equivalent 
f Fluid 
fhs Fluid heat storage 
h Hot end or hot-to-cold blow 
h1 Hot-to-cold blow begins 
h2 Hot-to-cold blow ends 
hc Heat conduction 
in Inlet or inflow 
mag1 Magnetization begins 
mag2 Magnetization ends 
max Maximum 
out Outlet or outflow 
pump Pumped amount per period 
s Solid 
shs Solid heat storage 
stat Static 
vd Viscous dissipation  
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In this study, we re-formulated the effectiveness of a thermal 
regenerator in terms of media heat storage and parasitic losses to extract 
a useful figure of merit for the conjugate heat transfer. To determine the 
relations of specific figures of merit, we analyzed the individual con-
tributions of the effectiveness for various regenerators and operating 
parameters. The solid heat storage term of the effectiveness was iden-
tified as a well-suited heat transfer figure of merit for thermal re-
generators. We proposed an effective utilization range in which an 
evident positive correlation between effectiveness and conjugate heat 
conductance is achieved. Mathematical estimations for mapping passive 
measurement to active performance were investigated and numerically 
and experimentally validated. These figures of merit were developed 
especially for AMRs employing new geometries. Besides the operating 
parameters, the inputs were only the passive effectiveness and individ-
ual MCM properties. 

2. Energy equation derivation 

The governing equations in this study are the same as in our previous 
1D model shown in Eqs. (A1) and (A2). The deduction process is 
explained in detail in Appendices A–C, and interested readers can refer 
to the Appendices in advance. The goal is to derive the control equations 
via the heat transfer effectiveness instead of solving the temperature 
field numerically. The energy conservative equations for solid and fluid 
domains can be merged into Eq. (1) by eliminating the conjugate heat 
transfer term (heat convection). For brevity, the effectiveness and con-
jugate heat transfer are specifically referred to as heat transfer effec-
tiveness and solid–fluid convective heat transfer, respectively. 

Note that the magnetocaloric heat indicates the heat associated with 
isothermal (de)magnetization [43], which is negative at demagnetiza-
tion and positive during magnetization. Equation (1) indicates the en-
ergy flow during the active magnetic regenerative cycle [44]. In the 
cooling application, the magnetocaloric heat is primarily converted to 
heat storage and heat advection and, to a lesser extent, to heat 

conduction and viscous dissipation. Heat advection can be correlated to 
the cooling capacity in an AMR and the effectiveness in a passive 
regenerator. Consequently, the heat conduction and viscous dissipation 
terms can be treated as parasitic losses, while the heat storage terms are 
the energies required to establish the temperature span. 

The model undergoes a four-step magnetic refrigeration cycle, as 
shown in Fig. 1: magnetization, cold-to-hot blow, demagnetization, and 
hot-to-cold blow. In practice, there is a no-flow period in between each 
step (Fig. A1). The energy equations are the same as those in the baseline 
1D model from Ref. [45]; the inherited and additional assumptions can 
be summarized as follows.  

(1) The mass flowrate of the incompressible fluid is spatially uniform 
within the bed.  

(2) The effects of heat loss and dead volume are negligible.  
(3) Magnetic and thermal hysteresis are neglected.  
(4) The temperature and velocity fields are uniform in the transverse 

direction.  
(5) The local thermal equilibrium in the transverse direction is 

reached after each no-flow period: Tf(x, tc1) ≈ Ts(x, tc1),Tf(x,
th1) ≈ Ts(x, th1) with nomenclature shown in Fig. A1. 

In assumption (5), the local thermal equilibrium is only imposed 
before a blow begins based on the short delay after the field change in 
many prototypes [46–50]. In a departure from Refs. [38,39], the local 
thermal equilibrium between the solid and fluid is not assumed during 
the fluid blows, as finite conjugate heat transfer is incorporated in the 
effectiveness behavior. The validity of this assumption depends on the 
solid–fluid natural convection, and therefore the hydraulic diameter and 
no-flow duration. With regard to simplified models for a packed bed 
AMR with 0.3 mm Gd particles, the same assumption of local thermal 
equilibrium in no-flow periods is applied [41,51]. Simulations for fre-
quencies of 2–4 Hz and utilizations of 0.62–1.28 are well validated by 
experimental results for a small AMR prototype. The assumptions should 
be valid in the same parameter space for the analysis presented in this 
paper. In the following derivations, only hot-to-cold blow and cooling- 
related equations are presented, for brevity. The equations for the 
other half cycle are shown in Appendices B–C. 

2.1. Figures of merit for a thermal regenerator 

The classical heat transfer figure of merit for a thermal regenerator - 
effectiveness, is defined and estimated during a hot-to-cold blow, as 
follows (please see Appendix B for details): 

εh =

∫ τ
τ/2 ṁf cf Tf ,h,indt −

∫ τ
τ/2 ṁf cf Tf ,c,outdt

∫ τ
τ/2 ṁf cf ΔThcdt

(2)   

Fig. 1. Schematic of a magneto-thermodynamic cycle in an active magnetic 
regenerator. 

Ac(1 − ∊)ρsTs
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∂ss

∂H

)
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∂H
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⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Magnetocaloric heat

=
∂
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(

Ac

(

kstat
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∂x
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∂Tf

∂x

))

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Heat conduction

− ṁf cf
∂Tf

∂x⏟̅̅̅̅ ⏞⏞̅̅̅̅ ⏟
Heat advection

+

⃒
⃒
⃒
⃒
⃒
⃒

∂P
∂x

ṁf

ρf

⃒
⃒
⃒
⃒
⃒
⃒

⏟̅̅̅̅ ⏞⏞̅̅̅̅ ⏟
Viscous dissipation

− Ac∊ρf cf
∂Tf

∂t⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟
Fluid heat storage

− Ac(1 − ∊)ρscs
∂Ts

∂t⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Solid heat storage

(1)   
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≈
Ts(0) − Ts(τ/2)

UhΔThc⏟̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅ ⏟
ηh,shs

+
Tf (0) − Tf (τ/2)

φΔThc
⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟

ηh,fhs

−
Ac

2fLVpumpρf cf

[
kstat +kdisp

]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
ηh,hc 

−
Δp

ρf cf ΔThc
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

ηh,vd

(3)  

where parameters φ, U, ΔThc, and f denote the relative fluid displace-
ment (Eq. (B10)), utilization (Eq. (B6)), the temperature difference be-
tween the hot reservoir and cold reservoir, and frequency, respectively. 
Eq. (2) is widely used for evaluating counter-flow thermal regenerator 
efficiency [52]. The expression in Eq. (3) reveals the individual contri-
butions to the effectiveness. The first term ηh,shs is the solid heat storage 
rate normalized by the ideal heat transfer one. The second term ηh,fhs is 
the normalized rate of heat storage of the fluid, which can be treated as 
the effect of internal dead volume. The third term ηh,hd indicates the 
negative contribution by axial heat conduction for both the solid and 
fluid phases. The fourth term ηh,vd describes the normalized viscous 
dissipation heat by flow resistance, which is positive for cold-to-hot 
blow, and negative for hot-to-cold blow (Eq. (A12)). 

As will be discussed in Section 3.2, the major parts of εh are ηh,shs and 
ηh,fhs. Based on well-designed regenerators, such as (1) local thermal 
equilibrium during the fluid blow [38], 〈Ts(0)〉 − 〈Ts(τ/2)〉
≈ 〈Tf(0)〉 − 〈Tf(τ/2)〉, and (2) negligible parasitic losses, ηh,hc ≈ 0 and 
ηh,vd ≈ 0, then, 

ηh,shs/ηh,fhs =
φ
Uh

⋅
〈Ts(0)〉 − 〈Ts(τ/2)〉
〈Tf(0)〉 − 〈Tf(τ/2)〉

≈ φ/Uh =
(1 − ∊)ρs〈cs〉h

∊ρf cf
(4)  

ηh,shs ≈ εh/(1+Uh/φ) (5)  

where φ/U is the ratio of regenerator matrix to entrained fluid capacities 
[53]. On the other hand, heat load at the cold side (Q̇c,passive) is illustrated 
below and derived in Appendix B. 

Q̇c,passive = f
∫ τ

0
ṁf cf

(
Tf ,c,out − Tf ,c,in

)
dt (6)  

= f ρf cf VpumpΔThc(1 − εh) (7) 

As the effectiveness increases, the required heat load decreases. The 
heat load is proportional to the frequency, fluid thermal mass per cycle 
(ρfcfVpump), and temperature span (ΔThc). From studies on packed bed 
regenerators [45], the heating power is experimentally proportional to 
the temperature span, which is consistent with Eq. (7). Consequently, 
heat load can be an interchangeable figure of merit with effectiveness. 

2.2. Predictions for an active magnetic regenerator 

AMRs undergo a cold-to-hot blow and a hot-to-cold blow after 
magnetization and demagnetization, respectively. Compared to the fluid 
blows in a passive regenerator, the fluid blows in an AMR are addi-
tionally influenced by the magnetocaloric heat. During the demagnet-
izing period, the magnetocaloric heat results in a temperature decrease 
over the regenerator. To apply the effectiveness in this scenario, we 
defined the equivalent effectiveness for the active regenerator, 

εh,active =

∫ th2
th1

ṁf cf Tf ,h,indt −
∫ th2

th1
ṁf cf Tf ,c,outdt

∫ th2
th1

ṁf cf ΔTeqdt

≈
Th −

∫ th2
th1

Tf ,c,out(t)dt/(th2 − th1)

ΔTeq
(8)  

where ΔTeq = ΔThc +〈|ΔTad|〉/(1+U/φ) derived in Appendix C is the 
temperature span between the equivalent hot and cold reservoirs. The 
numerator in Eq. (8) is the actual heat advection during the hot-to-cold 

blow, while the denominator is the maximum obtainable heat transfer 
amount. 

The εh,active allows us to connect effectiveness from passive experi-
ments. Comparing Eqs. (2) and (8), we assume, 

εh,active|ΔT=ΔThc
≈ εh,passive|ΔT=ΔTeq

(9) 

The value of εh,activefor a temperature span of ΔThc approximately 
equals the effectiveness of the passive regenerator with the same size, 
heat capacity, geometry and fluid flow profile, but the temperature span 
is imposed as ΔTeq. From the passive effectiveness, the active cooling 
capacity based on the same regenerator configurations and flow profiles 
is provided in Appendix C. The specific cooling capacity can be derived 
from Eq. (C8), 

q̇c =
Q̇c,active

ms
≈ fUh〈cs〉[εh〈|ΔTad |〉/(1 + Uh/φ) − (1 − εh)ΔThc ] (10) 

The MCM properties and magnetic field parameters are considered in 
〈ΔTad〉. For well-designed regenerators in Eq. (7), the cooling capacity 
can be written as, 

q̇c ≈ fUh〈cs〉
[
ηh,shs〈|ΔTad |〉 − (1 − εh)ΔThc

]
(11) 

The specific cooling capacity of zero-span q̇c|ΔThc=0 and no-load 
temperature span ΔThc|q̇c=0 are derived via Eq. (10). 

q̇c|ΔThc=0 ≈ fUh〈cs〉εh〈|ΔTad |〉/(1+Uh/φ) (12)  

ΔThc|q̇c=0 ≈ εh/(1 − εh)⋅〈|ΔTad |〉/(1+Uh/φ) (13) 

Although no assumption for the internal temperature gradient is 
applied to derive Eqs. (10)–(13), an assumed temperature profile is 
needed to average 〈|ΔTad|〉, U, and 〈cs〉. For a well-designed regenerator 

Table 1 
Geometrical parameters of the simulated regenerators.  

Parameters SS 
Regenerator 

ASM 
Regenerator 

Gd 
Regenerator 

LCSM 
Regenerator 

Type Passive Passive Active Active 
Material Stainless 

steel 
AlSi7Mg0.6 Gadolinium LaCaSrMnO 

Bed Self-defined 
†

Self-defined 
†

Packed 
spheres ‡

Microchannel 

Constant 
parameters 

Frequency Frequency Displacement 
velocity 

Displacement 
velocity 

Thermal 
conductivity 
(w/(m⋅K)) 

16 105.5 11.0 1.5 

Density (kg/ 
m3) 

8900 2660 7900 6100 

Specific heat 
(w/K/kg), 
background 

700 878 300 520 

Curie 
temperature 
(oC) 

– – 18 21 

Temperature 
span (K) 

5–30 5–30 5–30 5–30 

Max. magnetic 
field (T) 

0 0 1.1 1.1 

Shape (ØD ×
L, mm ×
mm) 

Ø30 × 30 Ø30 × 30 Ø30 × 30 Ø30 × 30 

Porosity 0.1–0.9 0.1–0.9 0.45 0.72 
Specific 

surface area 
(m− 1) 

1.00 × 104 1.00 × 104 1.10 × 104 2.20 × 104  

† The geometry is not specified. Porosity (∊) and specific surface area (α) are 
the inputs for geometrical characterization, and hydraulic diameter is post 
calculated by Dh = 4∊/α. The values of α in the table are only valid under the 
conditions where α is fixed. 

‡ Spherical diameter of particles is 0.3 mm. 
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with limited data, a linear temperature profile is assumed. In Ref. [39], a 
single partial derivative equation was used to obtain a temperature 
profile analytically in cases where a local thermal equilibrium existed. 
Based on the above derivations, the following explanations can be 
offered.  

(1) The frequency, adiabatic temperature change, and effectiveness 
directly enhance the cooling capacity of an AMR. However, a 
higher frequency does not necessarily convert into a propor-
tionally higher cooling power [54], because a higher frequency 
normally results in a lower NTU and therefore a lower 
effectiveness.  

(2) In Eq. (10), the cooling capacity decreases proportionally with 
increases in the temperature span, which has been widely re-
ported [55]. On the other hand, 〈|ΔTad|〉 is a function of ΔThc, 
which causes a deviation from a linear relationship. 

From Eqs. (12) and (13), the regeneration ratio (ξ) [56–58] and 
reduced isothermal cooling capacity (ζ) can be defined to evaluate the 

regenerator performance relative to material’s caloric effect, 

ξ =
ΔThc|q̇c=0

〈|ΔTad |〉
=

ε
(1 − ε)(1 + U/φ)

(14)  

ζ =
q̇c|ΔThc=0

T〈|Δsiso|〉
≅

q̇c|ΔThc=0

〈cs〉〈|ΔTad|〉
=

fUε
1 + U/φ

(15)  

3. Results and discussion 

The suggested heat transfer metrics are validated against numerical 
results and experimental results. Eq. (3) is validated using model pre-
diction for two passives regenerators: the SS and ASM regenerators in 
Table 1. Eq. (10) is validated for active regenerator operation using a 1D 
AMR model [45] for the Gd and LCSM regenerators in Table 1. For the 
passive validation, the model was used to predict regenerator effec-
tiveness for an applied field of 0 T. For active validation, the model first 
predicts passive regenerator effectiveness and subsequently to predict 
temperature span and cooling for AMR operation. For the passive re-
generators, the porosity and Nusselt number (Nu) were varied to achieve 
a range of predicted regenerator effectiveness. In the active re-
generators, the heat transfer parameters are calculated from correlations 
for packed bed [45] and microchannels made by freeze-casting [16] 
regenerators. Although the shape of the regenerator has a dominant 
effect on the pore velocity and the axial conduction losses, it has no 
impact on φ/U shown in Eq. (4). As U and φ are the main inputs in Eq. 
(3), a single aspect ratio analysis with different U and φ is sufficient in 
this study. 

3.1. Validation of the equation approximations 

The aforementioned approximations are compared with the 1D 
model results in Fig. 2. The parameters for validation are summarized in 
Table 2 for readability. The effectiveness comparison in Fig. 2(a) vali-
dated the effectiveness decomposition from Eq. (5). For a relatively low 
porosity (0.15 or 0.4), the estimated effectiveness is slightly higher than 
the simulation, probably owing to overestimation of the viscous dissi-
pation term (Eq. (S39)). For the ASM regenerator at low utilization 
(U ≤ 0.4), some degree of underestimation appears owing to 

Fig. 2. Comparison of (a) effectiveness during hot-to-cold blow and (b) specific 
cooling capacity of 1D model simulation predictions and analytical estimations. 
The dotted curves represent the estimations obtained from Eq. (10) based on a 
linear temperature profile. 

Table 2 
Numerical validation parameters for effectiveness decomposition and cooling 
capacity prediction.  

Parameters Effectiveness 
decomposition 

Cooling capacity 
prediction 

Regenerators SS, ASM Gd, LCSM 
Target equation Eq. (4) Eq. (10) 
Baseline Eq. (2) Eq. (C6) 
Figures Fig. 2(a) Fig. 2(b) 
Hot reservoir temperature 

(oC) 
25 15, 25 

Porosity 0.15, 0.4, 0.7 0.45 (Gd), 0.72 (LCSM) 
Frequency (Hz) 1 0.12  

Table 3 
Experimental validation parameters for cooling performance prediction.  

Parameters Values 

Regenerator Triangular microchannel [60] 
Material La(Fe,Si,Mn)13Hy 

Manufacturer Vacuumschmelze GmbH & Co. 
Sources of ΔTad  Provided by manufacturer 
Equipment for εh  Passive regenerator tester [22] 
Equipment for ΔThc and q̇c  Active test machine [58,61] 
Housing (mm3) 20 × 20 × 40 
Porosity 0.38 
Hydraulic diameter (mm) 0.217  
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underestimation of the thermal conductivity term (Eqs. (A7) and (A8)). 
The cooling curves in Fig. 2(b) reveal the difference between alge-

braic approximations and 1D model predictions. In Eq. (10), the average 
specific heat 〈cs〉 and adiabatic temperature change 〈ΔTad〉should be 

Fig. 3. Experimental validation of (a) no-load temperature span (Eq. (13)) and 
(b) cooling curves (Eq. (10)). The effectiveness measured in a passive tester is 
based on the same displacement velocity (vf = 10 mm/s) and utilization (U =
1.05) as in active experiment. The insets describe the experimental data of 
adiabatic temperature change. 

Table 4 
Manifestations of individual contributions to the effectiveness (εh) and the 
effectiveness imbalance (βε).  

Individual 
contributions 

Expressions Indicators Manifestations 

Solid heat 
storage 

ηh,shs/εh  Normalized heat 
transfer amount 
from the liquid to 
solid phase 

1. ηh,shs/εh is insensitive 
to utilization (Fig. 3(a))2. 
ηh,shs/εh increases with Nu 
(Fig. 3(b)) and correlates 
with conjugate heat 
transfer.3. ηh,shs/εh 

decreases proportionally 
to the increasing porosity 
(Fig. 3(c)); the lower the 
porosity, the closer ηh,shs 

and εh are.  
Fluid heat 

storage 
ηh,fhs/εh  Fluid thermal 

storage ability and 
internal dead 
volume effect 

1. ηh,fhs/εh is insensitive 
to utilization (Fig. 3 
(a)).2. ηh,fhs/εh decreases 
with increasing Nu (Fig. 3 
(b)), and indicates the 
effect of internal dead 
volume.3. ηh,fhs/εh is 
approximately 
proportional to the 
porosity (Fig. 3(c)).  

Heat 
conduction 

ηh,hc/εh  Negative 
contributions from 
axial heat 
conduction 

1. ηh,hc/εhis negligible 
compared to εh (Fig. 3).2. 
ηh,hc increases when 
lowering frequency, 
utilization, and aspect 
ratio (Eq. (3)).  

Viscous 
dissipation 

ηh,vd/εh  Parasitic loss caused 
by viscous friction 

1. ηh,vd/εhis negligible 
compared to εh (Fig. 3).2. 
The generated heat from 
ηc,vd has a positive effect 
during cold-to-hot blow, 
while that from ηh,vd has a 
negative effect during 
hot-to-cold blow (Eq.  
(3)). The higher the 
viscous dissipation, the 
greater the deviation of 
βε from unity.   

Fig. 4. Individual contributions to the effectiveness (hot-to-cold blow) as functions of (a) utilization, (b) Nusselt number, and (c) porosity for the SS regenerator. The 
corresponding NTU values reveal the UA variations normalized by the fluid thermal mass rate. The frequencies are fixed at 1 Hz. 
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estimated based on an assumed axial temperature profile. From passive 
characterization previously published [17,59], the axial temperature 
profile as a function of position is approximately linear. Eq. (10) based 
on the linear temperature profile are included in Fig. 2(b). The simulated 
and estimated results are in good agreement. 

To validate the proposed approximations experimentally, passive 
characterization, AMR data, and material property data for a micro-
channel La(Fe,Si,Mn)13Hy regenerator were used, and the experimental 
conditions are summarized in Table 3. Fig. 3 shows the predicted AMR 
no-load temperature span and the specific cooling capacity based on 
experimental results of ΔTad and εh. Using Eq. (13), the general trend of 
ΔThc|q̇c=0 versus Th for AMR operation is predicted with a maximum 
error of ~30% in magnitude, as shown in Fig. 3(a). One reason for 
discrepancies is the unavoidable parasitic losses experienced by the 
experiments that is not considered in modelling. Owing to axial heat 
conduction and low operating frequencies, deviations from assumption 
(5) in Section 2 may result in certain errors in Eq. (13). The linear 
temperature profile assumption also causes additional errors in deter-
mining Uh and 〈|ΔTad|〉. These results imply that Eq. (13) can provide a 
reasonable prediction of the maximum no-load temperature span ob-
tained using measurements of ΔTad and εh, which can be a reference 
value for a preliminary design. In Fig. 3(b), the specific cooling capacity 
predicted by Eq. (10) fits the experimental trend and magnitude well. It 

should be noted that εh is interpolated in frequency to give the same 
values of vf for both the passive and active experiments. As Eq. (10) and 
its derivations i.e. Eq. (13) were validated numerically and experimen-
tally, the relative regeneration ability Eqs. (14) and (15) can be 
considered as figures of merit for predicting cooling performance from 
passive experiments. 

3.2. Figures of merit for passive regenerators 

The terms that contribute to passive regenerator effectiveness are 
derived in Eq. (3) and are potentially useful for predicting AMR per-
formance. The individual contributions to the effectiveness are studied 
as a function of utilization, Nu and porosity for the SS regenerator, and 
the results are plotted in Fig. 4 and summarized in Table 4. Fig. 4 shows 
that the contributions to effectiveness are a weak function of utilization 
and a strongly correlated to the porosity. For lower Nu values, the 
contributions are a strong function of Nu, but show asymptotic behavior 
as Nu increases. 

Table 4 reveals that the effectiveness does not always indicate the 
level of conjugate heat transfer. Porosity is a critical factor that affects 
the value of effectiveness. Regenerators with a higher porosity normally 
result in a higher effectiveness even though they have a very low UA. 
This is ascribed to the contribution of heat storage in the fluid ηh,fhs, 

Fig. 5. Relationships of the specific cooling capacity, effectiveness, and the solid heat storage term of the effectiveness (ηh,shs) with different (a) Nusselt number and 
(b, c) porosities. All the plots are based on the Gd regenerator. The corresponding NTU values are shown to reveal the UA variations normalized by the fluid thermal 
mass rate. 
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which indicates the internal dead volume. Internal dead volume can 
increase the effectiveness for passive regenerators, but reduce the per-
formance for AMRs. In Fig. 3, the approximation of ηh,shs shown in Eq. (5) 
is validated when Nu > 1. For low Nu or UA conditions, the local thermal 
equilibrium is not reached during the fluid blow, thus Eq. (5) is not 
applicable. 

As seen in Fig. 3, the impacts of ηh,hc and ηh,vd on the value of effec-
tiveness are subtle. However, ηh,hc and ηh,vd have a significant influence 
on the value of effectiveness imbalance (βε = εc/εh) shown in Table 4. It 
has been determined that βε cannot be unity even under balanced flow 
conditions and when a non-MCM material is employed. Some findings in 
the literature for βε can be sufficiently explained by the individual 
contributions of ηh,hc and ηh,vd. Trevizoli et al. [59] stated that the 
effectiveness imbalance is likely caused by the axial conduction and 
temperature dependent properties, which are attributed to the varia-
tions in ηh,hc from εh to εc. From the experimental curves of NTU βε in 
Ref. [62], the effectiveness imbalance tends to be above unity in the 
following scenarios.  

(1) Simultaneously high frequencies (low NTU) and high utilizations. 
This is probably due to the sign change on ηh,vd from εh to εc (Eqs. 
(B9) and (B11)).  

(2) Simultaneously low frequency (high NTU) and low utilization: 
this is probably due to the relatively high value of ηh,hc (Eq. (3)). 

Thus, ηh,hc and ηh,vd are the indicators for the parasitic losses due to 
axial conduction and viscous dissipation, respectively, which are asso-
ciated with βε. 

As an overall figure of merit of heat transfer, effectiveness is still a 
direct measure to characterize thermal regenerators with similar po-
rosities. However, the effectiveness may have low sensitivity to conju-
gate heat transfer under certain operating conditions. In the 
Supplementary material it is shown that for a utilization range within 
[

∊ρf cf
(1− ∊)ρscs

,1 +
∊ρf cf

(1− ∊)ρscs

]

the effectiveness values give a good indication of 

heat transfer performance. 

3.3. Figures of merit for mapping active performance 

The maps between heat transfer figures of merit and cooling capacity 
for AMR operation can be illustrated by the relationships between Nu, 
q̇c, εh, and ηh,shs. In Fig. 5(a) the curves for q̇c, εh, and ηh,shs all exhibit very 
similar curves as a function of Nu (and thus NTU). This means that both 
εh and ηh,shs can reflect heat transfer impact on cooling capacity. For 
different regenerator configurations, the impact of the porosity is shown 
in Fig. 5(b) and (c). As the porosity increases in Fig. 5(b), εh follows a 
convex trend, while q̇c and ηh,shs both decrease monotonically when 
ΔThc = 5 K and U = 1. For the higher temperature span and utilization in 
Fig. 5(c), ηh,shs can follow the general trend of q̇c more than εh. These 
phenomena imply that ηh,shs is more representative of heat transfer 
impact on q̇c than εh, because εh can be affected by the internal dead 
volume (ηh,fhs term) and does not always have a positive correlation with 

q̇c. 

4. Conclusions 

In this study, we re-formulated the regenerator effectiveness via 
governing energy equations for both passive and active regenerators to 
reveal the specific figures of merit for thermal regenerators. The math-
ematical estimations were algebraically investigated with a focus on 
passive regenerators and mapping passive regenerator performance to 
AMR performance in terms of maximum temperature span and specific 
cooling power. The approximations were validated numerically for 
passive regenerators and experimentally for mapping passive regener-
ator performance to AMR results. The characteristics of proposed heat 
transfer figures of merit can be summarized as follows:  

(1) The effectiveness is not comparable for thermal regenerators with 
different porosities. The solid heat storage part of the effective-
ness is estimated for a well-designed regenerator, and can be 
considered as an alternative figure of merit for conjugate heat 
transfer. For regenerators with similar porosities, the effective-
ness is a good indicator of AMR performance within an effective 
utilization range.  

(2) The cooling capacity in an AMR cycle is predicted from passive 
measurements. The solid heat storage term of the effectiveness is 
more representative of heat transfer impact on the cooling power 
than the entire effectiveness. 

The heat transfer figures of merit have major implications for AMR 
performance and can inform the preliminary design of an AMR geom-
etry. It is worth mentioning that these figures of merit can reveal the 
limitations and mathematical relationships between performance and 
the design parameters of AMRs. However, the approximations are not 
sufficiently detailed for providing accurate guidance for operating pre-
diction. This study focuses on figures of merit related to performance; 
however, if one can extract the pumping work from the data of the 
pressure drop for a thermal regenerator, the AMR efficiency could be 
predicted. Furthermore, the application of these figures of merit can be 
similarly extended to other caloric cooling [6,63] techniques. 
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acknowledge Dr. Kristina Navickaitė for the valuable discussions of 
equations’ validation.  

Appendix A. Control equation integration 

The energy equations from Lei 2016 [45] can be rewritten as 

Ac(1 − ∊)ρsTs

(
∂ss

∂H

)

Ts

∂H
∂t

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Magnetocaloric heat

=
∂
∂x

(

kstatAc
∂Ts

∂x

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅⏟
Heat conduction

+
Nukf

Dh
aAc
(
Tf − Ts

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Heat convection

− Ac(1 − ∊)ρscs
∂Ts

∂t⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Heat storage

(A1)  
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Nukf

Dh
aAc
(
Tf − Ts

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Heat convection

=
∂
∂x

(

kdispAc
∂Tf

∂x

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Heat conduction

− ṁf cf
∂Tf

∂x⏟̅̅̅̅ ⏞⏞̅̅̅̅ ⏟
Heat advection

+

⃒
⃒
⃒
⃒
⃒
⃒

∂P
∂x

ṁf

ρf

⃒
⃒
⃒
⃒
⃒
⃒

⏟̅̅̅̅ ⏞⏞̅̅̅̅ ⏟
Viscous dissipation

− Ac∊ρf cf
∂Tf

∂t⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟
Heat storage

(A2) 

where Ac, ∊, ρ, s, H, k, Dh, a, and ṁ are the cross-ctional area, porosity, density, entropy, internal magnetic field, thermal conductivity, hydraulic 
diameter, specific surface area, and mass flowrate, respectively. The scripts s and f indicate the solid phase and fluid phase, respectively. By default, 
x = 0 and x = L represent the hot side and the cold side, respectively. kstat is the static thermal conductivity; it depends on the solid and fluid thermal 
conductivity and the porosity of the regenerator. kdisp is the thermal dispersion conductivity associated with the separation and reunification of the 
fluid along its flow direction [64]. 

As the individual terms in Eqs. (A1) and (A2) are integrated with respect to time and the regenerator length, the temporal and spatial integral 
averages are defined as 

X =

∫ τi

0
Xdt/τi (A3)  

〈X〉 =
∫ L

0
Xdx/L (A4)  

where t, x, τi, and L are the time, position coordinate, representative period, and regenerator length, respectively. X is a local variable representing the 
temperature and material properties. To apply a thermodynamic cycle in the active regenerator, the synchronization of the magnetic field and fluid 
blow accompanied with the time nodes are demonstrated in Fig. A1. 

The individual terms in Eq. (1) can be integrated temporally over the specific period and spatially over the regenerator length. The readers 
interested in detailed deduction can refer to the Supplementary material. The integration results related to cold-to-hot blow and (de)magnetization are 
listed as follows. 

Magnetocaloric heat 
∫ L

0

(∫ tmag2

tmag1

Ac(1 − ∊)ρsTs

(
∂ss

∂H

)

Ts

∂H
∂t

dt

)

dx ≈ − ms〈cs〉mag〈ΔTad〉mag (A5) 

Magnetocaloric heat 
∫ L

0

(∫ tdemag2

tdemag1

Ac(1 − ∊)ρsTs

(
∂ss

∂H

)

Ts

∂H
∂t

dt

)

dx ≈ ms〈cs〉demag〈ΔTad〉demag (A6) 

Static heat conduction 
∫ tc2

tc1

(∫ L

0

∂
∂x

(

kstatAc
∂Ts

∂x

)

dx
)

dt ≈ − kstatAc(tc2 − tc1)⋅
Ts,h − Ts,c

L
(A7) 

Dispersion heat conduction 
∫ tc2

tc1

(∫ L

0

∂
∂x

(

kdispAc
∂Tf

∂x

)

dx
)

dt ≈ − kdispAc(tc2 − tc1)⋅
Tf ,h − Tf ,c

L
(A8) 

Solid heat storage 

Fig. A1. Synchronized magnetic field and fluid mass flow rate in the active test machine during the different steps of the magnetic refrigeration cycle.  
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∫ tc2

tc1

(∫ L

0
Ac(1 − ∊)ρscs

∂Ts

∂t
dx
)

dt = − ms〈cs〉c(〈Ts(tc1)〉 − 〈Ts(tc2)〉 ) (A9) 

Fluid heat storage 
∫ tc2

tc1

(∫ L

0
Ac∊ρf cf

∂Tf

∂t
dx
)

dt ≈ − ∊ρf cf Vr
( 〈

Tf (tc1)〉 − 〈Tf (tc2)〉
)

(A10) 

Heat advection 
∫ tc2

tc1

(∫ L

0
ṁf cf

∂Tf

∂x
dx
)

dt =
∫ tc2

tc1

ṁf cf
(
Tf ,c,in(t) − Tf ,h,out(t)

)
dt (A11) 

Friction dissipation 

∫ tc2

tc1

⎛

⎝
∫ L

0

⃒
⃒
⃒
⃒
⃒
⃒

∂p
∂x

ṁf

ρf

⃒
⃒
⃒
⃒
⃒
⃒
dx

⎞

⎠dt =
∫ th2

th1

⎛

⎝
∫ L

0

⃒
⃒
⃒
⃒
⃒
⃒

∂p
∂x

ṁf

ρf

⃒
⃒
⃒
⃒
⃒
⃒
dx

⎞

⎠dt = VpumpΔp (A12) 

For brevity, the scripts of mag and demag are hidden throughout this paper. The relevant variables are assumed to align with their corresponding 
period automatically. 

Appendix B. Scenario of passive characterization 

As passive characterization is essentially a synchronized AMR characterization with a zero magnetic field source, we can apply the following 
assumptions:  

(1) Magnetocaloric heat vanishes: 

Ac(1 − ∊)ρsTs

(
∂ss

∂H

)

Ts

∂H
∂t

= 0 (B1)    

(2) The duration time of the (de)magnetization period and no flow period are equivalent to zero; then, 

tmag1 = tmag2 = tc1 = 0 (B2)  

tdemag1 = tdemag2 = tc2 = th1 = τ/2 (B3)  

th2 = τ (B4) 

The effectiveness during a cold-to-hot blow (εc) can be rewritten using the energy-conservation equation in Eq. (1). 

εc =

∫ τ/2
0 ṁf cf Tf ,h,outdt −

∫ τ/2
0 ṁf cf Tf ,c,indt

∫ τ/2
0 ṁf cf ΔThcdt 

=

−
∫ τ/2

0

(
∫ L

0
ṁf cf

∂Tf
∂x dx

)

dt

(τ/2)ṁf cf ΔThc 
via Eq. (A11) 

=

∫ τ/2
0

(
∫ L

0 ṁf cf
∂Tf
∂x dx

)

dt

Vpumpρf cf ΔThc
(B5) 

ΔThc = Th − Tc is the temperature span between hot reservoir and cold reservoir. Note that ṁf is negative during the periods from 0 to τ/2 shown in 
Fig. 1A. The utilization is defined and deduced as 

U =

∫ τ/2
0 ṁf cf dt

mscs
=

Vpumpρf cf

mscs
=

Vpumpρf cf

(1 − ∊)Vrρscs
(B6) 

The integrals obtained by applying temporal and spatial integration to both sides in Eq. (1) can be substituted into Eq. (B5) to obtain 

εc =
1

Vpumpρf cf ΔThc

⎡

⎣ −

∫ τ/2

0

(∫ L

0
Ac(1 − ∊)ρscs

∂Ts

∂t
dx
)

dt −
∫ τ/2

0

(∫ L

0
Ac(1

− ∊)ρscs
∂Ts

∂t
dx
)

dt+
∫ τ/2

0

(∫ L

0

∂
∂x

(

kstatAc
∂Ts

∂x

)

dx
)

dt +
∫ τ/2

0

(∫ L

0

∂
∂x

(

kdispAc
∂Tf

∂x

)

dx
)

dt +
∫ τ/2

0

⎛

⎝
∫ L

0

⃒
⃒
⃒
⃒
⃒
⃒

∂p
∂x

ṁf

ρf

⃒
⃒
⃒
⃒
⃒
⃒
dx

⎞

⎠dt

⎤

⎦

≈
1

Vpumpρf cf ΔThc

⎡

⎢
⎢
⎣mscs(Ts(tc1) − Ts(tc2) )
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

via Eq. (A9)

+ ∊ρf cf Vr
(
Tf (tc1) − Tf (tc2)

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
via Eq. (A10)

− kstatAc(tc2 − tc1)⋅
Ts,h − Ts,c

L⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
via Eq. (A7)

− kdispAc(tc2 − tc1)⋅
Tf ,h − Tf ,c

L⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
via Eq. (A8)

+ VpumpΔp
⏟̅̅̅̅̅⏞⏞̅̅̅̅̅⏟

via Eq. (A12)

⎤

⎥
⎥
⎦ (B7) 
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By substituting tc1 = 0 and tc2 = τ/2 from Eqs. (B2)–(B4) into Eq. (B7), 

εc ≈
〈Ts(0)〉 − 〈Ts(τ/2)〉

UcΔThc
+
〈Tf (0)〉 − 〈Tf (τ/2)〉

φΔThc
−

Ac

2fLVpumpρf cf

⎡

⎣kstat
Ts,h − Ts,c

ΔThc
+ kdisp

Tf ,h − Tf ,c

ΔThc

⎤

⎦+
Δp

ρf cf ΔThc
(B8)  

≈
Ts(0) − Ts(τ/2)

UcΔThc⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
ηc,shs

+
Tf (0) − Tf (τ/2)

φΔThc⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
ηc,fhs

−
Ac

2fLVpumpρf cf

[
kstat + kdisp

]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
ηc,hc

+
Δp

ρf cf ΔThc
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

ηc,vd

(B9)  

where the relative fluid displacement φ defines the ratio of the fluid displacement length to the regenerator length. The relative fluid displacement 
resembles the expansion parameter in pulse tube cryocoolers [65], which reflects the volumetric penetration intensity of fluid. 

φ =
χf

L
=

Vpump/(Acε)
L

=
Vpump

∊Vr
(B10)  

where χf is the amplitude of fluid displacement in a regenerator [66]. From Eq. (B8) to Eq. (B9), Ts,h − Ts,c ≈ Tf ,h − Tf ,c ≈ ΔThc is assumed, which is 
ascribed to (1) the thermal conductivity of MCM being normally sufficiently small (1–15 Wm− 1 K− 1, [67–71]) to maintain similar solid and fluid 
temperature gradients and (2) the solid–liquid temperature difference being small for well-designed regenerators. Similar process can be applied to 
deduce the effectiveness during hot-to-cold blow (εh), 

εh ≈
Ts(0) − Ts(τ/2)

UhΔThc⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
ηh,shs

+
Tf (0) − Tf (τ/2)

φΔThc
⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

ηh,fhs

−
Ac

2fLVpumpρf cf

[
kstat + kdisp

]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
ηh,hc

−
Δp

ρf cf ΔThc
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

ηh,vd

(B11) 

In passive characterization, heat loads on the cold side (Q̇c,passive) and hot side (Q̇h,passive) are the figures of merit in some studies [45]. Coupling the 
definitions of heat load and effectiveness, 

Q̇c,passive = f
∫ τ

0
ṁf cf

(
Tf ,c,out − Tf ,c,in

)
dt  

= f

(∫ τ

τ/2
ṁf cf Tf ,c,outdt −

∫ τ/2

0
ṁf cf Tf ,c,indt

)

= f

[∫ τ

τ/2
ṁf cf Tf ,h,indt −

∫ τ/2

0
ṁf cf Tf ,c,indt −

∫ τ

τ/2

(

ṁf cf Tf ,h,in − ṁf cf Tf ,c,out

)

dt

]

= f

[∫ τ

τ/2
ṁf cf ΔThcdt −

∫ τ

τ/2
ṁf cf ΔThcdt⋅εh

]

= f ρf cf VpumpΔThc(1 − εh) (B12)  

Q̇h,passive = f ρf cf VpumpΔThc(1 − εc) (B13)  

Appendix C. Scenario of active characterization 

In the passive regenerator, the ideal heat transfer for calculating the effectiveness depends on the temperature difference between the hot reservoir 
and cold reservoir. In an active regenerator, the MCE imposes an additional heat transfer amount, which can be equivalently hypothesized as lowering 
the cold reservoir temperature during demagnetization or raising the hot reservoir temperature during magnetization. The temperature span between 
the equivalent hot and cold reservoirs for AMRs (ΔTeq) can be defined as follows: 

ΔTeq≜ΔThc + |ΔTMCE| (C1)  

where ΔTMCE is the average temperature change of the entire AMR caused by magnetization or demagnetization. We assume a local thermal equi-
librium (Tf(x, tc1) ≈ Ts(x, tc1),Tf(x, th1) ≈ Ts(x, th1)) in the transverse direction before the fluid blow periods [38]. Consequently, the magnetocaloric 
heat expressed in Eqs. (A5) and (A6) results in homogenous temperature change throughout the regenerator. 

(1 − ∊)ρsVr〈cs〉〈ΔTad〉 =
(
(1 − ∊)ρsVr〈cs〉+∊ρf Vrcf

)
ΔTMCE (C2) 

Combining Eqs. (C1) and (C2) and applying Eq. (6), the ΔTeq can be derived as follows: 

ΔTeq = ΔThc +
1

1 + ∊ρf cf /[(1 − ∊)ρs〈cs〉 ]
〈|ΔTad|〉 = ΔThc +〈|ΔTad|〉/(1+U/φ) (C3) 

The effectiveness of the active regenerator can be defined as 
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εc,active =

∫ tc2
tc1

ṁf cf Tf ,h,outdt −
∫ tc2

tc1
ṁf cf Tf ,c,indt

∫ tc2
tc1

ṁf cf ΔTeqdt
≈

∫ tc2
tc1

Tf ,h,out(t)dt/(tc2 − tc1) − Tc

ΔTeq
(C4)  

εh,active =

∫ th2
th1

ṁf cf Tf ,h,indt −
∫ th2

th1
ṁf cp,f Tf ,c,outdt

∫ tc2
th1

ṁf cf ΔTeqdt
≈

Th −
∫ th2

th1
Tf ,c,out(t)dt/(th2 − th1)

ΔTeq
(C5) 

Coupling Eqs. (C4) and (C5) and the definitions of heat load, we can obtain 

Q̇c,active = f
∫ τ

0
ṁf cf

(
Tf ,c,in − Tf ,c,out

)
dt (C6)  

= f
(∫ tc2

tc1

ṁf cf Tf ,c,indt −
∫ th2

th1

ṁf cf Tf ,c,outdt
)

= f
(∫ tc2

tc1

ṁf cf Tf ,c,indt −
∫ th2

th1

ṁf cf Tf ,h,indt+
∫ th2

th1

ṁf cf Tf ,h,indt −
∫ th2

th1

ṁf cf Tf ,c,outdt
)

= f
(

−

∫ tc2

tc1

ṁf cf ΔThcdt +
∫ th2

th1

ṁf cf dt
(
ΔThc + ΔTeq

)
εh,active

)

≈ f ρf cf Vpump
(
εh⋅ΔTeq,h − ΔThc

)

≈ f ρf cf Vpump[εh〈|ΔTad |〉/(1 + Uh/φ) − (1 − εh)ΔThc ] (C7)  

Q̇h,active ≈ f ρf cf Vpump[εc〈|ΔTad |〉/(1 + Uc/φ) − (1 − εc)ΔThc ] (C8)  

where ΔTeq,h and ΔTeq,c are the values of ΔTeq based on the hot-to-cold blow and cold-to-hot blow, respectively. Note that additional assumptions are 
applied: (1) symmetric blows:tc2 − tc1 = th2 − th1 and (2) weak dependence of 〈cs〉 on the temperature during an isofield process: 〈cs〉h ≅ 〈cs〉demag and 
〈cs〉c ≅ 〈cs〉mag [38]. The following considerations should be made to apply Eqs. (C7) and (C8) effectively:  

(1) U and 〈|ΔTad|〉 are functions of the temperature profile along the regenerator length, as 〈cs〉 and ΔTad are temperature dependent. In the case of 
an unknown temperature profile, a linear temperature distribution between the hot and cold reservoirs can be assumed, which is validated in 
Section 3.1.  

(2) Effectiveness is a function of the local utilization and fluid velocity, and it is weakly dependent on ΔThc. For a more accurate prediction using 
Eqs. (C7) and (C8), the utilization and average fluid velocity should be consistent as much as possible between the passive regenerator and 
active regenerator. When a design temperature span for an active regenerator is ΔThc, the corresponding temperature span for the passive 
regenerator should be corrected to ΔTeq through Eq. (C1). 

Appendix D. Supplementary material 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.applthermaleng.2020.115993. 
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A B S T R A C T   

The manufacturing process and mechanical instability of high performance magnetocaloric materials hamper the 
implementation of novel geometries for active magnetic regenerators. In this work, La(Fe,Si,Mn)13Hy is shaped 
into a regenerator with triangular microchannels with a hydraulic diameter of 200–300 μm using a process that 
results in a highly stable structure. The regenerator is characterized with regards to heat transfer, hydraulic 
resistance, magnetocaloric cooling and mechanical stability. The cooling performance is similar to conventional 
packed bed AMRs but with a significantly lower flow resistance. The chemical and mechanical stabilities are 
validated by comparisons of heat transfer effectiveness, pressure drop and magnetocaloric properties of the 
regenerator before and after long-term testing. The machining accuracy of microchannels with a brittle mag-
netocaloric material is therefore qualified. According to the performance evaluation criterion, this regenerator 
has a good potential for maximizing the operational coefficient of performance, with an estimated 42% 
improvement of COP in a specific magnetic refrigerator.   

1. Introduction 

As an alternative to vapor compression refrigeration, magnetic 
refrigeration at room temperature driven by the magnetocaloric effect 
(MCE) instead of gaseous refrigerants offers potential advantages such 
as high cost-effectiveness, lower environmental impact and reduced 
noise. The MCE is manifested as the temperature change in a magne-
tocaloric material (MCM) in response to a change in magnetic field [1]. 
Since the MCE is generally limited to a few degrees in adiabatic tem-
perature change, based on the permanent magnet strength and existing 
MCM properties [2–4], the active magnetic regenerator (AMR) cycle is 
commonly applied for prototypes in a magneto-thermodynamic cycle 
[5,6]. In a magneto-thermodynamic cycle, the AMR serves as both a 
thermal regenerator and a solid refrigerant. To transfer the thermal 
energy from the MCE to the thermal reservoirs, the heat transfer fluid is 
displaced reciprocally through the regenerator and the MCM in the 
regenerator bed is arranged as a porous geometry to maximize heat 
transfer with as low pressure drop as possible. 

Most AMRs employ packed beds of spherical [7] or irregular particles 
[8] that are either epoxy bonded [9,10] or constrained mechanically 

[11]. Besides easy construction, packed bed AMRs exhibit high heat 
transfer performance but are accompanied by relatively high pressure 
drop that ultimately limits the cycle frequency and efficiency [12]. 
Parallel-plate beds are widely studied to circumvent the hydraulic 
resistance problems but high heat transfer performance requires very 
small dimensions [13–15]. Thus, investigating new geometries to obtain 
a better trade-off between heat transfer performance and parasitic losses 
is still an open challenge. Lei et al. [8] numerically investigated a 
regenerator of woven screens obtaining high theoretical efficiency and 
discussing a potential for processing by electro-spinning. Navickaitė 
et al. [16] applied a double corrugated tube geometry inspired by 
vascular heat exchangers [17] to 3D printed AMRs with excellent sta-
bility, however that realizing the double corrugated structure in 
microchannels is a challenge. Trevizoli et al. [18] analyzed passive re-
generators of crossed fiber beds made of stainless steel preliminarily 
instead of MCMs and demonstrated potential high efficiency and 
asymmetric structures caused by manufacturing. Liang et al. [19] 
assessed a freeze cast regenerator with a lamellar channel bed [20,21] 
and attained excellent heat transfer performance, but casting defects 
result in high hydraulic resistance and unexpected porosity. Although 
new geometries for AMRs exhibit high theoretical performance and 
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efficiency, practical deviations between actual and design geometries 
often reduce measured performance in laboratory experiments. It im-
plies that new geometry AMRs still require development before they can 
be adopted commercially. 

The challenges of developing new AMR geometries are typically 
associated with shaping the often brittle MCMs with high accuracy. 
Gadolinium (Gd) as a benchmark room temperature MCM exhibits a 
moderate MCE and ductility, it is not expected to be practical for 
widespread applications due to scarcity and high cost [22]. One 
attractive candidate for commercialization is La(Fe,Mn,Si)13Hy [23], 
which is composed of more abundant raw materials and has a weak first 
order transition with a gradual departure from first- to second order 
transformation. Although La(Fe,Mn,Si)13Hy shows low hysteresis and a 
suitable MCE at its transition temperature, its brittleness normally re-
duces the stability of the corresponding AMRs. Efforts on shaping brittle 
MCMs technologies are made to fabricate particular geometry AMRs, 
which include: 1) polymer bonding of plates [24] or particles [8,9], 2) 
polymer mixture extrusion [25], 3) wire electrical discharge machining 
of plates [26], 4) freeze-casting of graded lamellar microchannels [20], 
5) tape casting and sintering of plates [27], 6) pressurized bonded plates 
[28], 7) laser beam melting of double corrugated microchannels [16], 
and 8) powder-in-tube process of steel cladded magnetocaloric wires 
[29]. Critical factors reducing the performance and stability, such as 
altering or destroying the magnetothermal properties during additive 
manufacturing and mechanical instability [30,31], are significant ob-
stacles for implements of competitive geometries. 

In this study, a new AMR geometry with 200 µm staggered triangular 
microchannels produced by powder metallurgy was assessed as a po-
tential AMR geometry. As a promising monolithic structure, micro-
channel regenerators have been investigated experimentally and 
numerically, such as double corrugated microchannels [16,32], circular 
[33] or square [34] microchannels, and staggered mini-plates micro-
channels [35]. Triangular microchannels have not previously been 
tested as an AMR, but the geometry is widely adopted in efficient heat 
sinks [36]. The arrangement of staggered triangular channels is 
geometrically a parallel-plate architecture with 60◦ ribs situated be-
tween adjacent plates. Thus, the extended surface area would potentially 
drive this triangular microchannel AMR to high heat transfer 

performance while maintaining a low flow resistance. To explore the 
aforementioned performance reduction caused by manufacturing, the 
performance assessment in this study consists of: 1) effectiveness-NTU 
heat transfer analysis [37], 2) major irreversibility analysis from hy-
draulic resistance evaluation [38], 3) small scale cooling testing and 4) 
stability analysis from repeated differential scanning calorimeter (DSC) 
and thermal–hydraulic evaluations. The channel shaping quality and 
MCM property stability were validated indirectly from comparable ex-
periments and numerical modelling. As will be shown in this article, the 
triangular microchannel AMR geometry is potentially able to provide a 
high efficiency, as well as a high performance when the geometry is 
incorporated into a graded MCM design. 

2. Sample preparation 

The fully hydrogenated La(Fe,Mn,Si)13Hy alloys prepared by Vac-
uumschmelze GmbH & Co. have been adopted to fabricate the regen-
erator. The microchannel regenerators were produced by powder 
metallurgy methods. Starting alloys were milled to a fine powder (<10 
µm) by jet-milling. The composition of the final part was achieved by 
mixing of different fine powders. In a next step, organic binders and a 
solvent were added to the fine powders yielding a slurry. The slurry was 
then cast onto a polymer substrate using a tape casting machine. The 
green tapes had a thickness of about 500 µm. The tapes were removed 
from the substrate and then feed into an embossing roller. After 
embossing several tapes were stacked up to a final height of about 15 
mm. In order to remove the organic components the stack was heat 
treated in a debinding furnace. Once the organic components were 
removed the stack was sintered to full density. The high temperature 
ensures the complete removal of any remaining organics. The individual 
parts were cut from the stack using wire electric discharge machining 
and a subsequent cleaning process. Finally, the individual parts were 
loaded with hydrogen in order to shift the Curie temperature to room 
temperature. 

To enhance the mechanical stability, the La(Fe,Mn,Si)13Hy was 
synthesized with a higher α–Fe content. The first order phase transition 
of the materials becomes weaker. As will be discussed in Section 4.5, the 
shape of the specific heat curves is in between the classical first and 

Nomenclature 

Abbreviations 
AMR Active magnetic regenerator 
DSC Differential scanning calorimetry 
Gd gadolinium 
MCE Magnetocaloric effect 
MCM Magnetocaloric material 
RRMSE Relative root mean square error 

Variables 
Ac Cross sectional area, [m2] 
B Magnetic flux density, [T] 
c1-c2 Regression parameters, [–] 
c Specific heat capacity, [J kg− 1 K− 1] 
Dh Hydraulic diameter, [m] 
f Frequency, [Hz] 
fF Fanning friction factor, [–] 
F Inertial coefficient, [–] 
h Convective heat transfer coefficient, [W m− 2 K− 1] 
k Thermal conductivity, [W m− 1 K− 1] 
NTU Number of transfer units, [–] 
Nu Nusselt number, [–] 
p Pressure, [Pa] 

Pr Prandtl number, [–] 
L Length, [m] 
K Permeability, [m2] 
PEC Performance evaluation criterion, [–] 
q Specific heat load, [W kg− 1] 
Re Reynolds number 
S Stroke, [m] 
St Stanton number, St = Nu/(RePr)
T Temperature, [K] 
t Time, [s] 
U Utilization, [–] 
Δ Difference 
η Effectiveness, [–] 
ρ Density, [kg m− 3] 
τ Period time, [s] 

Subscripts 
b Baseline 
c Cold end 
f Fluid 
h Hot end 
p Pore or piston 
s Solid  
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second order profiles. In addition, low hysteresis is also observed for this 
material. Fig. 1 shows the adiabatic temperature change (ΔTad) at 
multiple magnetic fields, again displaying the expected trends of a first 
order transition. The weaker first order transition, along with the higher 
α–Fe content is assumed to be the reason for the observed mechanical 
stability of the material during cycling in magnetic field and 
temperature. 

A single regenerator matrix is composed of two parallel monolithic 
pieces of triangular microchannels at identical conditions and thus with 
homogenous structural characteristics, as shown in Fig. 2. Two regen-
erator matrixes fill the cross section of the experimental AMR used for 
the small scale cooling testing. The geometrical parameters are sum-
marized in Table 1. 

3. Data analysis tools 

The numerical modelling, data analysis, and assessment of experi-
mental results are described below. The test facilities consist of a passive 
regenerator tester [8,39] for thermal–hydraulic evaluation, an AMR test 
machine [9] for assessing cooling capability, and a DSC [40,41] that can 
measure specific heat in applied magnetic fields. The DSC results were 
used to build field-dependent thermodynamic properties of the material, 
which were used in the numerical modelling. A previously-reported 1D 
model [39] was used to post calculate the effective heat transfer co-
efficients from the measured effectiveness values from the passive 
regenerator tester. Each aspect of the data analysis is discussed in more 
detail below. 

3.1. Test apparatus 

Table 2 gives a photo and system schematic of each of the three 
characterization facilities, each of which has been previously reported. 
The passive regenerator tester measures the temperature response of a 
single regenerator when subjected to counter-flow between hot and cold 
thermal reservoirs (Th and Tc). The cold reservoir is controlled by a 
temperature bath and a heater supplied with a constant power dictates 
the temperature span between the reservoirs. The temperature span is 
held at 5 K and Tc ranges from 10 ◦C to 30 ◦C. The ambient temperature 
is regulated by the building ventilation system and is approximately 
22 ◦C. To reduce the impact of heat interaction with the ambient, 
insulation is applied on the exterior surface of the regenerator housing. 
The operational frequencies range from 0.5 to 1.75 Hz, which are rele-
vant for magnetocaloric refrigerators. The pressure at the inlet of each 
end of the regenerator is logged, as well as temperatures at the inlet and 
outlet (Tf,h and Tf,c) of each end of the regenerator. The logged 

temperatures combined with the measured heating power, fluid 
displacement, and cycle frequency are used in the numerical model to 
post calculate the average heat transfer within the regenerator bed. 

The AMR test machine tests the material under full AMR operation. 
The maximum applied magnetic field is 1.1 T, provided by a stationary 
Halbach permanent magnet. The MCM undergoes four separate pro-
cesses in the cycle: adiabatic magnetization, cold-to-hot reservoir blow, 
adiabatic demagnetization, and hot-to-cold blow. An electric heater at 
the cold reservoir serves as the cooling load, which operates from 0 to 4 
W in this study. The hot reservoir temperature is controlled by a heat 
exchanger coupled to the ambient temperature inside the cabinet, which 
maintains the hot side of the AMR near its ambient temperature, to 
control heat leaks. The heater power (with an uncertainty of 1%) as well 
as the temperatures at both ends of the regenerator (Tf,h and Tf,c) are 
logged. The hot reservoir temperature (Th = Tf,h) is varied from 10 ◦C to 
25 ◦C to investigate the optimal temperature span. Concerning the effect 
of thermal effectiveness, piston velocities of 3, 7 and 10 mm/s are tested. 
Owing to the fixed (de)magnetization period, the operational fre-
quencies ranges from 0.11 to 0.15 Hz, dependent on the piston velocity. 
The utilization is varied by changing the piston stroke for values of 5, 
7.5, 10, 12.5 and 15 mm. For both the passive tester and the AMR test 
machine, the thermocouples are in direct contact with the fluid and have 
a wire diameter of 0.25 mm, which corresponds to a response time of 
less than 0.15 s [39]. The expanded uncertainties for temperature and 
pressure measurements are calculated as less than 3% (in Celsius) and 
5% respectively from the equations in Ref. [19], with a 95% confidence 
and a coverage factor of ~2. 

The Peltier element based DSC which can measure the specific heat 
of samples in an applied magnetic field of 0–1.5 T was used to measure 
the material’s MCE. The magnetic field is adjusted by counter-rotating 
two concentric Halbach cylinders to maintain the direction of the field 
[40]. Samples of ~10 mg were measured in vacuum (5 × 10− 6) mbar in 
applied fields up to 1.5 T. 

3.2. Performance metrics and numerical model 

In the passive regenerator experiments, the direct measurement is 
the thermal effectiveness (η) that derives from the end temperatures 
exiting the regenerator (Tf,h and Tf,c). The effectiveness associated with 
the hot-to-cold blow (ηh) is computed from the end temperatures with an 
estimated uncertainty of 3% [39]. 

ηh =
Th − 2/τ

∫ τ
τ/2 Tf ,cdt

Th − Tc
(1) 

The utilization based on the background value of the solid specific 
heat capacity (~500 J∙kg− 1∙K− 1) is calculated as shown in Eq. (2), 

U =

∫ τ/2
0 ṁf cf dt

mscs
(2) 

Since the heat transfer coefficient is not measured directly in the 
passive tester, it must be extracted using a 1D regenerator model and 
experimental ηh using the following steps.  

(1) We obtain the temperature evolution exiting the regenerator by 
initializing the value of h and running a 1D model simulation. The 
energy governing equations of the fluid and solid phases are 
taken from Ref. [39].  

(2) Modelling and experimental time-dependent temperature outlet 
curves are compared.  

(3) We modify the h value used in the model in each iteration via the 
Levenberg–Marquardt method for nonlinear least-squares cases 
and the iterated h is then normalized by dimensionless cyclic and 
spatial averaged Nusselt number (Nu). 

Fig. 1. Adiabatic temperature change of La(Fe,Mn,Si)13Hy used in micro-
channel regenerator at multiple magnetic fields. 
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Nu = 1/L
∫ L

0

(

1/τ
∫ τ

0

h(t, x)Dh

kf
dt
)

dx (3) 

Consequently, the number of transfer unit (NTU) can be determined 
by the solved heat transfer coefficient. The metrics for the active char-
acterization were expressed in Ref. [43]. The specific cooling capacity 
(q̇c) is defined as the product of voltage and current of the electric heater 
at cold reservoir, and it is normalized by the mass of MCM. The tem-
perature span (ΔT) is defined as the difference between the average 
temperatures of hot end (Tf,h(t)) and cold end (Tf,c(t)). 

4. Results and discussion 

The microchannel regenerator has been tested for ~220 h in the 
passive tester and ~120 h in the active test machine. It is noted that no 
cracks or damage can be detected by eye at the ends after the tests. To 
quantify the mechanical stability, the specific heat capacity, effective-
ness and pressure drop were remeasured after testing and compared to 
the initial values. 

4.1. Model validation 

The aforementioned 1D model is validated by looking at the relative 
root mean square error (RRMSE) in the pressure drop and the end 
temperatures Tf,h and Tf,c in Fig. 3. The maximum deviation is 2.8% for 
temperature and 9% for pressure drop, which indicates that the derived 
Nu and friction factor fit the overall behavior of the experiments without 
significant trend differences. The relatively higher RRMSE of the pres-
sure drop is caused by the large range of the pressure transducer 
compared to the measurement values. Regarding the RRMSE 

dependence on frequency, larger errors occur at low frequencies for 
temperature and at higher frequencies for pressure drop. One reason is 
probably the instrumental noise, as the observed signal fluctuations are 
slightly more pronounced in the temperatures at low frequency and in 
the pressures at high frequency, which is shown in the Supplementary 
material. Other reasons can be measurement issues i.e. the thermo-
couple response time and the physical assumptions for the correlations. 

4.2. Hydraulic resistance 

The flow pattern inside the microchannel regenerator can be esti-
mated via the relationship between local the velocity and pressure drop. 
Since the frequency determines the fluid velocity when the utilization is 
fixed, the curves of pressure drop and frequency depicted in Fig. 4 reveal 
the fluid dynamic characteristics. Based on multiple utilizations, pres-
sure drop is approximately proportional to the frequency and therefore 
the local velocity. Thus, the flow pattern is estimated to be in the Darcy 
regime [44]. Note that the experimental deviations from a linear rela-
tionship in Fig. 3 are probably caused by measurement noise, as the 
measured values are small compared to the sensor range. Under the 
same operating conditions, the absolute value of pressure drop in the 
microchannel is orders of magnitude smaller than in a benchmark 
regenerator filled with Gadolinium (Gd) as packed spheres. The Gd 
regenerator has the same housing shape as the microchannel regener-
ator and tested in the same device. The hydraulic diameter of the Gd 
packed sphere regenerator is 0.16 mm compared to 0.2 mm for the 
microchannel regenerator. This implies that the microchannel regener-
ator has potential for low pumping power and thus efficient operation 
(high COP). 

To eliminate the external geometrical impacts on hydraulic resis-
tance, the friction factor and permeability are introduced. The perme-
ability (K) is related to the pore architecture by the definition 
K∝
(
c, ε, 〈r〉2) [45]. The geometric factor c links to pore characteristics, 

such as the cross sectional shape, channel connectivity and tortuosity. 
The average pore radius 〈r〉 denotes the pore width. On the other hand, 
the permeability can be derived from the correlation parameters for the 
Fanning friction factor [46–48]. 

fF =
2D2

h

K⏟⏞⏞⏟
c1

Re− 1
h +

2DhF
̅̅̅̅
K

√

⏟⏞⏞⏟
c2

(4)  

parameters c1 and c2 correspond to the fitting parameters in Fig. 5. 
The dimensionless relationships of fF Reh are presented in Fig. 5, 

where the best curve fits for the friction factor are also shown. The 
friction factor in the microchannel regenerator is significantly lower 
than for the Gd regenerator. The parameters c1 and c2 in Eq. (4) 

Fig. 2. End view of the triangular microchannel regenerator. The triangles are nearly isosceles with side lengths of ~0.420 mm and ~0.341 mm and heights of 
~0.284 mm. The vertical interval between triangle arrays is about 0.48 mm. The error for randomly selected 20 positions over the cross section was presented. 

Table 1 
Geometrical parameters of the triangular microchannel regenerator. As a 
reference regenerator below, the packed bed.  

Parameters Triangular 
microchannel 

Packed sphere 
bed 

Housing (mm × mm × mm) 20 × 20 × 40 Ø30 × 40 
Monolith dimension (mm × mm ×

mm) 
10 × 20 × 40 – 

Pore width or particle size (µm) 200 300 
Porosity 0.38† 0.4l5‡

Hydraulic diameter (mm) 0.217 0.160 
MCM mass (g) 53.8 108.9 
Specific surface area (m− 1) 7004 1.10 × 104  

† The porosity is determined optically from images of the cross section. The 
walls are assumed straight. 

‡ The porosity is determined from MCM mass, density and housing volume. 
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Table 2 
Test apparatus for performance assessment of the triangular microchannel regenerator.  

Apparatus Schematics Configurations 

Passive regenerator tester [8]   The oscillating flow is generated by dual-opposed pistons, using four check valves to 
direct the fluid flow  

1. Thermocouples: Omega, type E. 
2. Pressure transducers: Gems, 2.5 bar. 
3. Thermal bath: Julabo 300F. 
4. Heat exchanger at cold side: homemade 
parallel-tube type. 
5. Heater at hot side: homemade cartridge 
type. 

Active test machine [42]   The test machine is isolated in a temperature-controlled cabinet, consists of a 
permanent magnet assembly, a movable regenerator, a piston for displacing fluid, and 
hot and cold reservoirs.  

1. Thermocouples: Omega, type E. 
2. Magnet assembly: a stationary Halbach 
array permanent magnet, ø40 mm magnet 
bore, 1.1 T. 
3. Heat exchanger at hot side: homemade 
helical tube. 
4. Heater at cold side: homemade electric 
resistance wire mesh. 

Specialized DSC [40]   The specialized DSC features additional high vacuum atmosphere and multiple 
magnetic field based on convention DSC.  

1. Resistance thermometers: Pt-100. 
2. Peltier cells (heat flow): Optotec OT08, 
3.25 × 4.88 mm2 

3. Peltier cell (thermal control): TEC1- 
12714S. 
4. Thermal bath: Julabo CF40 Cryo Compact 
Circulator. 
5. Hall-probes: Arepoc HHP-NU. 
6. Turbo-pump: Pfeiffer vacuum, HiCube 80 
Eco.   

Fig. 3. RRMSE between the model prediction and experimental data for 
different frequencies. 

Fig. 4. Pressure drop amplitude of the microchannel regenerator and a Gd 
packed sphere regenerator as a function of frequency. The inset plot visualizes 
the variation in measured pressure drop caused by varying utilization. 
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represent the viscous and inertial forces, respectively. The parameter c2 
approximately equals to zero, as the inertial coefficient F approaches 
zero. As the flow is laminar, the viscous term dominates. The perme-
ability is determined from the value of parameter c1. The higher 
permeability K = 4.6310 × 10− 10 m2 for the microchannels compared to 
1.6381 × 10− 10 m2 for the packed bed, shows it has a lower hydraulic 
resistance. 

4.3. Heat transfer 

The effectiveness (η) generally increases when the number of transfer 
unit (NTU) increases or utilization (U) decreases [5,37,49], due to the 
impact of the thermal mass of displaced fluid. Within the test range of 
the passive tester, the NTU decreases with increasing operational fre-
quency. For practical measurements, the parasitic losses or instrumental 
noise can lead to deviations from the expected trends of η ~ NTU and η 
~ U. The curves of η ~ NTU and η ~ U in Fig. 6 follow the 

aforementioned trends. Consequently, the effectiveness reduction 
caused by the increment of fluid thermal mass rate (decreasing NTU) 
outperforms the performance improvement caused by heat transfer co-
efficient enhancement (increasing Nu) in this microchannel regenerator. 
Regarding the effectiveness curves varying the working temperatures in 
Fig. 6, the effectiveness is highest at a cold reservoir temperature of 
25 ◦C, followed by 30 ◦C. This is attributed to 1) the asymmetric thermal 
mass of fluid between cold-to-hot and hot-to-cold flows, due to the 
temperature dependence of the fluid thermal mass; 2) the variation of 
local utilization caused by MCM phase transition and 3) heat losses, 
which are discussed in detailed in Supplementary material. 

The effectiveness in the microchannel regenerator is compared with 
values for the Gd packed bed regenerator in Fig. 6 (b). When the utili-
zation is fixed, the effectiveness is generally lower at smaller porosities 
due to the higher fluid penetration [50]. Although the porosity of the Gd 
regenerator is higher than for the microchannel regenerator 
(0.45–0.38), the effectiveness in the microchannel regenerator is not 
significantly lower than in the Gd regenerator. Thus, the microchannel 
regenerator displays excellent heat transfer performance. 

To analyze the heat transfer performance, the estimated Nu of the 
microchannel regenerator is compared to the correlations for the packed 
spheres [51], parallel-plates and equilaterally triangular channels [52] 
in Fig. 7. The estimated Nu of the microchannel regenerator increases 
with the Reynolds number, which is inconsistent with classical theory 
for fully developed laminar flow [53] (i.e. the curves for the parallel- 
plates or triangular channels in Fig. 7). However, there are a number 
of investigations reporting this increasing trend in experimental results 
[54]. Besides the experimental uncertainties, the reasons can be that 1) 
the actual boundary condition is periodic reciprocating flow rather than 
falling in between the constant temperature and constant heat flux 
boundary conditions, and 2) entrance effect in the region of developing 
flow simultaneously results in further deviation from fully developed 
laminar flow. Other practical reasons are probably the surface roughness 
or the variations in the channel geometry from the ideal microchannel 
architecture. In Fig. 7, the dependence of Nu Re is flatter in this 
microchannel regenerator than in the correlation for packed spheres. 
Thus, increasing operational frequency (decreasing NTU) results in a 
limited enhancement of the heat transfer coefficient but significant 
increment of the thermal mass rate of fluid, which confirms the mono-
tonically increasing relations of η ~ NTU in Fig. 6 (a). The absolute Nu 
value of the microchannel regenerator falls in between the triangular 
channels and the parallel-plate channels. This indicates that the internal 
channels inside the regenerator are well fabricated as expected. 

Fig. 5. Fanning friction factor as a function of particle Reynolds number (based 
on pore velocity) for the microchannel and the Gd packed sphere regenerators. 
Both regenerators are in the same size and shape. Fanning friction factor (fF) is 
defined in Ref. [19] based on the amplitudes of pressure drop and pore velocity. 
Reynolds number (Reh) is defined associated with hydraulic diameter (Dh) as 
the characteristic length and the amplitude of pore velocity (vf,max/ε) as the 
fluid velocity. 

Fig. 6. Effectiveness as a function of (a) NTU and (b) utilization at various cold reservoir temperatures.  
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The parameter UA (heat transfer coefficient times heat transfer sur-
face area) is derived from the passive characterization. This, along with 
the pressure drop can be used as indicators of the potential AMR per-
formance of a regenerator. A high value of UA implies a large temper-
ature lift and a low pressure drop partly indicates a high COP. The 
relations of UA versus pressure drop between the microchannel regen-
erator and the Gd packed sphere regenerator under the same working 
temperatures are plotted in Fig. 8. Although the UA of the microchannel 
regenerator underperforms the packed sphere regenerator, its pressure 
drop is significantly lower. 

The objective of developing this microchannel regenerator is to 
reduce pumping power for a fixed heat load or to enhance heat transfer 
for a fixed pumping power. Two corresponding performance evaluation 
criteria (PEC) are defined in Table 3 [55,56]. 

PEC1 is derived from the modelling results for the microchannel and 
the packed bed regenerators in Table 1. Based on the identical 

dimensions and porosities for both regenerators, the microchannel 
regenerator varies the channel size (hydraulic diameter) to moderate the 
UA and therefore the NTU. From the point of view of magnetocaloric 
cooling, the NTU is a crucial factor for cooling capacity given the fixed 
amount of MCM. Thus, the PEC1 indicates the potential reduced 
pumping work for the fixed cooling capacity. The PEC1 values in Fig. 9 
are below unity when Re < 35, which indicates that the pumping power 
reduction in the microchannel regenerator is greater than the potential 
cooling capacity reduction. 

To further investigate the potential COP improvement, microchannel 
regenerators could be considered in the rotary magnetocaloric refrig-
erator at DTU Energy from Ref. [57] with the same NTU and mass of 
MCM as the original packed sphere regenerators. The parameters for this 
estimation are summarized in Table 4. Based on the same assumptions as 
PEC1, the cooling capacity and magnetic work for the microchannel 
regenerator is assumed unchanged because the material has the same 
mass and same heat transfer characteristics as the packed sphere 
regenerator it replaces. To derive an estimated improvement in COP 
based on the microchannel regenerator, mechanical losses from the gear 
drive and control valve friction, as well as the pressure losses through 
external equipment and mechanical losses are eliminated (COPAMR in 
Table 4), because they may be reduced by engineering design im-
provements. By applying the microchannel regenerator in the specific 
case in Table 4, the pump power can be reduced from 4.1 W to 1.7 W, 
which corresponds to a COPAMR improvement of 42%. Thus, the 
microchannel regenerator has the potential for high COP values in an 
AMR device. 

Fig. 7. The relation between Nusselt number and particle Reynolds number 
(based on pore velocity). Each data point of Nu for the microchannel regener-
ator is derived from the experimental effectiveness and a 1D numerical model. 
The correlations for the packed spheres, parallel-plate and equilaterally trian-
gular channel are based on steady unidirectional flow through a single channel 
for heat sinks. NuH denotes the boundary condition of a constant heat flux and 
uniform circumferential temperature. NuT represents the boundary condition of 
constant wall temperature. 

Fig. 8. UA versus pressure drop between regenerators of microchannel and 
packed spheres. 

Table 3 
Relative performance for the microchannel regenerator.  

Cases Reduced friction 
power 

Increased heat transfer 

Constraints Ac

Ac,b
=

L
Lb

= 1† Ac

Ac,b
=

Δp
(Δp)b

= 1  
Regenerator 

dimensions 
Ø30 × 40 Ø30 × L 

Porosity 0.38 0.38 
Variations Dh,f, Re  L, f, Re  
Parameters of interest 

PEC1 =
fF/fF,b

(St/Stb)3(5)  
PEC2 =

UA/(UA)b

(Δp/Δpb)
1/3 ( Ac/Ac,b

)2/3(6)   

† The subscript b denotes the baseline condition taken from the Gd packed bed 
regenerator. 

Fig. 9. PEC values as a function of Reynolds number for the microchannel 
regenerator. The x axis denotes the Reynolds number for the baseline packed 
bed regenerator. 
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The modelling results of PEC2 in Fig. 9 show the increased heat 
transfer performance for identical pump work for the microchannel 
compared to the packed bed regenerator. Based on a fixed cross- 
sectional flow area, the pressure drop of the microchannel regenerator 
is set to the same value as in baseline by varying the matrix length. In the 
full range of Re, the PEC2 values are greater than unity with a gradual 
decrease with increasing Re. This can be attributed to the fact that Nu in 
the microchannel regenerator is less dependent on Re than in the packed 
bed regenerator (Fig. 7). PEC2 also exhibits a potential COP improve-
ment for the microchannel regenerator applied in a magnetocaloric 
device. 

4.4. Cooling capacity 

The cooling performance study consists of analyzing the temperature 
span in terms of the hot reservoir temperature, the fluid displacement 
speed, and the heat load. The experimental evaluations are performed in 
the active test machine. 

The influence of the hot reservoir temperature (Th) on the no-load 
temperature span (ΔT0) was determined experimentally by varying 
the temperature in the cabinet. The maximum temperature span 
generally appears when the hot reservoir temperature is above the phase 
transition temperature of the material where the transition temperature 

approaches the midpoint of the end temperatures [58]. Fig. 10 (a) shows 
ΔT0 versus Th, and the peak temperature (~20 ◦C) indicates that the 
transition temperature is found in the range of 16–20 ◦C, which is 
consistent with the peak temperatures of specific heat at zero field in 
Section 3.5. Data from the literature for ΔT0 Th for epoxy bonded [10] 
and parallel-plate regenerators [28] are included in Fig. 10. Based the 
curve peak amplitude and width, the microchannel regenerator out-
performs the parallel-plates and slightly underperforms the epoxy 
bonded regenerator. It is noted that the epoxy bonded regenerator has a 
smaller hydraulic diameter and larger dimensions than the micro-
channel regenerator, which implies that the expected performance is 
higher. 

The relations of ΔT0 versus fluid displace speed (vf) are depicted in 
Fig. 10 (b) fixing U, Th and the movement in and out of the magnet. The 
temperature span ΔT0 increases with decreasing vf for this microchannel 
regenerator, which is opposite to packed sphere regenerators in litera-
ture [38]. The impact of vf on ΔT0 links to the effect of NTU and 
therefore effectiveness (η) variation. Since η monotonously increases 
with NTU (Fig. 6 (a)), increasing vf results in decreasing NTU, η and ΔT0. 
However, reducing vf will decrease operating frequency and cooling 
capacity, which will be discussed next. To further investigate the fluid 
velocity effect, a supplementary test of an epoxy-bonded regenerator 
evaluated on the same test machine is shown in Fig. 10 (b). This epoxy- 
bonded regenerator has the same dimensions and MCM as the micro-
channel regenerator. Owing to the expected higher heat transfer per-
formance, the epoxy bonded regenerator is less dependent on fluid 
velocity than the microchannel regenerator. 

The temperature spans (ΔT) are convex-like functions of the utili-
zation in Fig. 11, resembling those found in literature [11,33,59]. The 
optimal utilization maximizing the ΔT0 is around 0.38 for a wide range 
of Th in Fig. 11 (a). In Fig. 11 (b) it is shown that the optimal utilization 
shifts to higher values with increasing heat loads per unit mass q̇c. These 
phenomena can be explained by the optimal utilization being the bal-
ance such that sufficient fluid was blown to maintain a high cooling 
capacity, but also little enough not to destroy the temperature span [60]. 
For a comparable study, the curves of ΔT0̃ U for epoxy bonded 
regenerator [10] and parallel-plate regenerator [28] are plotted as 
dotted lines in Fig. 11 (a). The epoxy bonded regenerator represents a 
packed bed geometry with high performance. The MCM of the epoxy 
bonded regenerator is irregular particles of La(Fe,Si,Mn)13Hy (CALO-
RIVAC-H, 250–500 µm, Vacuumschmelze), which has a larger MCE than 
CALORIVAC-HS due to different stoichiometry. The epoxy as a binding 
agent is used to improve the mechanical stability of the MCM and 

Table 4 
Parameters of the rotary refrigerator for comparing the potential COP.  

Parameters Values 

Regenerators (11 beds, Gd and Gd(1-x)Yx) Closely packed spheres Microchannel 
Porosity 0.36 0.36 
Frequency (Hz) 0.61 0.61 
Hydraulic diameter (mm) 0.173 0.149 
Temperature span (K) 15.5 – 
COP 3.6 – 
Magnetic work (W) 4.0 4.0 
Bearings and gear work (W) 1.6 – 
Control valve friction (W) 1.1 – 
Pumping work (W), regenerators 4.1 1.7 
Pumping work (W), external† 4.8 – 
Regenerator losses (W) 7.2 – 
COPAMR, exclude mechanical losses‡ 10.1 14.3  

† The external pumping work indicates the flow resistance through the cold 
manifold, check valves, fittings, and connecting tubing. 

‡ The input work for COPAMR only accounts for the magnetic work and the 
regenerator pumping work. 

Fig. 10. No-load temperature span as a function of 
(a) hot reservoir temperature with piston velocity 
and utilization of 3 mm/s and 1.05, respectively, 
and (b) fluid displace velocity with utilization of 
1.05. The notations of ‘Parallel’ and ‘Epoxy bonded’ 
denote the literature data for parallel-plate [28] and 
epoxy bonded regenerators [10] respectively. The 
‘Epoxy bonded 2′ represents a supplementary test of 
epoxy bonded regenerator with optimized utiliza-
tion, and the same dimensions and MCM materials 
as the microchannel regenerator.   
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reduces the volume for the fluid to occupy. The epoxy has a low thermal 
conductivity and hinders the heat transfer from the particles to the fluid 
while the reduced fluid flow area increases the pressure drop. The 
parallel-plate geometry can be considered as a low hydraulic resistance 
and high efficiency, provided the plate spacing and plate thickness are 
adequately small. The MCM in the parallel plates is La0.85Ce0.15-

Fe11.25Mn0.25Si1.5Hy, which exhibits slightly weaker MCE than La(Fe,Si, 
Mn)13Hy. Since the tested vf of parallel-plate regenerator is 7 mm/s and 
much higher than the optimal velocity of 3 mm/s for microchannel one, 
another curve for the microchannel regenerator with 7 mm/s velocity is 
also plotted (dashed line in Fig. 11 (a)). At a vf of 7 mm/s, the tem-
perature spans of the microchannel regenerator are greater than those of 
the parallel-plate regenerator. On the other hand, the temperature spans 
of the microchannel regenerator at vf = 3 mm/s can approach those of 
the epoxy bonded regenerator at vf = ~5 mm/s. It is noted that the MCM 
mass of the epoxy bonded regenerator is ~95 g compared to 61 g in 
microchannels and ~50 g in parallel plates. A larger MCM mass should 
result in a higher temperature span. Consequently, the cooling perfor-
mance of microchannel regenerator is verified based on the MCM of 
CALORIVAC-H. 

Curves of specific cooling capacity versus temperature span, 

commonly referred to as the cooling curves [61], are shown in Fig. 12 for 
different vf . Initially they all have a small negative slope, before reaching 
a point where the cooling capacity drops off rapidly, similar to previ-
ously reported results [62]. The knee point has the maximum product of 
cooling capacity and temperature span [63], and is thus critical for 
regenerator design. In operation, higher vf simultaneously results in a 
lower effectiveness of the conjugate heat transfer and a higher frequency 
of the cycle. In the first part of the curve, with relatively small tem-
perature spans, low vf does not increase ΔT, because 1) the heat transfer 
effectiveness is insensitive to the flow velocity when ΔT is small, and 2) 
the rate of generated thermal energy for creating ΔT is reduced at low 
frequencies. In the drop-off section, lowering vf results in larger tem-
perature spans, as the heat transfer effectiveness is critical for ΔT in a 
large temperature span. Since low vf results in small pressure drop, this 
regenerator potentially gains high efficiency when requiring relatively 
large temperature spans. 

4.5. Applicability and stability 

Along with the performance evaluation, assessment of the regener-
ator applicability and stability is equally important. The microchannel 
regenerator applicability depends not only on the channel shaping 
quality, which was validated above, but also the MCM after 
manufacturing, as well as the hydraulic and magnetocaloric testing 
(passive and active experiments). Fig. 13 shows the specific heat of 
flakes cut from the microchannel structure after manufacturing and 
again after passive and active tests. The shallow lambda-like cusps at the 
transition temperature reveal a weak first order phase transition be-
tween paramagnetic and ferromagnetic states, as also observed in the 
raw materials [64]. Fig. 13 also shows how the specific heat changes in 
the presence of magnetic fields. The shift of the transition temperature 
with the field ΔTc/ΔH is found to be ~6.7 K/T, consistent with other 
studies of this type of material [65]. After the hydraulic and magneto-
caloric testing, only a very slight shift of the curve is observed. As the 
two pieces being tested are not the same, the shift could be due to slight 
variations in the chemical composition across the sample. Whenever the 
temperature is ramped in the DSC, the sample temperature will lag a 
little behind, due to its thermal mass. The inset figure in Fig. 13 shows 
the peak temperatures of the specific heat as a function of ramp rate. The 
peak temperature at the ramp rate of 0 K/min and zero magnetic field 
can be extrapolated as ~16.4 ◦C for the MCM, with a negligible thermal 
hysteresis. 

To validate the microchannel stability, we repeat the effectiveness 
and pressure drop measurements after the initial passive and active 

Fig. 11. Temperature span as a function of utiliza-
tion at various (a) hot reservoir temperatures and 
(b) specific heat loads. The optimal hot reservoir 
temperature and fluid displacement velocity is 20 ◦C 
and 3 mm/s, respectively. The mass of MCM for this 
microchannel regenerator is 61 g. In subfigure (a), 
the green dash line represents the case for the 
microchannel regenerator with a displacement ve-
locity of 7 mm/s. The dotted blue line represents the 
case for the epoxy bonded regenerator with an MCM 
mass of 95 g and displacement velocity of 5 mm/s. 
The maroon dotted line represents the case for the 
parallel-plate regenerator with the MCM mass of 50 
g and the displacement velocity of 7 mm/s.   

Fig. 12. Cooling curves at Th = 20 ◦C and U = 1.05: specific cooling capacity 
(cooling capacity normalized by MCM mass) as a function of temperature span 
at multiple fluid displacement velocities. 
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testing. Almost no variation of effectiveness is found in Fig. 14, which 
validates the stability of heat transfer performance. Given the stability of 
the effectiveness, the pressure drop decreases probably because some 
fine blockage is washed away during the oscillating hydraulic flow. 
Thus, the microchannel regenerator can withstand the oscillating hy-
draulic flow and magnetic force impacts. 

5. Conclusion and outlook 

A triangular microchannel active magnetic regenerator was fabri-
cated, and assessed in terms of hydraulic resistance, heat transfer, 
cooling capacity and stability. The analysis comprised oscillating flow 

experiments, periodic magnetic and hydraulic experiments, calorimetry 
in multiple magnetic fields, and modelling with a one-dimensional nu-
merical model. We find the micro channels are well shaped and the 
magnetocaloric properties are stable. The specific findings are the 
following:  

(1) The regenerator exhibits a low hydraulic resistance, while the 
Nusselt number ranges from 2.5 to 6. This implies that heat 
transfer performance is as expected, compared to the theoretical 
value. This indicates a potential for high efficiency in magnetic 
refrigeration applications due to the reduced flow resistance 
compared to, for example, a packed sphere regenerator.  

(2) According to a performance evaluation criterion, the pumping 
power reduction in the microchannel regenerator is greater than 
the heat transfer reduction. In a specific refrigerator, the 
achievable increase in COP by applying the microchannel 
regenerator is estimated to be 42%, relative to that of an equiv-
alent packed sphere regenerator.  

(3) The regenerator obtains around 8 K of no-load temperature span 
and 65 W/kg of zero-span cooling capacity in an active magnetic 
regeneration cycle. This is consistent with the range of a packed 
sphere regenerator with the same magnetocaloric material, tested 
in the same test machine. 

(4) The geometrical architecture and material properties are me-
chanically and chemically stable through repeated experiment 
operation. 

Based on the small-scale characterization, this regenerator has a 
potential as a component of a large-scale magnetocaloric device. In a 
future application, it would be desirable to have a layered design based 
on this geometry. This would have magnetocaloric materials with 
varying transition temperatures along the flow direction to align the 
working range with the peaks of the magnetocaloric effect, resulting in a 
higher cooling power. 
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H I G H L I G H T S

• AMR geometries produced with LBM are stable under thermo-magnetic cycling.

• Nature-inspired flow structures of AMR geometries demonstrate potential for increased performance.

• LaCe(FeSiMn)H has good mechanical and magnetocaloric properties and is a good candidate for AMR applications.

A R T I C L E I N F O

Keywords:
Alternative cooling
Additive manufacturing
Biomimetics
Magnetocaloric effect

A B S T R A C T

Two sets of regenerators intended for application in magnetic refrigeration have been manufactured using laser
beam melting. One set of regenerators was produced in La0.84Ce0.16Fe11.5Mn1.5Si1.3Hx and the other in
AlSi7Mg0.6. The former are intended as regenerators for magnetocaloric devices, while the latter are intended for
passive characterisation of heat transfer properties. In each set there were two regenerators with novel nature-
inspired flow structures and one with straight flow channels as a reference geometry. All three magnetocaloric
regenerators demonstrated excellent mechanical and functional stability under thermo-magnetic cycling, lasting
for at least seven days of operation each. During the active testing as magnetocaloric regenerators, all three
regenerators demonstrated a maximum temperature span between the hot and cold ends twice as high as the
adiabatic temperature change of the magnetocaloric material itself. Results of the passive regenerator testing
suggest that the nature-inspired flow structures have the potential to improve performance of magnetocaloric
devices in terms of COP and cooling power.

0. Introduction

Facing a continuously increasing energy demand for cooling appli-
cations, the need for alternative energy sources has evolved [1]. Until
now, the entire cooling market is nearly monopolized by conventional
vapour compression technology [2], while magnetocaloric cooling is
considered to be one of a few promising alternatives to vapour com-
pression technology [2,3]. However, significant advances are required
in material development, system engineering and material shaping in
order to improve the efficiency of existing magnetic cooling devices
[2,4–9]. Moreover, active magnetic regenerators (AMR) have to be
mechanically and functionally stable in cyclical operation as well as
meet requirements for surface finish, have suitably fine flow structure
and be easy to mass produce [8].

Magnetic refrigeration, or magnetocaloric cooling, draws a sub-
stantial scientific interest due to its environmental benefits. The toxic or
otherwise environmentally hazardous gases, used as refrigerants, are
eliminated from the magnetic cooling systems [10]. A porous solid re-
frigerant, made of magnetocaloric material (MCM), is used instead. It is
exposed to a change of magnetic field, which is usually created by a
permanent magnet [5,6,11–13]. During this (de)magnetization process,
MCM (absorbs) releases the heat (from) to the ambient via a heat
transfer liquid. In order to harvest the generated energy and effectively
use it for cooling applications, the heat transfer fluid flow should be
applied timely. Therefore, a suitable thermodynamic cycle must be
exploited [14]. In theory, the energy generation process in an active
magnetic cooling system is fully reversible [10] as long as the MCM
does not exhibit hysteresis. Thus, under cyclical operation the solid
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regenerator builds up a system temperature span between hot and cold
reservoirs that can be exploited for cooling applications. Nevertheless,
in reality, magnetic cooling is accompanied by various engineering and
material-based challenges.

The system performance is also limited by heat transfer effective-
ness and pressure drop magnitude through the porous regenerators that
are the core of the magnetocaloric device [8,15]. A significant amount
of research effort has been devoted to the shaping of MCMs and opti-
mization of flow channel geometry in solid regenerators [16–25]. While
numerical studies suggest that the highest coefficient of performance,
COP, at a fixed cooling power (Qcool) would be obtained with woven
screens [16] or sufficiently thin parallel plates that have even spacing
between them [18], experimental works have achieved best results
using packed particle regenerators to this day [19,21]. This relates to
the fact, that manufacturing of woven screens or sufficiently thin plates
is very challenging, while production of sufficiently small spherical or
crushed particles is easier. Therefore, the latter two are the most widely
exploited MCM geometries [26–29].

Attempts at non-conventional MCM shaping technologies such as
freeze-casting [24,30], metal powder extrusion [31] and laser beam
melting (LBM) [32] have demonstrated satisfactory results. Freeze-
casting allows direct formation of the porous media with microchannels
that favours lower pressure drop and higher heat transfer [24] through
an MCM regenerator achieving flow channel size of approximately
15 µm and overall regenerator porosity up to 49% [24]. The LBM
technique, on the other hand, allows production of monolithic blocks
with otherwise unobtainable geometries, e.g. corrugated flow channels
[32,33]. Moreover, LBM enables manufacturing of regenerators with
high surface area to volume ratio [32], which is desirable for enhanced
heat transfer. Experimental results on the effectiveness of passive

regenerators manufactured using the LBM technique have been re-
ported [22]. There, the size of flow microchannels was between 200 µm
and 300 µm. The regenerator material was stainless steel and the por-
osity was up to 78% [22].

One additional way to improve the efficiency of magnetic cooling
devices is by building nature-inspired flow structures in porous solid
regenerators [25]. These structures allow to obtain the same or higher
COP at fixed cooling power compared to regenerators with packed
spherical particles, while using significantly less MCM. Moreover, the
nature-inspired flow geometry has an advantage over a cylindrical
microchannel matrix. The previous geometry allows to obtain higher
cooling power even with larger hydraulic diameter (Dh) of the flow
channels [25], which makes it attractive from a manufacturing point of
view as well. As it was demonstrated in Ref. [32], it is possible to
produce corrugated flow channels using the LBM technique. Further-
more, it was recently demonstrated that MCM regenerators with mi-
crochannel sizes as low as 300 µm have been successfully manufactured
using the LBM technique followed by a heat treatment and hydro-
genation step to adjust the Curie-temperature to near-room temperature
[34].

In this study, we present the full-scale experimental results obtained
with regenerators produced using the LBM technique. Therefore, it is
briefly introduced here. LBM is an additive manufacturing (AM) tech-
nology, where metal powder is spread in thin layers and selectively
melted based on the part [35,36]. Important process parameters are,
amongst others, the powder layer thickness, the laser power and the
laser scan speed. Those define the energy density achieved in the ma-
terial, and hence if stable parts of high density can be produced [40].
These parameters, in combination with the properties of the base
powder and the part orientation, also influence the surface roughness

Nomenclature

Abbreviations

AM Additive manufacturing
AMR Active magnetic regenerator
CAD Computer aided design
DSC Differential scanning calorimeter
EAC Ellipse-based constant cross-section area
EDH Ellipse-based constant hydraulic diameter
EDM Electrical discharge machining
FOPT First order phase transition
LBM Laser beam melting
MCE Magnetocaloric effect
MCM Magnetocaloric material
SOPT Second order phase transition
VSM Vibrating sample magnetometer
3D Three dimensional

Variables

A Surface area, [m2]
AR Aspect ratio, [–]
B Magnetic flux density, [T]
COP Coefficient of performance, [–]
cp Specific heat, [J (kg K)-1]
D Diameter, [m]
f Friction factor, [–]
H Magnetic field strength, [A m−1]
K Corrugation period, [m]
L Length, [m]
M Magnetization, [A m−1]
m Mass, [kg]

P Perimeter, [m]
Qcool Cooling power, [W]
R Radius, [m]
Re Reynolds number
T Temperature, [K]
TC Curie temperature, [K]
t Time, [s]
U Utilisation, [–]
v Velocity, [m s-1]
x, y, z Coordinates, [m]
Δp Pressure drop, [Pa]
T Temperature, [K]
ΔTad Adiabatic temperature change, [K]
ΔTspan Temperature span between the hot and cold ends, [K]
Δs Entropy change, [J kg-1 K-1]
ε Porosity, [%]
δ Wall thickness, [m]
η Effectiveness, [–]
µ Dynamic viscosity, [Pa s]
ρ Density, [kg m−3]
τ Period time, [s]

Subscripts

C Curie
C Cross-section
cold Cold
f Fluid
h Hydraulic
hot Hot
max Maximum
min Minimum
s Solid, surface
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[40]. After melting using the laser, the material solidifies with high
cooling rates resulting in a refined microstructure and internal stresses.
While the refined microstructure is advantages for processing La
(Fe,Si)13 alloys since it allows a short-time heat treatment to form the
magnetocaloric 1:13 phase, the internal stresses can be detrimental for
brittle materials.

In total, three magnetocaloric and three non-magnetocaloric, pas-
sive, regenerators have been constructed. Two regenerators in each
group have been designed with nature-inspired flow channels as de-
scribed in Refs. [25,37]. In each group, there was one reference re-
generator, which was constructed with a straight microchannel flow
structure. All six regenerators have been manufactured keeping the
same geometrical constraints, i.e. regenerator length (L) and diameter
(D), wall thickness between microchannels (δ) as well as their hydraulic
diameter (Dh). The regenerators have been tested in a passive test rig,
previously reported in Ref. [20] and in a small scale testing device,
previously reported in Refs. [38,39].

1. Nature-inspired geometry

The nature-inspired flow channel geometry is fully described in
Refs. [37,40]. It consists of double corrugated tube walls that mimic a
single blood vessel of a vascular counter-flow heat exchanger found in
several fish species that developed regional or whole body endothermy
[41,42]. A double corrugation of a blood vessel prevents thermal stra-
tification of the blood flow, which contributes to increased heat transfer
through the blood vessel walls. This allows specific body parts of the
fish to maintain temperatures slightly higher than the rest of the body
and the ambient temperature [41]. The corresponding increase in
pressure drop, is sufficiently low and does not overstress the heart. It is
difficult to tell a priori whether these blood vessels have a constant
cross-section area, Ac, or constant hydraulic diameter, Dh. Thus, two
sets of equations have been derived to describe the surface of double
corrugated tubes. Eq. (1) describes the double corrugated tubes with a
constant hydraulic diameter Dh (hereafter EDH) and Eq. (2) describes
the double corrugated tubes with a constant cross-section area Ac

(hereafter EAC). Both types of the double corrugated tubes, used in this
study, are illustrated in Fig. 1. In this work, the geometry is im-
plemented as a flow passage rather than a tube. The flow passages are
arranged in a repeating cell structure that yields a porous regenerator.
Note that both double corrugated flow passages have been constructed
using the same AR and K values of 1.6 and 1.4 mm, respectively.
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where R is the radius of an equivalent straight flow passage, AR is the
aspect ratio of x and y axes, z is the longitudinal position, and K is the
corrugation period.

Fig. 1 emphasises the main geometrical differences between EDH
and EAC tubes. One can note that using the same geometrical con-
strains, i.e. R, AR and K, Eq. (1) provides a slightly more squeezed
double corrugated tube design, i.e. the value of xmax/ymax is larger
compared to the product of Eq. (2).

Results of numerical characterization of AR and K influence on the
thermo-hydraulic performance of double corrugated tubes have been
presented in Ref. [40]. It is worth mentioning that when increasing K
the thermal efficiency of the double corrugated tubes becomes negli-
gible, especially at low AR values. Finally, it was demonstrated that the
more intense the double corrugation, i.e. high AR value combined with
small K value, the more effective the corrugation for a low velocity
flow.

2. Regenerator construction

2.1. Passive regenerators

In Fig. 2 the inner construction of a regenerator with nature-inspired
flow structure are shown (Fig. 2 (a)) and a regenerator with straight
flow channels (Fig. 2 (b)). One can note that the nature-inspired flow
channels are constructed so that at a constant height z between two
neighbouring channels would subsequently have xmin and xmax (ymax

and ymin) values. In this way, the wall thickness of approximately
δ = 0.3 mm is maintained through the entire regenerator height.

The passive, non-magnetocaloric, regenerators have been manu-
factured using AlSi7Mg0.6 powder. Since the surface quality of alumi-
nium parts, produced using the LBM technique, is rather good and
enables easy powder removal, these regenerators have been produced
full size. The CAD geometries have been prepared for the LBM process
using the commercial software Materialise Magics. Manually generated
4 mm high tree-like support structures have been used to attach each
regenerator to the build-platform and efficiently dissipate heat from the
constructed parts [43]. Note that the tool for generating supports is
implemented in the software. The parts were manually cut off from the
build-platform. The LBM process parameters are listed in Table 1.

After the LBM process, the passive regenerators were cleaned in an
ultrasonic bath filled with water. Then they were cleaned using com-
pressed air. Later, the regenerators were mounted into a heat shrinking
sleeve and their housings. The housings for the regenerators were 3D
printed in standard nylon-12. The height of the housings was 46 mm
and the inner diameter 30 mm. The heat shrinking sleeve prevented
epoxy glue, used for gluing the regenerators into their housings, from
getting into the microchannels. The passive regenerators were manu-
factured with insignificant geometrical deviation from the CAD geo-
metry and fit well into their housings. The passive regenerators are
shown in Fig. 3.

Fig. 1. On the left-hand side is a side view and on
the right-hand side is a top/bottom view of double
corrugated flow passage used for constructing the
tested regenerators. The EAC tube is red and the
EDH tube is blue. Both flow passages have been
designed with the same R, K and AR values of
0.175 mm, 1.6 mm and 1.4, respectively. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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2.2. Magnetocaloric regenerators

In order to enable easier removal of excess powder and assure
complete hydrogenation of the magnetocaloric parts, the regenerator
geometry was sliced into 11 equally-sized discs. The CAD geometries
have been prepared for the LBM process in the same way as the alu-
minium parts. The manually generated supports were 1 mm in height.
After the LBM process the parts have been cut off from the build-plat-
form using electro-discharged machining (EDM) wire erosion tech-
nique. It enabled careful removal of support structures from the man-
ufactured part surface avoiding damage on actual flow geometry and
clogging of flow channels.

In order to stack the manufactured discs into regenerators without
disturbing the periodic change of the flow pattern and permanently
clogging the flow channels, each disc had a small wedge that fits into its
counterpart constructed on a subsequent disc as shown in Fig. 4.
Wedges “C” and “H” denote discs with straight and EDH flow channels,
respectively, and small pins were used for discs with EAC flow channels.

Magnetocaloric regenerators have been manufactured from
La0.84Ce0.16Fe11.5Mn1.5Si1.3 alloy, referred to here as LaCe(FeSiMn)
before hydrogenation and as LaCe(FeSiMn)H after hydrogenation. It is
important to note that the composition La0.84Ce0.16Fe11.5Mn1.5Si1.3 was
achieved by mixing a Ce- and Mn-containing and a Ce- and Mn-free La
(Fe,Si)13-base powder. Preliminary studies have shown that the com-
position can be homogenized during the LBM process and heat treat-
ment and hence varying the powder mixing ratio is a simple and effi-
cient way to achieve different Curie-temperatures.

The 3D printed parts were cleaned in an ultrasonic bath in ethanol
and dried with compressed air afterwards. Then, all discs were heat
treated in argon atmosphere for 2 h at 1423 K to form the magneto-
caloric 1:13 phase and hydrogenated at 573 K for 10 h in hydrogen
atmosphere at 850 mbar to shift the Curie temperature to room tem-
perature. It was demonstrated in Ref. [44] that the activation energy of
the hydrogenation reaction of LaCe(FeSiMn) is low, thus it does not
require high hydrogen pressure. Later the discs were stacked together
into a heat shrinking sleeve to form the regenerators and subsequently
mounted into their housings. The pucks of the regenerators before and
after they were mounted into the housings are shown in Fig. 5.

As one can note in Fig. 5 (a-2), (b-2) and (c-2), the stacked re-
generators are slightly higher than the housings. This is caused by
geometrical inaccuracies of LaCe(FeSiMn) parts, produced using the
LBM technique and imperfectly cut support structures, these led to an
increase in regenerator height and mass.

3. Regenerator testing

3.1. Passive testing

In Fig. 6 one can see a schematic drawing of the passive test rig used
for characterising both the magnetocaloric and the non-magnetocaloric
regenerators in terms of thermal effectiveness and pressure drop. The
passive test rig has been previously reported in Ref. [20].

The motor rotation frequency is controlled via LabView software.
The fluid flow rate pushed through the regenerator is controlled by the
displacement of pistons, which are connected to the motor via a
crankshaft. The full oscillating flow test cycle takes place as following:
(1) a piston on the hot side pushes out the heat transfer fluid through
the electric heater towards the regenerator as denoted by dashed ar-
rows. The heated fluid goes through the regenerator and is stored at the
piston on a cold side; (2) during the second half of the cycle, the heat
transfer fluid is pushed out by the cold side piston through the cold side
heat exchanger. Then, cooled fluid passes the regenerator and goes to
the hot side piston as denoted by solid arrows. The check valves on the
inlet and outlet of the regenerator assure a unidirectional flow in the
piping system. The heat exchangers on the hot and cold sides are set to
maintain a constant temperature difference in the system, which is
close to ambient temperature in order to minimize heat loss. After
several cycles the system establishes a periodic steady state condition.
The temperature and pressure readings are recorded for further data
analysis. The uncertainties for temperature and pressure measurements
are less than 3% as reported in [45].

The definition of effectiveness, η, is introduced using Eqs. (3) and
(4). The effectiveness of the cold to hot blow is referred as ηcold and the
effectiveness of the hot to cold blow is referred as ηhot. The latter one is
assumed to be a characteristic heat transfer performance, analogous to
AMR performance in a cooling cycle.

∫
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−

−
η

T τ T dt

T T
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hot τ
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hot cold
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τ
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0
/2

,
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where T is the temperature, t is the time, and τ is the cycle period.
Subscripts hot and cold stand for hot side and cold side of the re-
generator, respectively and f denotes fluid. Note that the experimental
temperature data is averaged over 20 cycles at the same phase position
before integration.

The friction factor, f, based on the maximum pressure drop, Δpmax,
and maximum pore velocity, vf,max, are adopted for flow resistance

Fig. 2. A quarter section of a 4.2 mm high segment of a regenerator with (a) nature-inspired and (b) straight flow channels. Blue denotes flow channels and grey
marks solid material. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
LBM process parameters.

Material Laser focal, mm Scan speed, mm/s Laser power, W Powder layer thickness, µm Powder particle size, µm

AlSi7Mg0.6 0.1 900 195 30 20–60
LaCe(FeSiMn) 0.1 350 190 50 10–60
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characterization as derived in Eq. (5). Accordingly, the Reynolds
number, Re, is based on hydraulic diameter and pore velocity as ex-
pressed in Eq. (6).

=f
p
L

D
ρ ν

Δ
2 ( )

max h

f f max,
2

(5)

=Re
ρ v ε D

μ

( / )f f h

f (6)

where f is the friction factor, Δp is the pressure drop, L is the re-
generator length, ρf is the fluid density, νf,max is the pore velocity, Dh is
the hydraulic diameter, defined in Eq. (7), Re is Reynolds number, μf is
the dynamic fluid viscosity, ε is the regenerator porosity. Subscript max
stands for maximum.

=D A
P

4
h

c
(7)

where Ac is the cross-section area of the flow channel and P is the
perimeter of the flow channel.

3.2. Active testing

The magnetocaloric regenerators have been tested in a small-scale
versatile testing device, which has been previously reported in Refs.
[38,39]. In Fig. 7 one can see a schematic drawing of the device, which
is mounted inside a temperature-controlled cabinet. A Halbach array
magnet is mounted in a fixed position and the MCM regenerator is
moved by a stepper motor in and out of the magnetic field. The

maximum magnetic flux density inside the magnet bore is 1.1 T. The
heat transfer fluid is timely pushed through the porous MCM re-
generator by a displacer. The hot end temperature is maintained by a
forced convection heat exchanger, which is in thermal equilibrium with
the ambient. The temperature at the cold and hot ends is measured with
calibrated E-type thermocouples. The measurement error is± 0.5 K.
Software written in LabView is used for data logging and hardware
control.

The hot end temperature is controlled by adjusting the set value of
the cabinet temperature. The cycle frequency and utilisation, U, can be
controlled via settings in the LabView software.

The utilisation is defined in Eq. (8).

=
m c
m c

U f p f

s p s

,

, (8)

where mf is the fluid mass pushed through the regenerator during one
full piston stroke, ms is the mass of the solid regenerator, cp,f is the
specific heat of the fluid and cp,s is the specific heat of MCM away from
the peak.

4. Results

4.1. Regenerators and the materials

From Table 2, one can see that the geometrical characteristics of the
MCM and AlSi7Mg0.6 regenerators as they have been prepared in the
CAD software and manufactured using the LBM process. It is clear that
the geometrical deviation of the passive regenerators from the CAD

Fig. 3. The side (1) and top (2) view of the passive regenerators with (a) straight, (b) EDH and (c) EAC microchannels.

Fig. 4. Side and top views of discs with (a) cylindrical microchannels, (b) EDH and (c) EAC flow pattern.
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models is significantly lower than for the MCM regenerators. One can
also notice that the mass of passive regenerators is rather similar and
varies within the limit of 1 g. The variation of mass of the MCM re-
generators, on the other hand, is significant. The maximum difference is
10.15 g between the lightest (straight) and the heaviest (EAC) re-
generators. This could be attributed to the significant difference in the
regenerator length, which is ΔL = 3.3 mm and the particles clogging
the flow channel as can be seen from Fig. 8.

The depth of the flow channels has been investigated using a
Keyence VK-9700 digital microscope. The microscope calibration value
is 688 nm/pixel in the xy plane and 1 nm per decimal point in the z
direction. Note that the maximum measurement depth was approx.
600 µm, thus 0 µm on the colour bar does not mean that the end of the
channel was reached, it only signifies the limit of the measuring
equipment. The microscopy was done on two randomly selected flow
channels on one randomly selected regenerator disc before heat treat-
ment and hydrogenation. The goal of this analysis was to identify po-
tential channel clogging due to partially melted powder particles [46]
that could not be removed from the channels during the cleaning steps.

Fig. 8 shows that indeed channels of MCM regenerators have a very
high flow channel clogging due to powder particles that could not be
removed from the channel walls. One can also see that the least clogged
flow channels was observed for the EDH regenerator. Moreover, the
length of the widest distance between the channel walls has the smallest

Fig. 5. The pucks of the regenerator discs before (1) and after (2) mounting into the nylon housing. The discs of the regenerator with (a) straight, (b) EDH and (c) EAC
microchannels.

Fig. 6. A schematic of the passive test rig. The
double-sided arrow shows the directions of piston
motion. The solid single sided arrow indicates the
fluid flow direction during cold-hot blow. The da-
shed single sided arrow indicates the fluid flow
direction during hot–cold blow. Four check valves
maintain unidirectional flow in the piping system.

Fig. 7. A schematic of the small-scale versatile testing device.
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deviation from the CAD geometry for the EDH regenerator as well. On
the other hand, the EAC regenerator has the most clogged channels as
shown in Fig. 8 (c). It is worth to point out that the surface quality of
the MCM parts on the bottom surface, where they were cut from the
support structures using the EDM wire erosion technique, is somewhat

better than on the top surface. Thus, in the future, it is worth in-
vestigating the channel surface quality when a slice with a width of few
powder layers is removed from a top surface of 3D printed parts by
EDM wire erosion technique.

Magnetocaloric properties of the MCM material have been

Table 2
Geometrical parameters of the regenerators prepared in CAD software and manufactured using LBM.

Name Calculated from CAD data Measured on manufactured parts

Channel size,
Dh, mm

Wall thickness, δ
mm

Reg. diameter, D,
mm

Total reg.
length, L, mm

Heat transfer surface
area, As, cm2

Reg. diameter, D,
mm

Reg. length, L,
mm

Reg. mass,
m, g

Porosity, ε, %

Material AlSi7Mg0.6
EDH 0.35 0.30 28.5 46.2 775.6 28.4 46.7 65.4 16.6
EAC 0.35 0.30 28.5 46.2 830.4 28.3 46.8 66.2 15.5
Straight 0.35 0.30 28.5 46.2 748.6 28.4 47.0 66.1 16.5

Material LaCe(FeSiMn)H
EDH 0.35 0.30 28.5 46.2 775.6 28.7 50.5 189.9 16.5
EAC 0.35 0.30 28.5 46.2 830.4 28.7 53.8 199.1 18.0
Straight 0.35 0.30 28.5 46.2 748.6 28.7 50.5 189.0 17.1

Fig. 8. Flow channel depth for a single channel of the regenerator before heat treatment and hydrogenation of the MCM regenerators with (a) straight, (b) EDH and
(c) EAC flow channels.

Fig. 9. Adiabatic temperature change ΔTad of LaCe(FeSiMn)H in a magnetic field change of ΔB = 1.1 T.
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evaluated after active and passive testing. In order to perform adiabatic
temperature change measurements one of the discs was broken in four
pieces and two quarters of it were glued together on top of each other.
Between them an E-type thermocouple was mounted using a small
amount of thermal epoxy. The assembly was mounted into a thermally
insulated plastic tube and sealed from the top and bottom in order to
prevent any air flow through the sample that would enable forced
convection. The sample was cooled down to 273 K. After the sample
reached the desired temperature it was cycled in and out of the mag-
netic field of B = 1.1 T until it reached thermal equilibrium with the
cabinet, which was set to 302 K. The adiabatic temperature change
measurement protocol used in this study is in agreement with those
reported in Refs. [47,48]. Fig. 9 shows the experimental results of the
ΔTad measurements. One can see that the peak ΔTad of 1.4 K was
reached between 297 K and 299 K when the sample was magnetized.
The offset between magnetization and demagnetization curves on the
sample temperature axis, where the peak ΔTad was observed is very
close to the peak ΔTad itself. This verifies that the sample was well in-
sulated and the temperature change during the (de)magnetization
process can be considered adiabatic and attributed to magnetocaloric
properties of the material only.

Isothermal entropy change, Δs, was measured using a LakeShore
7407 vibrating sample magnetometer (VSM) on a sample with a mass of
65 mg and length of 5.78 mm, height of 2.15 mm and width of
1.58 mm, containing a full flow channel. The experimental error,
caused mainly by inaccuracies of the mass of the sample and calibra-
tion, is up to 5%.

Fig. 10 (a) shows the magnetization of the sample. One can notice
that even at the highest temperatures the sample exhibits a rather high
magnetic susceptibility. LaCe(FeSiMn)H is known to contain a certain
amount of iron (α-Fe) even after heat treatment [31]. Assuming a sa-
turation magnetisation of the α-Fe of 2.2 T it was calculated that the
tested MCM material contained approx. 25% α-Fe. It is assumed that
this is due to the heat treatment conditions not being optimized.

The isothermal entropy change, Δs, was calculated from the mag-
netization data as presented in Fig. 10 (b). One can see that the Δs peak
was observed between 290 K and 300 K. This broad temperature in-
terval of phase transition as well as the continuous change of magne-
tization around TC indicates a SOPT character of the material. On the
other hand, it could also be an indication that the composition of the

two base powders was not completely homogenized during the heat
treatment, resulting in slight compositional and respectively TC varia-
tions which broaden the transition temperature and reduce the peak
value. Same as for the reduction of α-Fe, the heat treatment conditions
should be optimized to avoid this effect.

The specific heat capacity, cp, was measured using a home-built
differential scanning calorimeter (DSC) with the measurement error of
up to 7.5% [49,50]. Characteristic parts of the regenerators were
measured before and after AMR testing, and three samples were mea-
sured. A piece of the regenerator that was not tested in the AMR cycle
had a mass of 12.3 mg, and a flake of the broken MCM disc used for
AMR experiments had a mass of 16.2 mg. Note that the part that was
not tested in AMR cycle was taken from the disc, which was not used for

Fig. 10. Results of VSM: (a) isothermal magnetization as a function of magnetic field in the temperature range from 252 K to 318 K and (b) derived isothermal
entropy change as a function of temperature.

Fig. 11. Results of DSC measurements of heat treated and hydrogenated raw
powder and parts that were manufactured using the LBM technique. The
measurements were done at a heating rate of 1 K/min and 0 T magnetic field.
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constructing the regenerators. From Fig. 11, one can see that the peak
value of cp of parts produced using the LBM technique was observed at
the same interval as peak values of ΔTad and Δs, showing that all the
measurements are consistent. It is noticeable that the peak values of cp
before and after AMR experiments are effectively the same, however
the interval where peak is observed became broader after the AMR
cycling. This could be attributed to the slight compositional in-
homogeneities of the powder mixture.

The magnetocaloric properties of the material used in this study are
listed in Table 3 and compared to other SOPT materials. From there it is
seen that the magnetocaloric properties possessed by the LaCe(FeSiMn)
H alloy, processed with LBM, are relatively high. In other words, a fairly
high value of ΔTad coupled with rather low specific heat demonstrated
material’s capability of efficient heat transfer from MCM to the heat
transfer fluid [13,14,51]. Usually MCM with high isothermal entropy
change are desirable, since it is related to high increase in temperature
[13]. However, it was demonstrated numerically that MCM with higher
ΔTad on account of smaller entropy change are preferred especially at
lower fluid flow rates [52].

4.2. Active and passive testing

The MCM regenerators have been tested in the small-scale versatile
testing device in order to investigate the performance of the structures,
manufactured using the LBM technique, during thermo-magnetic cy-
cling. All of the regenerators have been tested using 2% wt. ENTEK FN
in a water solution, to protect against corrosion. The testing routine
consisted of three steps. First, the optimal utilisation, U, was found
varying displacer stroke while keeping its velocity and the hot end
temperature, Thot, constant. Second, the fluid flow velocity was varied
keeping utilisation and Thot constant. Third, the no-load peak perfor-
mance was determined while fluid flow velocity, v, and U were kept
constant and Thot was varied.

The surface roughness of the flow channels (Fig. 8) as well as re-
maining support structures on the MCM discs made it impossible to
associate differences in the performance to different geometrical fea-
tures. In other words, high surface roughness and the remaining support
structures disturbed fluid flow passages creating unintended fluid flow
mixing and likely affected the flow distribution across flow channels.
Due to these distortions, the flow channels can no longer be treated as
purely straight or double corrugated, instead the flow channels have
undefined geometries. Moreover, the dead volume inside the re-
generators was increased because of constructing them from separate
slices. It was shown in [56], that the dead volume inside the re-
generator geometry has a strong negative effect on cooling power and
COP. Nevertheless, the potential of these regenerators to operate under
thermo-magnetic cycling was investigated.

It was found that for all the regenerators the optimal U value was
approximately 0.25 and the optimal fluid flow velocity was v ≈ 17 mm/
s. This is a rather high fluid flow velocity compared to v = 7 mm/s and
v = 8.2 mm/s, found to be optimal for the parallel plate [17] and two-
layer packed irregular particle regenerators [57], respectively. On the
other hand, the fluid flow velocity of v = 22–23 mm/s was found to be

optimal for the regenerators with five and nine layers of irregular
particles. The variation of optimal fluid flow velocity inside the re-
generator bed can be attributed to differences in regenerators mass and
porosity. One can see from Fig. 12 (a) that only the straight and EDH
regenerators were tested against the utilisation. This is because of all of
the regenerators had similar mass and effectively the same porosity.
Moreover, it is seen in Fig. 12 (a) that the temperature span between
the hold and hot ends, ΔTspan, slightly increases at U = 0.5 compared to
U= 0.35. This is attributed to flow maldistributions inside the channels
due to the surface roughness and dead volume. Fig. 12 (b) shows that
the maximum temperature span ΔTspan of 3.3 K was observed for the
EDH regenerator at Thot = 295.3 K. It is interesting to note that the
peak performance for each regenerator was observed at different Thot
temperatures. This is attributed to slight compositional in-
homogeneities due to insufficient mixing and compositional homo-
genization of the base powders mentioned before. It is also noticeable
that the EDH regenerator outperformed the EAC regenerator by 0.8 K.
This is attributed to a potential flow maldistribution due to clogged
flow channels rather than an effect of geometrical features. This is
somewhat confirmed by the results of passive testing. One can see from
Fig. 13 (a) that the friction factor, f, of the EDH regenerator is only two
thirds of the friction factor of the EAC regenerator. Interestingly, the
friction factor of the regenerator with the straight flow channels falls
somewhere in between the EAC and EDH regenerators, which is in
agreement with the findings presented in Fig. 8. Moreover, it was ex-
perimentally demonstrated that the heat exchangers with the EDH
channels outperform ones with the EAC channels [33].

One can see from Fig. 13 (a) and (b) that the friction factor for the
MCM regenerators is significantly higher than for the passive re-
generators at Re less than 40. A quantitative comparison of the friction
factor between the active and passive regenerators at higher Re was not
possible due to limitations of the pressure drop measurements on active
regenerators. Moreover, the friction factor for the passive EDH and EAC
regenerators is higher than for the regenerator with straight flow
channels, which is expected. It must be noted that a possibility that
fluid flow could break some loosely attached particles out of the flow
channels was investigated. Thus, the EAC regenerator was tested in the
passive rig both before and after the AMR testing. One can see from
Fig. 13 (a) that no significant difference in friction factor measurements
was observed. Moreover, no loose particles were found in the test rig.

The effectiveness of MCM and passive regenerators is presented in
Fig. 14. In the top row, the results on MCM regenerators are presented.
Due to the limitations of the pressure drop measurements, the data on
MCM regenerators are presented for limited values of frequency and
utilisation.

It is interesting to observe that the effectiveness of the EAC re-
generator produced in aluminium alloy is the lowest independently on
the testing conditions, while its magnetocaloric counterpart demon-
strates up to 10% increased effectiveness, which is the highest among
the MCM regenerators. This is attributed to the surface quality of the
flow channels that effectively narrowed their size. It is also interesting
to note that the passive EDH regenerator demonstrated increasing ef-
fectiveness at higher utilisation values with increasing frequency. The

Table 3
Magnetocaloric properties of common SOPT materials, measured at ΔB = 1.0 T if not stated otherwise.

Material ΔTad, K |Δs|, J/(kg K) cp, J/(kg K) Ref.

LaCe(FeSiMn)H 1.4 4.4 400 This study
La0.7Ce0.3(FeMnSi)13 – 11 – [31]
LaCe(FeSiMn)H – ~7.5 – [31]
Gd 3.2 – 260 [53]
La0.67Ca0.2925Sr0.0375Mn1.05O3 and La0.67Ca0.2850Sr0.0450Mn1.05O3 1.17–1.3 3.5–3.7 750–780 [54]
La0.67Ca0.26Sr0.07Mn1.05O3 1.0 – 600 [53]
La(FeCoSi)13 1.8 – 450 [53]
La(FeCoSi)13 1.6 (at ΔB = 1.9 T) 3.2 (at ΔB = 1.9 T) ~740 (at ΔB = 1.4 T) [32,55]
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regenerator with the straight flow channels, on the other hand, shows
decreasing effectiveness with increasing frequency at utilisation of
U = 0.6. The effectiveness of the passive EAC regenerator is in-
dependent on the operational frequency at U = 0.6. The increase in
thermal effectiveness with increasing operational frequency at high
utilisation values was also observed in Ref. [22]. One of the possible
explanations is that in the passive EDH regenerator, with increasing
operational frequency at U = 0.6, the fluid flow becomes sufficiently
tortuous to induce the heat transfer between fluid and solid, resulting in
increased thermal effectiveness.

Most of the rotary magnetocaloric devices operate at a frequency of
1 Hz or higher [14]. Thus, the EDH type regenerators, with high surface
quality, could improve the thermal efficiency of an AMR system. This
means that EDH type regenerators would enable the system to obtain
higher cooling powers. Moreover, as can be seen from Fig. 13 (b) at
Reynolds numbers above 50, which effectively results in higher utili-
sations, the friction factor for the EDH regenerator and the one with the
straight flow channels is of comparable magnitude. That implies that
the energy input to overcome the pressure drop in the hydraulic circuit

would be of comparable magnitude using the EDH type regenerators as
for the regenerators with the straight channels. This means that AMRs
with nature-inspired flow structures demonstrate potential to provide
higher cooling power at the comparable or higher COP value. These
findings qualitatively agrees to the modelling results presented in Ref.
[25], where it was reported that the regenerators with the nature-in-
spired flow structures significantly outperform regenerators with the
straight flow channels that have the same hydraulic diameter [25].

5. Conclusions

Experimental results of active and passive characterization of re-
generators produced in LaCe(FeSiMn)H and AlSi7Mg0.6 using laser
beam melting have been presented in this study. It was demonstrated
that 3D printed magnetocaloric regenerators can withstand extensive
testing under thermal and thermo-magnetic cycling. None of the tested
regenerators showed signs of mechanical or functional degradation
after the testing, which lasted at least seven days for each regenerator.
Thus, mechanical an functional stability as well as good magnetocaloric

Fig. 12. Results of the AMR testing presented as (a) no-load temperature span between the hot and cold ends as a function of utilisation (b) no-load temperature span
between the hot and cold ends as a function of hot end temperature.

Fig. 13. Friction factor as a function of Reynolds number for (a) MCM regenerators and (b) passive regenerators.
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properties of LaCe(FeSiMn)H make this material a good candidate to be
used in magnetocaloric cooling devices.

Even though excellent stability and satisfactory performance results
have been obtained during the experiments, there is room for im-
provements. Firstly, the homogeneity of the magnetocaloric material
should be improved. This would improve performance of the material
and encourage construction of multi-layered 3D printed regenerators.
The heat treatment step should be optimized in order to lower the
content of α–Fe in the fabricated parts. This would also contribute to an
increase in performance, since less inactive material would occupy
valuable space in the magnetised bore of the magnetic circuit. Finally,
the laser parameters should be optimized in order to improve surface
quality of the flow channels. As it can be seen from the experimental
results on passive regenerators, the nature-inspired flow structures
show potential to improve performance of magnetocaloric devices in
terms cooling power at comparable COP values. In order to achieve this,
the surface quality of magnetocaloric regenerators must be improved to
the level that the surface roughness of MCM parts is of similar value as
for passive regenerators. Investigations to improve the surface quality
of the MCM parts by varying the laser scan parameters during LBM are
ongoing.
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Abstract 13 

The development of novel regenerators for caloric cooling applications requires a detailed 14 

evaluation of their thermo-hydraulic properties. Structures similar to shell-and-tube heat 15 

exchangers are one of the most promising geometries for elastocaloric technology since they 16 

exhibit high thermal performance and can be applied under compressive loading to overcome 17 

the limited fatigue life of elastocaloric materials normally experienced in tension. However, 18 

thermo-hydraulic properties of shell-and-tube-like structures at the conditions relevant for 19 

caloric cooling applications (oscillating counter-flow regime at low Reynolds numbers (<2000) 20 

and water as a heat transfer fluid) have not yet been characterized. In this paper, comprehensive 21 

oscillating-flow passive experimental characterization and numerical modeling were used to 22 

determine their thermo-hydraulic performance. By varying the tube wall thickness, the tube/rod 23 

diameter, the spacing between the tubes/rods, and the channel height (baffle distance), nine 24 

different regenerators were assembled and analyzed for their thermal effectiveness, convective 25 

heat transfer and friction losses. New Nusselt number and friction factor empirical correlations 26 

were developed and compared with packed beds and parallel plate regenerators (as two most 27 

widely applied regenerator geometries in caloric cooling). We show that shell-and-tube(rod)-28 

like regenerators can reach relatively high effectiveness (up to 0.92) and can present an 29 

excellent compromise between heat transfer and pressure drop properties. The shell-and-tube-30 

like geometry can serve as a highly efficient (elasto)caloric regenerator, but dense packing with 31 

a small(er) hydraulic diameter is required to further increase the convective heat transfer 32 

coefficients and the NTU values. The obtained results should serve as guidelines for overall 33 

optimization of compression-loaded shell-and-tube-like elastocaloric regenerator. 34 

Keywords: heat regenerator, shell-and-tube heat exchanger, elastocaloric cooling, thermal 35 

effectiveness, Nusselt number, friction factor 36 
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 1 

Nomenclature  
Roman Greek   

AHT heat transfer area [m2] δ tube spacing [m]  

ACS 
cross-sectional area for HTF flow 
[m2] ε effectiveness [/] 

Bi = ℎ∙𝑡

𝑘𝑠
 Biot number [/] η porosity [/]  

c specific heat [J/kgK] μ dynamic viscosity [m2/s]   
C heat capacity [W/K] ρ density [kg/m3]  

C*=
(�̇�𝑐𝑓)

𝑚𝑖𝑛

(�̇�𝑐𝑓)
𝑚𝑎𝑥

 heat capacity ratio [/] τ time [s]  

Cr*=
(𝑚𝑐)𝑠∗𝑓

(𝑚𝑐)𝑓
 total matrix heat capacity ratio [/] χ transient heat transfer correction 

factor [/] 
 

d inside diameter [m] Subscripts  

dh hydraulic diameter [m] a ambient  
D outside diameter [m] BD Bell-Delaware  

Fo=
𝑘𝑠∙

𝜏

2

𝜌𝑠∙𝑐𝑠∙𝑡2 Fourier number [/] c cold  

f  frequency [Hz] cdv cold side dead volume  
F friction factor [/] ct contact  

h convective heat transfer coefficient 
[W/m2K] CB cold blow  

H height of the tubes(rods) in contact 
with HTF in single channel dsp displaced 

 

k heat conduction [W/mK] eff effective  

L length of HTF path [m] exp experimental  

m mass [kg] f fluid  
�̇� mass flow rate [kg/s] h hot  
�̅� = �̇�/𝐴𝑐𝑠 mass velocity [kg/sm2] hdv hot side dead volume  
n number of measurements [/] H housing  
Nsup number of support elements [/] HB hot blow  
Nu =

ℎ∙𝑑ℎ

𝑘𝑓
 Nusselt number [/] i segment [/]  

NTU number of transfer units [/] in inlet  
P HTF flow period [s] j spatial node in the segment [/]  
Pw wetted perimeter [m] K Kücük  
Δp pressure drop [Pa] KE Kern  
Pr Prandtl number [/] min minimal  

𝑄                        heat transfer through support baffles 
[K/s] num numerical  

�̇�                        Heat flow rate [W] o free flow  
R Heat resistance [K/W] out outlet  
Re =

𝜌𝑓∙𝑣𝑓∙𝑑ℎ

𝜇𝑓
 Reynolds number [/] PB packed bed  

𝑠 = 𝐷 + 𝛿       centre-to-centre distance [m] PP parallel plates  
T temperature [K] r regenerator, rods  
t wall thickness [m], time [s] s solid  

U overall heat transfer coefficient 
[W/m2K] sup support  

UF utilization factor [/] tb tubing  
v velocity [m/s] w wall  
V volume [m3] Z Žukauskas  
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1. INTRODUCTION 1 

Heat regenerators are widely applied in thermal engineering [1–3]. They are indirect storage 2 

type heat exchangers, where the heat from the hot fluid is temporarily stored in a thermal storage 3 

medium (regenerative material) and later transferred to the cold fluid and vice versa. To perform 4 

the process as efficiently as possible, heat regenerators with large heat transfer area and 5 

sufficient thermal mass are favorable. Heat regenerators can be found in several applications, 6 

such as heat recovery in buildings, furnace exhaust, Stirling engines, thermoacoustics, and 7 

cryogenics, where a gas (air, helium) is typically used as the heat transfer fluid. In the last 8 

decades, heat regenerators have become an indispensable element of novel refrigeration 9 

technologies – caloric cooling [3]. Unlike in other applications, the heat regenerators in caloric 10 

technologies contain an active caloric material, and have a double function in a caloric device. 11 

Namely, they act as refrigerants (they change their temperature state due to the caloric effect) 12 

as well as regenerators and thus enable an increase of the temperature span of a caloric device. 13 

Thus, they are often called active caloric regenerators. Caloric regenerators usually work with 14 

liquid as a heat transfer medium and generally operate at low Reynolds number regimes, at 15 

which thermo-hydraulic properties of several potential regenerator geometries are not yet well 16 

established. 17 

Caloric cooling technologies have the potential to achieve high efficiencies and apply 18 

environmentally harmless solid-state refrigerants. They are still in the R&D phase and are 19 

currently recognized as one of the most promising alternatives to vapor compression technology 20 

[4]. Although vapor compression systems present a cost-effective solution, the efficiency is 21 

rather moderate and a majority of them still use environmentally harmful refrigerants, which 22 

are getting phased-out by numerous international agreements (e.g. Montreal Protocol (1987), 23 

Paris Accord (2016), Kigali Amendment (2016), etc.). It is to be expected that in the next 24 

decade(s) only natural refrigerants, such as carbon dioxide, ammonia, and hydrocarbons will 25 

be allowed. However, these refrigerants also have some important downsides, e.g. carbon 26 

dioxide operates at high pressures and has low efficiency in hot climates, ammonia is toxic, and 27 

hydrocarbons are flammable, which limits their application potential [5–7]. Furthermore, ever-28 

growing cooling needs already account for approximately 14 % of all global energy 29 

consumption. It is expected that in the next three decades the energy use for air conditioning 30 

and refrigeration will increase by up to 70 %, making it the second-biggest electricity consumer 31 

in developed countries, after the industry sector [8]. Consequently, the development of highly 32 

efficient and environmentally friendly alternative cooling technologies, such as caloric 33 

technologies, is necessary.  34 

Caloric materials can be divided into several groups according to the external field change that 35 

causes caloric materials to change their temperature. A cooling or heating effect can be caused 36 

by changing an external magnetic field, electric field, stress, or hydrostatic pressure. Due to 37 

that, the corresponding caloric effect, namely, magnetocaloric effect, electrocaloric effect, 38 

elastocaloric effect, or barocaloric effect occurs in the material, respectively. With around 100 39 

working prototypes designed and tested around the world to date, magnetic (magnetocaloric) 40 

refrigeration is by far the most developed caloric technology [9,10]. In 2014, the US 41 

Department of Energy [11] selected elastocaloric cooling as the most promising non-vapour 42 

compression refrigeration technology, while magnetic refrigeration was selected as the fourth 43 
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most promising. Nevertheless, the largest latent heat associated with caloric materials were 1 

recently demonstrated by the barocaloric effect (BCE), but its practical potential has not yet 2 

been demonstrated [12,13]. A comprehensive review of different caloric materials can be found 3 

in [13–17]. 4 

The exploitation of the caloric effect for cooling or heat-pumping purposes requires the 5 

implementation of a thermodynamic cycle, where heat is periodically transferred between the 6 

caloric material and the surroundings. In most caloric devices this is performed by applying the 7 

so-called active caloric regenerator (ACR), which was demonstrated as the most effective way 8 

of utilizing the caloric effect in medium and large-scale devices [9,10,18,19]. An active 9 

regenerative cycle was originally developed in the magnetocaloric community where well-10 

known active magnetic regenerators (AMRs) have been examined for the last 40 years and 11 

remain the most applied method for the exploitation of the magnetocaloric effect for room 12 

temperature applications [9]. The ACR consists of a caloric material in a porous structure, 13 

through which a heat transfer fluid (HTF) experiences an oscillating counter-flow. Under 14 

periodic steady-state conditions, a temperature span exceeding the adiabatic temperature 15 

change of the caloric effect itself is established along the regenerator. Since the adiabatic 16 

temperature changes of most caloric materials are rather moderate [13–17], the application of 17 

the ACR is crucial for most practical applications where temperature spans of 20 K or more are 18 

usually required. Oscillating-flow heat regenerators are therefore widely used in prototype 19 

caloric cooling devices. However, due to different reasons specific to each caloric technology, 20 

a great majority of them are based only on packed-bed and parallel-plate geometry. Packed-bed 21 

regenerators generally have excellent heat transfer characteristics, but relatively high pressure 22 

drop decreases their efficiency especially at higher operating frequencies. On the other hand, 23 

parallel-plate regenerators have relatively poor heat transfer characteristics for a given 24 

characteristic size, but also low pressure drop.  25 

1.1. State-of-the-art of thermo-hydraulic evaluation of active caloric regenerators 26 

The thermo-hydraulic properties of ACRs, such as heat transfer coefficient and pressure drop, 27 

play a crucial role in achieving good cooling or heat-pumping properties. Their evaluation is 28 

therefore one of the most important development steps prior to their implementation in a caloric 29 

device. In general, thermo-hydraulic properties of a regenerator are normally evaluated using a  30 

single-blow method [20], unidirectional-flow test [21] or oscillating-flow test [22]. One of the 31 

first works on thermo-hydraulic properties of different regenerators to be applied as AMRs were 32 

performed by Šarlah et al. in 2012 [21]. They compared packed-bed, parallel-plate and four 33 

different honeycomb regenerators made of corrugated plates using a single-blow method and 34 

air as a heat transfer fluid. It was concluded that due to more intense heat transfer, the packed-35 

bed AMRs can generate the highest cooling capacity and temperature span, while the lowest 36 

coefficients of performance (COP) due to the highest pressure drop. They have further pointed 37 

out that for the future development of magnetic refrigeration, new ‘advanced’ regenerator 38 

geometries should be developed for achieving both higher COP and cooling capacity. However, 39 

due to the oscillating-flow regime of the ACR, the oscillating-flow test using water as a heat 40 

transfer fluid can be considered as the most relevant for the evaluation of their thermo-hydraulic 41 

properties and was therefore the most widely applied evaluation method in the last years. 42 

Trevizoli et al. [22–24] conducted a series of extensive analyses of the thermo-hydraulic 43 

properties (thermal effectiveness and pressure drop) of different packed-bed regenerators to be 44 

applied as AMRs. They have studied different operating conditions using different regenerative 45 
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materials [23], different spherical particle diameters and regenerator housing size [24] and the 1 

impact of the carryover losses due to the dead (void) volume on each side of the regenerators 2 

[22]. They showed that oscillating-flow packed-bed regenerators can reach high thermal 3 

effectiveness (above 0.95) for NTU values above 100. The effectiveness generally increases 4 

with decreasing particle size and decreasing utilization factor. In 2017, Trevizoli et al. [25] 5 

compared the thermal effectiveness, pressure drop, and cooling properties of packed-bed, 6 

parallel-plate and square-pin-array AMRs. It was shown that the pin-array and the packed-bed 7 

regenerators have similar thermal behavior, but the packed-bed has slightly higher cooling 8 

capacities, while the pin-array slightly higher COP values due to lower viscous losses. More 9 

recently Trevizoli et al. [26] compared the thermo-hydraulic properties of 3D printed structures. 10 

They have shown that the 3D printed geometries can have high effectiveness (above 0.9) and 11 

low pressure drop, which makes them a promising candidate to be applied as AMRs. Lei et al. 12 

[27] evaluated the thermo-hydraulic properties of epoxy-bonded regenerators of different 13 

spherical and irregular particles. These types of regenerators were also tested as AMRs in a 14 

magnetocaloric refrigeration device, where promising cooling characteristics were obtained 15 

[27,28]. Recently, advanced AMR geometries, such as freeze-cast micro-channel monolithic 16 

AMRs [29], a nature-inspired AMR produced by additive manufacturing [30] and a triangular 17 

microchannel AMR [31] were characterized and tested in magnetocaloric refrigeration devices. 18 

It was shown that they have the potential to improve the performance of magnetocaloric devices 19 

in terms of COP and/or cooling power due to better overall thermo-hydraulic properties, but 20 

accurate manufacturing of novel geometries is important to achieve high performance. 21 

Nevertheless, very recently Liang et al. [32] formulated novel heat transfer figures of merit for 22 

thermal regenerators, which can rapidly predict their cooling capacity if applied as AMRs. They 23 

have shown that the solid heat storage term of the effectiveness has a clearer impact on the 24 

overall AMR performance compared to the thermal effectiveness. 25 

The development of other caloric regenerators (electrocaloric and elastocaloric) is not yet at the 26 

same level of development as the AMRs. All reported electrocaloric regenerators use a parallel-27 

plate geometry, where the electrodes are deposited directly on both sides of each electrocaloric 28 

plate (film) [19,33,34]. The first developed elastocaloric regenerators were made of thin Ni-Ti 29 

sheets (parallel-plate geometry) and were loaded in tension, which resulted in good overall 30 

cooling and heat-pumping properties, but also in a short fatigue life due to tensile loading 31 

[18,35]. Kirsch et al. [36] presented an elastocaloric prototype device based on a set of bundles 32 

of Ni-Ti wires loaded in tension and air as the heat transfer medium. As a part of the 33 

development of this prototype Michaelis et al. [37] performed an experimental analysis of 34 

convective heat transfer on a single wire (using air as a heat transfer fluid). However, to 35 

overcome the problem of short fatigue life normally experienced in tension, compressive 36 

loading was shown to be a promising solution [38,39]. It should be noted that due to buckling 37 

instabilities under compressive loading, the geometries that would offer good thermo-hydraulic 38 

properties, such as structures made of thin sheets or wires, can only be applied under tensile 39 

loading. Thus, to utilize the elastocaloric effect under compressive loading in an efficient way, 40 

it is necessary to use structures that can withstand compression without buckling and that 41 

simultaneously exhibit good thermo-hydraulic properties. From that perspective, thin-walled 42 

tubes seem to be ideal candidates to be applied in an efficient, buckling-free and fatigue-43 

resistant elastocaloric regenerator, as recently demonstrated by Porenta et al. [40]. The first 44 

tube-based elastocaloric structure loaded in compression was presented by Qian et al. [41] in 45 

2016. It was made of Ni-Ti tubes that were stacked side by side and supporting each other, 46 
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while the HTF flowed axially inside the tubes. In this arrangement, problems related to a 1 

complex design of loading heads, relatively high porosity and therefore poor heat transfer 2 

properties are expected. Fraunhofer IPM [42] is developing a tube-based elastocaloric heat 3 

pump that operates under compressive loading. It is based on multiple segments made of short 4 

tube bundles connected as thermal diodes. Recently, Navickaite et al. [43] numerically analyzed 5 

the thermo-hydraulic properties of double corrugated plate regenerator to be applied as a 6 

compression-loaded elastocaloric regenerator. The double corrugated regenerator has a larger 7 

surface area to volume ratio and higher convective heat transfer compared to a flat plate 8 

regenerator, which allows an increase in the power density of the elastocaloric device. 9 

Nevertheless, the buckling stability of such geometry needs to be evaluated before its true 10 

potential can be evaluated.  11 

1.2. Aims and scopes 12 

Based on highly encouraging elastocaloric performance of a single thin-walled tube under 13 

compression, Porenta et al. [40] recently proposed a shell-and-tube-like geometry as one of the 14 

most promising structures to be applied as a compression-loaded elastocaloric regenerator. In 15 

such a configuration, baffles act as supporting elements that prevent the (thin-walled) tubes 16 

from buckling and at the same time guide the HTF in the cross-flow over the tube bundles (on 17 

the shell side). In a compression-loaded shell-and-tube-like elastocaloric regenerator, it is 18 

crucial to find a compromise between buckling stability, where thick and robust elements are 19 

required and efficient heat transfer, where thin and slender elements are preferable. As one of 20 

the first steps of the overall optimization of such a geometry, this work focuses on the shell-21 

side thermo-hydraulic properties of the tube(rod)-based structures. Even though shell-and-tube 22 

heat exchangers are one of the most commonly used heat exchangers in various applications 23 

and their thermo-hydraulic properties were extensively studied in numerous works [44–53], 24 

their performance as an oscillating-flow regenerator at the conditions relevant for caloric 25 

cooling (i.e., low Re and water as a heat transfer fluid) has not yet been evaluated, which is the 26 

main scope of this work. We used an oscillating-flow passive experimental setup, ε-NTU 27 

method and numerical modeling (using a novel numerical model) to assess the thermal 28 

effectiveness and develop Nu-Re and the F-Re empirical correlations on the shell side of nine 29 

different shell-and-tube-like regenerators. The regenerators were assembled with different tube 30 

wall thicknesses, different tube (rod) diameters, different tube (rod) spacing and different 31 

channel heights (baffle distance). It is expected that the obtained results will provide a detailed 32 

understanding of the impact of different geometrical features on the shell-side thermo-hydraulic 33 

behavior of shell-and-tube-like geometry to be applied as an elastocaloric regenerator. The 34 

results will also serve as guidelines for its overall (combined mechanical and thermo-hydraulic) 35 

optimization. However, shell-and-tube-like geometry can also be applied in other caloric 36 

technologies, for example as an AMR made of magnetocaloric composite wires [54]. 37 

Furthermore, accurate Nu-Re and F-Re empirical correlations (the acquisition of which is one 38 

of the main objectives of this work) are crucial for further accurate modeling of the cooling 39 

properties of the ACR. For example, Šarlah and Poredoš [55] showed that a 10 % overprediction 40 

of the heat transfer coefficient yields about 4.5 % overprediction of temperature span and 41 

cooling power of the AMR.  42 

 43 

 44 
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2. METHODS 1 

2.1   Oscillating-flow regenerator characterization test stand 2 

The oscillating-flow regenerator characterization test stand used in this work was described and 3 

first presented by Lei et al. [27] and is schematically shown in Fig. 1(a). It consists of a testing 4 

section where a regenerator is mounted, an oscillating-flow generator, cold and hot heat 5 

exchangers and a deairing system. The testing rig enables the regenerator to be connected to 6 

the HTF system by a set of hydraulic connectors and check valves. The oscillating-flow 7 

generator and the check valves directs the HTF during hot-to-cold and cold-to-hot blow periods 8 

that result in oscillating counter-flow operation. During the cold-to-hot blow period, the HTF 9 

flows from the cold side cylinder, through the cold heat exchanger (CHEX) into the regenerator. 10 

Due to the heat transfer in the regenerator, the HTF heats up and the regenerative matrix cools 11 

down. The HTF further exits the regenerator and flows towards the hot side cylinder. During 12 

the hot-to-cold blow period, the HTF flows from the hot side cylinder, through the electric 13 

heater into the regenerator. In the regenerator the HTF is cooled down and the regenerative 14 

matrix is heated up. The HTF further exits at the cold side of the regenerator and flows towards 15 

the cold side cylinder. The cold and hot side fluid entrance temperatures are controlled and held 16 

constant using a thermostatic cold-water bath and the electric heater on the cold and hot side, 17 

respectively. The oscillating-flow generator consists of a motor-crank system with two 18 

cylinders, which generates a sinusoidal-like mass flow rate profile as shown in Fig. 1(b). The 19 

temperatures were measured by E-type thermocouples with a wire diameter of approximately 20 

0.25 mm and an estimated measurement error of ± 0.35 K. The pressure measurements were 21 

recorded on both ends of the regenerator in order to evaluate its pressure drop using calibrated 22 

piezoelectric pressure gauges (Gems 2.5 bar) with an accuracy of 0.25% FS (full scale).  23 

                                                    a)                                                                            b) 24 

   25 

Fig. 1: Schematic presentation of the oscillating flow regenerator characterization test stand 26 

(a) and piston displacement profile (b). A photograph of the test stand is shown in Figure S1 27 

in the Supplementary material. 28 

 29 
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2.2   The regenerator design 1 

The design of the shell-and-tube-like regenerators is shown in Fig. 2. It was designed to fulfill 2 

the following general guidelines, which are considered as crucial for an efficient (elasto)caloric 3 

regenerator, as much as possible [24,38,56]:  4 

 homogeneous distribution of the external field (in this case mechanical stress) in the 5 

caloric material along the regenerator to assure homogenous distribution of the caloric 6 

effect, 7 

 stable structural and functional response during operation, 8 

 large heat transfer area and small hydraulic diameter for rapid heat transfer between the 9 

caloric material and the HTF, 10 

 small pressure drop to minimize pumping power, 11 

 prevention of flow maldistribution, edge effects and minimization of a dead volume, 12 

which can all significantly decrease regenerator efficiency, 13 

 compact design with low porosity, 14 

 minimal heat losses to the surroundings. 15 

A set of shell-and-tube-like regenerators made of different stainless steel (Grade 304) tubes and 16 

rods was designed and built (see Table 1). The thermo-hydraulic properties were tested with 17 

the regenerative material with no caloric effect to avoid any impact of the latent heat resulting 18 

from the temperature-induced ferroic transformation that might occur in the material during 19 

testing. The housings and the support elements were made by MultiJet 3D printing technology 20 

using ProJet® 3500 3D printer and VisiJet® M3 Black mixture material. The design of the 21 

shell-and-tube-like regenerator is presented in Fig. 2. The tubes (rods) are stacked and 22 

supported by supporting elements (baffles) that guide the HTF in a cross-flow around the tube 23 

(rod) bundle (and prevent the tube/rod buckling if applied as compression-loaded elastocaloric 24 

regenerator). A staggered tube arrangement was chosen since this configuration enables a 25 

higher packing density with better heat transfer properties compared to a linear array [44]. A 26 

tight fit between the tubes (rods) and the baffles and further between the baffles and the housing 27 

was ensured to prevent fluid leakage along the regenerator. It was also important to assure that 28 

HTF could not enter the tubes, which would result in a larger thermal mass of the regenerator. 29 

The inner wall of the housing has a contour that matches the perimeter of the tube bundle with 30 

a flow gap similar to that in the interior of the tube bundle as shown in Fig. 2(c). This is meant 31 

to provide an even flow around all surfaces of the regenerator material.  32 
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 1 

Fig. 2: The regenerator design: tubes and baffles (a); longitudinal cross-section of the 2 

regenerator with marked HTF flow path and thermocouple locations (b); tubes arrangement 3 

and housing design in cross-sectional view (c); and a photo of the assembled regenerator R1 4 

before mounted in the housing (d).  5 

The analyzed regenerators and their geometrical features are listed in Table 1. For the purpose 6 

of this work, the porosity was defined only based on the volume occupied by the HTF, 7 

excluding the void volume inside the tubes. The hydraulic diameter was given by Eq. (1), which 8 

is typically used for shell-and-tube heat exchangers and is derived from the general expression 9 

of the hydraulic diameter (𝑑ℎ = 4𝐴𝐶𝑆/𝑃𝑤) [45].  10 

𝑑ℎ =
4(

𝑠2√3

4
−

𝜋𝐷2

8
)

𝜋𝐷

2

  (1) 

Table 1 11 
Geometrical features of the tested regenerators 12 

REGENERATOR D 

[mm] 
d 

[mm] 
δ 

[mm] 
H 

[mm] 
n 

[/] 
AHT 
[m2] 

m 

[g] 
η 

[/] 
dh 

[mm] 
R1 3.175 2.667 0.4 10 38 0.019 35.4 0.36 1.26 
R2 3.175 2.400 0.4 10 38 0.019 53.7 0.36 1.26 
R3 3.175 1.753 0.4 10 38 0.019 83.7 0.36 1.26 
R4 3.175 / 0.4 10 38 0.019 120.3 0.36 1.26 
R5 3.759 3.251 0.4 10 27 0.016 30.2 0.37 1.32 
R6 3.175 2.667 0.6 10 38 0.019 35.4 0.40 1.79 
R7 1.067 / 0.4 10 248 0.042 88.7 0.57 112 
R8 3.175 2.667 0.4 7.67 38 0.017 32.6 0.36 1.26 
R9 3.175 2.667 0.4 13.5 38 0.021 38.3 0.36 1.26 

 13 

 14 

 15 
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2.3   Performance metrics 1 

The regenerators were tested and compared regarding their thermal effectiveness, Nusselt 2 

numbers (calculated using ε-NTU method) and friction factors. The analysis was conducted for 3 

a wide range of operating conditions defined by the utilization factor (UF) and frequency (f). 4 

The UF represents the ratio of the thermal mass of the displaced fluid in a single blow period 5 

with the thermal mass of the solid and the entrained fluid inside the regenerator housing as 6 

defined in [27] – see Eq. (2). The volume and further the mass of the displaced HTF is calculated 7 

based on the piston stroke and the cylinder diameter. 8 

𝑈𝐹 =   
𝑚𝑓,𝑑𝑠𝑝𝑐𝑓

𝑚𝑠𝑐𝑠 + 𝑚𝑓𝑐𝑓
 (2) 

Each regenerator was tested at five different UFs ranging from 0.15 to 0.64 (higher UFs were 9 

not possible in the existing experimental set-up). For each UF, the measurements were 10 

performed at the frequencies between 0.5 Hz and 1.5 Hz with a step of 0.25 Hz. These operating 11 

conditions are normally applied in ACRs [9]. The temperatures of the hot and the cold side of 12 

the regenerators were controlled and maintained at 25 ± 0.2 °C and 15 ± 0.2 °C, respectively.  13 

The regenerator thermal effectiveness is defined as the ratio of the actual heat transfer rate and 14 

the maximal possible heat transfer rate occurring in the case of an infinite heat transfer area. 15 

Under the assumption of balanced flow conditions, it is possible to calculate the effectiveness 16 

based on the fluid temperature variations at both ends of the regenerator using the following 17 

equations (after periodic steady-state conditions are achieved) [23,27]: 18 

휀𝐶𝐵 =
2/𝜏 ∫ 𝑇ℎ,𝑜𝑢𝑡𝑑𝑡

𝜏/2

0
− 𝑇𝑐

𝑇ℎ − 𝑇𝑐
 (3) 

휀𝐻𝐵 =
𝑇ℎ − 2/𝜏 ∫ 𝑇𝑐,𝑜𝑢𝑡𝑑𝑡

𝜏/2

0

𝑇ℎ − 𝑇𝑐
 (4) 

The hot blow and cold blow thermal effectiveness are expected to be slightly different since the 19 

physical properties of water are temperature-dependent. An average value of both effectiveness 20 

is therefore used for further investigation. Furthermore, to evaluate the repeatability of 21 

measurements, at least three independent measurements were performed for each regenerator 22 

at each operating condition.  23 

The Nusselt number and associated empirical correlation were obtained based on the measured 24 

thermal effectiveness and the ε-NTU method where the following assumptions were considered 25 

[23,27]: 26 

 balanced flow conditions (thermal capacitances of hot and cold blow are equal), 27 

 the physical properties of the regenerative material and the HTF are considered to be 28 

temperature independent, 29 

 counter-flow regime and 30 

 lumped heat transfer model are assumed.  31 
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It should be noted that in a shell-and-tube heat exchanger a cross-flow regime is predominant. 1 

However, in a shell-and-tube-like regenerator there is no tube-side fluid flow (also, rods were 2 

applied in some cases) and since the hot and cold blows of the working fluid are in a counter-3 

flow direction, it can be considered as a counter-flow regenerator. Furthermore, the applied 4 

method is based on the lumped heat transfer model, where the conductive thermal resistance is 5 

combined with the convective thermal resistance by introducing an effective heat transfer 6 

coefficient. It is generally accepted [57] that the conductive thermal resistance within the body 7 

(tubes, rods in our case) can be neglected if the Biot number (the ratio of conduction and 8 

convection thermal resistance) is small (Bi<0.1). However, since this is not valid for all the 9 

regenerators (in particular in the case of thicker tube walls and rods) the effective convective 10 

heat transfer coefficient that takes into account also the conductive thermal resistance is 11 

introduced (see Eq. (6)). Therefore, by assuming the overall heat transfer coefficient to be 12 

approximately equal to the effective convective heat transfer coefficient, the NTU equation can 13 

be written as:  14 

𝑁𝑇𝑈 =
𝑈 ∙ 𝐴𝐻𝑇

𝐶𝑚𝑖𝑛
≈

ℎ𝑒𝑓𝑓 ∙ 𝐴𝐻𝑇

𝐶𝑚𝑖𝑛
 (5) 

In the case of cylindrically-shaped elements (such as tubes or rods), the effective convective 15 

heat transfer coefficient is defined as [9,58]: 16 

ℎ𝑒𝑓𝑓  =
ℎ

(1 +
𝐵𝑖 ∙ 𝜒(𝐹𝑜)

4 )
 (6) 

where χ(Fo) is the correction factor taking into the account transient heat transfer conditions 17 

due to periodic operating conditions between the regenerative material and the HTF and is 18 

defined as [59]:  19 

χ(𝐹𝑜) = 𝐹𝑜 ∙ 𝑒𝑥𝑝[0,246196 − 0,84878 ∙ ln(𝐹𝑜) − 0,05639 ∙ (ln(𝐹𝑜))2] (7) 

where Fourier number (Fo) characterizes transient heat conduction.  20 

Next, the 휀-NTU relation for the counter-flow heat exchangers was applied [57]:  21 

휀 =
1 − 𝑒𝑥𝑝[−𝑁𝑇𝑈(1 − 𝐶∗)]

1 − 𝐶∗ ∙ 𝑒𝑥𝑝[−𝑁𝑇𝑈(1 − 𝐶∗)]
 (8) 

Under the assumption of temperature-independent HTF properties the heat capacity ratio (C*) 22 

is equal to 1 and the Eq. (8) is simplified to: 23 

휀 =
𝑁𝑇𝑈

𝑁𝑇𝑈 + 1
 (9) 

Even though the Eq. (9) was originally developed for heat recuperators, it can be with sufficient 24 

accuracy applied also for counter-flow regenerators when a ratio between the heat capacity of 25 
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the regenerative material and the heat transfer fluid (Cr*) is relatively high (in general above 2) 1 

as shown in [1]. On the other hand, it can lead to larger errors of calculated effectiveness when 2 

Cr* is lower. In our case the Cr* ranges from about 0.6 to about 5. However, using Eqs. (5) and 3 

(9) the effective Nusselt number (based on the effective heat transfer coefficient) can be 4 

calculated as (this approach was recently proposed in [60]): 5 

𝑁𝑢𝑒𝑓𝑓 =
휀

1 − 휀
∙

(�̇� ∙ 𝑐̅̅ ̅̅ ̅̅ )𝑓,𝑚𝑖𝑛 ∙ 𝑑ℎ

𝐴𝐻𝑇 ∙ 𝑘𝑓
 (10) 

The actual Nusselt number based on which the Nu-Re correlation (as presented in Section 3.3) 6 

has been developed was further calculated by accounting for the conductive thermal resistance 7 

included in the effective heat transfer coefficient:   8 

𝑁𝑢 = 𝑁𝑢𝑒𝑓𝑓 (1 +
𝐵𝑖 ∙ 𝜒(𝐹𝑜)

4
) (11) 

Finally, the regenerators hydraulic properties were evaluated using pressure drop 9 

measurements. Eq. (12) that describes the shell-side friction factor of shell-and-tube heat 10 

exchangers [45] was used to calculate the friction factors. It should be noted that the shell-side 11 

friction factor calculated by Eq. (12) includes also the viscous losses related to the entrance and 12 

exit effects of the regenerators. 13 

𝐹 = ∆𝑝
2𝜌𝑓𝑑ℎ

�̅�𝑓
2(𝑁𝑠𝑢𝑝 + 1)𝑑ℎ,𝐻

 (12) 

 14 

2.4 Numerical modelling 15 

A 1D numerical model has been developed to simulate and optimize the operation of the shell-16 

and-tube-like regenerators. It is based on the differential equations that describe the thermal 17 

state of a heat regenerator [61]. The governing differential equations for the HTF (Eq. (13)), 18 

the regenerative material (Eq. (14)) and the regenerator housing including support elements 19 

(Eq. (15)) are derived based on the law of conservation of energy following the assumptions 20 

normally applied in modeling of caloric regenerators [62]. The governing equations were 21 

discretized using the implicit finite difference method and applied in MATLAB software. The 22 

governing equation of the regenerator housing includes the thermal masses of the housing and 23 

the support elements and also accounts for the heat losses (gains) to the surroundings through 24 

the housing. Due to the geometry specification, an additional term that describes the heat 25 

transfer through the tube support elements (baffle) is included in Eq. (13) and Eq. (14), as shown 26 

in Fig. 3(b). This allows for consideration of the heat transfer in the regenerator longitudinal 27 

direction (through the supporting elements) despite using a 1D numerical model with the 28 

numerical grid along the HTF path as shown in Fig. 3(a). The model’s initial and boundary 29 

conditions are defined to be as close as possible to the ones applied in the experiment (including 30 

a sinusoidal-like mass flow rate profile). All boundary conditions applied in the numerical 31 

model are shown in Fig. 3(c). It should be noted that the dead volume effect was also included 32 

in the model to capture the actual conditions of the experiments. The dead volumes consider 33 



13 
 

actual conditions of the HTF in the tubes connecting the inlet/outlet of the regenerator and the 1 

HHEX/CHEX. In the dead volume domain, a heat transfer between the HTF, the connecting 2 

tubes and the surroundings occurs. This causes the entrance fluid temperatures to the 3 

regenerator to be somewhat different from the predefined HHEX and CHEX temperatures. 4 

Adiabatic boundary conditions were applied at both ends of the solid domains (regenerator 5 

matrix and housing) as shown in Fig. 3(c). In the fluid domain, the applied boundary conditions 6 

were the entrance temperatures to the cold-side dead volume (in case of a cold blow) and to the 7 

hot-side dead volume (in case of a hot blow). These were experimentally measured CHEX and 8 

HHEX outlet temperatures, which were approximately 15 K and 25 K, respectively. It should 9 

be noted that each simulation applied exact experimentally measured entrance temperatures of 10 

the corresponding experiment. It was further assumed that the entire system (except the HHEX 11 

and the CHEX) has a constant initial temperature of 20 K. The surrounding temperature was 12 

maintained at 20 K in all simulations. The thermo-hydraulic properties (convective heat transfer 13 

coefficient and friction factor) used in the model are based on the empirical correlations 14 

obtained in this work (see Sections 3.3 and 3.4 for details) and are presented in Eq. (19) and 15 

Eq. (20), respectively. Nevertheless, the numerical program calculates the temperatures of all 16 

the domains for consecutive cycles until periodic steady-state conditions are achieved. In the 17 

steady-state conditions, the model calculates the thermal effectiveness based on the predefined 18 

fluid temperatures entering the dead volumes (marked with red in Fig. 3(c)) and the numerically 19 

calculated exit temperatures (marked with blue in Fig. 3(c)) using Eq. (3) and (4). 20 

𝜕𝑇𝑓

𝜕𝑡
+

𝐿

𝑡

𝜕𝑇𝑓

𝜕𝑥
=

𝑘𝑓

𝜌𝑓𝑐𝑓

𝜕2𝑇𝑓

𝜕𝑥2 + ℎ𝑒𝑓𝑓

𝐴𝑠

𝑐𝑓�̇�𝑓𝜏
(𝑇𝑠 − 𝑇𝑓) + ℎ

𝐴𝐻

𝑐𝑓�̇�𝑓𝜏
(𝑇𝐻 − 𝑇𝑓) + |𝐹

2𝑣3

𝑑ℎ𝑐𝑓
| − 𝑄𝑠𝑢𝑝 (13) 

𝜕𝑇𝑠

𝜕𝑡
=

𝑘𝑠

𝜌𝑠𝑐𝑠

𝜕2𝑇𝑠

𝜕𝑥2 + ℎ𝑒𝑓𝑓

𝐴𝑠

𝑐𝑠𝑚𝑠
(𝑇𝑓 − 𝑇𝑠) −

1

𝜌𝑠𝑐𝑠𝑅𝑐𝑡𝑉𝑠

(𝑇𝑠 − 𝑇𝐻) − 𝑄𝑠𝑢𝑝 (14) 

𝜕𝑇𝐻

𝜕𝑡
=

𝑘𝐻

𝜌𝐻𝑐𝐻

𝜕2𝑇𝐻

𝜕𝑥2 + ℎ
𝐴𝐻

𝜌𝐻𝑐𝐻𝑉𝐻
(𝑇𝑓 − 𝑇𝐻) +

1

𝜌𝐻𝑐𝐻𝑅𝑐𝑡𝑉𝐻

(𝑇𝑠 − 𝑇𝐻) +
1

𝜌𝐻𝑐𝐻𝑅𝑎𝑉𝐻

(𝑇𝑎 − 𝑇𝐻) (15) 



14 
 

 1 

 2 

Fig. 3: Schematic representation of the 1D discretization of regenerator domain (a);  3 

schematic representation of heat transfer through the support elements (baffles) in the 1D 4 

domain and definition of the corresponding term that defines the heat transfer rate through the 5 

support elements (b); and a schematic representation of the boundary conditions (c). 6 

 7 

3. RESULTS AND DISCUSSIONS 8 

3.1   The thermal effectiveness 9 

Fig. 4 shows the temperature profiles along the regenerator after the cold blow and the hot blow 10 

period obtained experimentally and numerically at two different UFs after achieving the 11 

periodic steady-state conditions. High UF corresponds to a larger displaced volume of the HTF. 12 

This causes the fluid with a constant entrance temperature to penetrate deeper into the 13 

regenerator bed resulting in a certain temperature plateau at both of its ends. In the case of lower 14 

UF values a displaced volume of the HTF is smaller and the temperature profiles along the 15 

regenerator are almost entirely linear.  16 
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Fig. 5 shows the temperature variations at both ends of the regenerator at different operating 1 

conditions obtained experimentally and numerically after periodic steady-state conditions were 2 

achieved. As seen from Fig. 5(a) and Fig. 5(b), high UFs cause larger temperature variations at 3 

the regenerator ends. This means that at high UFs the average temperature span between both 4 

outlets of the regenerator is smaller compared to lower UFs, which directly results in smaller 5 

thermal effectiveness as shown later. By comparing Fig. 5(a) with Fig. 5(c) and further Fig. 6 

5(b) with Fig. 5(d), one can see the impact of frequency on the temperature variations at both 7 

ends of the regenerator (at the same UF). As expected, a higher frequency causes more frequent 8 

oscillations of the temperatures compared to a lower frequency. Due to relatively good heat 9 

transfer performance at low UFs the temperature variations at both ends of the regenerator seem 10 

to be only little affected by the frequency. On the other hand, at higher UFs, the effectiveness 11 

decrease is more pronounced with increased frequency, as shown in Fig. 5(d) and Fig. 5(b) and 12 

further in Figs. 6 - 10. The impact of UF and frequency on the regenerator temperature profiles 13 

and variations shown in Fig. 4 and Fig. 5 generally agree well with the results presented by 14 

Trevizoli et al. [23].  15 

A relatively good match between numerically calculated and experimentally obtained 16 

temperature responses shown in Figs. 4 and 5 can be observed. However, Fig. 5 shows four 17 

different operating conditions. For three of those (Fig. 5(a)-(c)), experimentally measured and 18 

numerically calculated temperature profiles show excellent agreement. On the other hand, at 19 

the conditions shown in Fig. 5(d), the agreement between experimental and numerical results 20 

is worse. This further results in a mismatch of experimentally measured and numerically 21 

calculated thermal effectiveness, as shown and discussed later.  22 

 23 

Fig. 4: Temperature profiles along the HTF path of the regenerator (R1) after the hot blow 24 

period (red lines) and cold blow period (blue lines) at UF = 0.15 (solid lines) and UF = 0.52 25 

(dotted lines) obtained experimentally and numerically after the periodic steady-state 26 

conditions were achieved (in all cases the frequency was 0.5 Hz) 27 
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 1 

Fig. 5: Time-dependent temperature variations at both ends of the regenerator bed (R1) at 2 

different operating conditions obtained experimentally and numerically after achieving 3 

periodic steady-state conditions 4 

Fig. 6 - Fig. 10 show the thermal effectiveness (average values of cold-blow and hot-blow 5 

effectiveness) calculated using Eqs. (3) and (4) for different regenerators as a function of 6 

frequency at different UFs obtained experimentally and numerically. The error bars of the 7 

experimental data in Fig. 6 present the standard deviations of the mean thermal effectiveness. 8 

After steady-state conditions for each experiment were achieved, the temperatures were 9 

averaged over a 20 s interval. The values of the averaged inlet and outlet temperatures were 10 

then used for the calculations of the thermal effectiveness (Eq. (3) and (4)). To get more reliable 11 

data, each experiment was repeated at least three times, based on which the mean thermal 12 

effectiveness and its standard deviation were calculated. One can see from Fig. 6 - Fig. 10 that 13 

the thermal effectiveness generally decreases both with increased UF and increased frequency 14 

(the latter is more pronounced at higher UFs). Similar trends were previously already shown 15 

for packed-bed regenerators [23,27]. This behavior can be attributed to the fact that by 16 

increasing the UF and frequency the fluid thermal capacity increases to a greater extent than 17 

the heat transfer coefficient does. This therefore reduces the regenerator’s NTU (see Eq. (5)) 18 

and according to the ε-NTU relation (Eq. (9)) also the thermal effectiveness. As already 19 

mentioned above, higher UF means larger displaced volume of the HTF, which results in more 20 

pronounced temperature variations along the regenerator (as seen from Fig. 4 and Fig. 5). This 21 

consequently reduces the average temperature span between both ends of the regenerator and 22 

therefore the thermal effectiveness (according to Eqs. (3) and (4)). Comparing the 23 

experimentally obtained thermal effectiveness with the numerical ones (see Figs. 6 - 10), one 24 

can see that the numerical model in general correctly predicts the experimental results, but there 25 

are some noticeable deviations at certain operating conditions (in particular at high UFs). The 26 

reasons for these deviations can be with high probability related to experimental issues. 27 

Inaccurate measurements can be caused by air leakage into the system through the pistons 28 

(especially at higher piston strokes – higher UFs) and temperature measurements errors (e.g., 29 

thermocouple movement from the right measuring location during the experiment). A possible 30 
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reason for more pronounced deviations between numerical and experimental results at high UFs 1 

can be related also to the fact that higher UF results in lower Cr*. This could lead to a larger 2 

error of the applied ε-NTU relation for counter-flow regenerators (Eq. (9)) [1] as already 3 

mentioned in Section 2.3. Since the large deviations are not presented in all cases with high UF, 4 

it is more likely that the reasons for them are related to the experimental inaccuracies.  5 

Fig. 6 shows the thermal effectiveness of the regenerators consisting of tubes with different 6 

wall thicknesses and rods with an outer diameter of 3.175 mm (R1-R4). Regenerators R1-R4 7 

have fixed spacing (δ) between the tubes (rods) at 0.4 mm, which according to the Eq. (1) results 8 

in equal hydraulic diameter and porosity of the regenerators. As seen from Fig. 6 the thermal 9 

effectiveness decreases with increased wall thickness and is the smallest in the case of rods (R4) 10 

for all operating conditions. It should be noted that thicker walls that resulted in a larger mass 11 

of regenerative material, require higher mass-flow rates (larger displaced HTF during a single 12 

blow period) to achieve the same UF compared to the smaller wall thicknesses. Higher mass-13 

flow rate further results in higher Re and consequently higher convective heat transfer 14 

coefficient. However, a detailed evaluation of the results revealed that increased wall thickness 15 

causes a smaller overall heat transfer coefficient due to higher conductive thermal resistance in 16 

the material, although more intense convective heat transfer is presented at the same UF as 17 

discussed above. This is directly linked to the thermal penetration depth (TPD) during the single 18 

blow period. The TPD describes the distance that the heat can diffuse through the material (see 19 

[63] for details). To increase the efficiency of the ACR it is essential to assure that the TPD is 20 

larger than thickness of a caloric element (e.g., tube wall or rod diameter). In the case of a (too) 21 

small overall heat transfer coefficient and/or a (too) thick caloric element, the heat between the 22 

HTF and the regenerative material cannot be completely exchanged. Therefore, although 23 

thicker tubes and rods can store larger amounts of heat compared to the thinner ones, the 24 

utilization of this potential is reduced by increasing the wall thickness, due to increased thermal 25 

conduction resistance causing poorer regenerator performance.  26 

 27 

Fig. 6: The thermal effectiveness of the regenerators with different wall thicknesses of the 28 

tubes and rods with outer diameter of 3.175 mm as a function of f for different UFs 29 
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Fig. 7 shows the thermal effectiveness of the regenerators consisting of tubes with different 1 

outer diameters and equal wall thickness (R1 and R5). The regenerator with smaller tubes (R1) 2 

performs better at lower UFs, while the regenerator with larger tubes (R5) performs better at 3 

higher UF (according to the numerical results). It should be noted that regenerator R1 has a 4 

larger heat transfer area and also a slightly larger cross-sectional area for the fluid flow 5 

compared to R5. A detailed analysis revealed that at low UFs, the heat transfer area is a 6 

dominating factor, while at higher UFs, the convective heat transfer coefficient is a dominating 7 

factor. Therefore, at low UFs regenerator R1 performs better (having larger heat transfer area), 8 

while at high UFs regenerator R5 performs better due to smaller cross-sectional area for the 9 

fluid flow, which results in a higher interstitial velocity and thus better convective heat transfer. 10 

 11 

Fig. 7: The thermal effectiveness of regenerators with different outer diameters of the tubes as 12 

a function of f for different UFs 13 

Fig. 8 shows the thermal effectiveness of the regenerators consisting of tubes with an outer 14 

diameter of 3.175 mm and two different spacing between the tubes (R1 and R6). Regenerator 15 

R6 has higher porosity and therefore lower fluid interstitial velocity compared to the regenerator 16 

with denser tube packing (R1) at the same UF. The lower velocity directly affects (reduces) the 17 

convective heat transfer and further the NTU, resulting in reduced effectiveness. However, it 18 

can be seen from Fig. 8 that the difference between regenerators effectiveness is small and can 19 

also be attributed to slightly different UFs (it was not feasible to keep it constant in all the 20 

cases).  21 
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 1 

Fig. 8: The thermal effectiveness of the regenerators with different spacing between the tubes 2 

as a function of f for different UFs 3 

Fig. 9 shows the thermal effectiveness of the regenerators consisting of rods with outer diameter 4 

of 3.175 mm (R4) and rods with outer diameter of 1.067 mm (R7). The regenerator with smaller 5 

rods (R7) has a much larger ratio between the heat transfer area and the volume of the 6 

regenerator material, which results in significantly better effectiveness. Owing to the relatively 7 

thick rods of regenerator R4, their conductive thermal resistance is significant and their TPD is 8 

therefore insufficient. Regenerator R7 has shown the best overall performance among all tested 9 

regenerators since, despite relatively high porosity, it has a good combination of a large 10 

regenerative mass and a large heat transfer area.  11 
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 1 

Fig. 9: Thermal effectiveness of the regenerators made of rods with two different outer 2 

diameters as a function of f for different UFs 3 

Fig. 10 shows the effect of channel height (baffle distance) on the regenerator thermal 4 

effectiveness. The regenerators with channel heights of 10 mm (R1), 7.67 mm (R8) and 13.5 5 

mm (R9) were evaluated. At small UFs, the regenerator performance is almost independent of 6 

the channel height. By increasing the UF the regenerator with the smallest channel height (R8) 7 

shows the best performance, while the poorest by the regenerator with the largest channel height 8 

(R9). Although regenerator R8 has the smallest heat transfer area, the reduced cross-sectional 9 

area for the fluid flow in the case of smaller channel height results in higher Re and thus better 10 

convective heat transfer. This results in higher effectiveness and is more pronounced at high 11 

UFs.  12 



21 
 

 1 

Fig. 10: The thermal effectiveness of the regenerators with different channel heights as a 2 

function of f for different UFs 3 

3.2   The Nusselt number 4 

The Nusselt number (Nu) is the dimensionless parameter normally used to evaluate and 5 

compare the thermal properties of heat exchangers and regenerators. It represents the ratio of 6 

convective and conductive heat transfer in the thermal boundary layer. In general, Nu depends 7 

on flow conditions, temperature-dependent material properties and geometrical specifications: 8 

𝑁𝑢 = 𝑓(𝑅𝑒, 𝑃𝑟,
𝜇0

𝜇𝑤
,

𝑘0

𝑘𝑤
,

𝑐𝑝,0

𝑐𝑝,𝑤
,

𝜌0

𝜌𝑤
,

𝑠

𝐷
) (16) 

Žukauskas [44] realized that for the case of tubes in cross-flow the temperature-dependent 9 

properties can be considered with the right power index of (𝑃𝑟𝑓 𝑃𝑟𝑤⁄ ). However, since at the 10 

conditions considered in this work the temperature of the HTF and the tube wall (rod) are very 11 

similar, this term can be neglected. Thus, the general expression for Nu can be written as [44]: 12 

𝑁𝑢 = 𝑐𝑅𝑒𝑚𝑃𝑟𝑛 (17) 

Based on the theoretical investigation [44], the most commonly used exponent of Pr for cross-13 

flow around tubes varies between 0.31 and 0.33. Žukauskas [44] showed that for tube bundles 14 

using HTF with Pr in the range from 0.7 to 500, an exponent of 0.36 should be used. Therefore, 15 

the final general expression for calculating Nu can be written as: 16 

𝑁𝑢 = 𝑐𝑅𝑒𝑚𝑃𝑟0.36 (18) 
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The exact Nu values of individual regenerators were obtained using Eq. (11) – following the 1 

methodology described in Section 2.3. Fig. 11(a) shows the Nu of all the evaluated regenerators 2 

as a function of Re. It should be noted that before the Nu-Re empirical correlation has been 3 

established, the experimental data were examined for potential outliers that were detected using 4 

the Cook's distance method [64]. The Cook's distance shows the influence of each measurement 5 

on the fitted correlation and identifies the most influential measurements (that should be 6 

checked for validity). Using this approach, we have filtered the experimental data that presents 7 

the outliers (e.g., R1 at UF=0.61; R3 at UF=0.34 and high f; R5 at UF=0.17 and low f; R6 at 8 

UF=0.55 and high f; R8 at UF=0.34 and 0.59 and high f; R9 at UF=0.57). The reasons for the 9 

outliers are most probably certain experimental uncertainties, such as air leakage into the 10 

system, thermocouple movement from the right measuring location, etc., as described in Section 11 

3.1. 12 

Fig. 11(a) shows a single Nu-Re correlation including all the regenerators at all tested operating 13 

conditions (excluding the outliers that are noted as black dots in the Fig. 11(a)). The confidence 14 

interval shown in Fig. 11 (a) presents an expanded uncertainty with a coverage factor of 1.96. 15 

It defines the interval within which the presented Nu-Re empirical correlation lies with a 95% 16 

degree of confidence (excluding the outliers) [64]. However, the final Nu-Re correlation of the 17 

oscillating-flow shell-and-tube-like regenerators can be written as: 18 

𝑁𝑢 = 0.051𝑅𝑒0.88𝑃𝑟0.36 (19) 

Fig. 11(a) also shows a comparison of the correlation obtained in this work (Eq. (19)) with the 19 

empirical correlations for the shell side of the shell-and-tube heat exchangers given by 20 

Žukauskas [44] and Kücük et al. [47]. The deviations between the correlations can be attributed 21 

to different flow regimes and different thermal boundary conditions (e.g., Žukauskas correlation 22 

is based on isothermal wall conditions). It should be noted that the regenerators evaluated in 23 

this work operate under an oscillating-flow regime and their size is generally much smaller 24 

compared to the typical shell-and-tube heat exchangers. The latter could cause some size effects 25 

that would impact the convective heat transfer in the regenerator. However, to demonstrate the 26 

impact of the applied Nu-Re correlation on numerically calculated values of the thermal 27 

effectiveness, Figure S2 in the Supplementary material compares the numerically calculated 28 

effectiveness using the Nu-Re correlation obtained in this work (Eq. (19)) and the one obtained 29 

by Žukauskas [44]. The Žukauskas [44] correlation leads to an overprediction of numerically 30 

calculated effectiveness. Moreover, since the Žukauskas correlation is only valid at Re<1000, 31 

simulation of certain operational conditions was not possible. All these show the importance of 32 

reliable and accurate thermo-hydraulic correlations for accurate numerical modelling of a 33 

thermal regenerator. 34 

Fig. 11(b) shows a comparison of the obtained correlation (Eq. (19)) with the well-established 35 

Nu correlations for packed-bed [27] and parallel-plate [65] geometries. The packed-bed and 36 

parallel-plate regenerators present two benchmark cases in terms of one of the best and one of 37 

the worst-performing ACR geometries regarding heat transfer characteristics. It can be seen 38 

that at moderate and high Re, the shell-and-tube geometry outperforms the parallel-plate 39 

geometry, where their Nu are much closer to the packed-bed geometry. 40 
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 1 

Fig. 11: Nu as a function of Re for all the regenerators and their comparison with Žukauskas 2 

[44] and Kücük [47] correlations (a); comparison of the Nu-Re empirical correlations for 3 

different regenerator geometries (b) 4 

 5 

3.3   Pressure drop (friction factor) 6 

The shell-side friction factor was calculated based on the pressure drop measurements across 7 

the regenerator bed. The friction factors were calculated by Eq. (12). The obtained empirical F-8 

Re correlation (excluding outliers using Cook's distance method [64]) is shown in Fig. 12(a) 9 

and can be written as: 10 

𝐹 = 3746𝑅𝑒−1.39 (20) 

When comparing the friction factor correlation obtained in this work (Eq. (20)) with results of 11 

other studies on the shell side of the shell-and-tube heat exchangers (Kern [45] and Bell-12 

Delaware [46]), a relatively good match can be observed (see Fig. 12 (a)). Fig. 12(b) shows a 13 

comparison of packed-bed [66] and parallel-plate [1] Fanning friction factors with the shell-14 

side friction factor of the shell-and-tube-like regenerators (a direct compression of Fanning and 15 

shell-side friction factor was recently implemented in [47]). It can be seen that the shell-and-16 

tube-like geometry exhibits a relatively low friction factor that is comparable with the parallel-17 

plate geometry and is much smaller compared to the packed-bed geometry (Fig. 12(b)).  18 

Nevertheless, comparing both thermo-hydraulic properties (Nu and F) evaluated in this work, 19 

it can be concluded that the shell-and-tube-like geometries present an excellent compromise 20 

between packed-bed and parallel-plate geometry. They can provide good heat transfer 21 

properties (relatively high Nu) and low pressure drop at the flow conditions relevant for ACRs 22 

(Re<2000).   23 
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 1 

Fig. 12: F as a function of Re for all the regenerators their comparison with Kern [45] and 2 

Bell-Delaware [46] correlation (a); comparison of F-Re empirical correlations for different 3 

regenerator geometries (b) 4 

4. CONCLUSIONS 5 

Extensive experimental and numerical analysis of shell-and-tube-like oscillating-flow 6 

regenerators to be applied as ACRs was conducted. The aim of the study was to evaluate the 7 

impact of different geometry configurations on their thermal and hydraulic characteristics. We 8 

have shown that increasing the wall thickness results in poorer thermal effectiveness since the 9 

heat cannot be effectively transferred between the regenerative material and the HTF. In any 10 

case, smaller tube spacing resulting in smaller hydraulic diameter and larger heat transfer area 11 

are preferred. However, a sufficient thermal mass of regenerative material must be provided. 12 

Thus, among all the evaluated regenerators, regenerator R7 (made of rods with an outer 13 

diameter of 1.067 mm) showed the best performance reaching an effectiveness of up to 0.92, 14 

despite having a larger porosity compared to other regenerators. Nevertheless, when designing 15 

an ACR, one should consider and optimize the caloric elements regarding the TPD, in order to 16 

exploit the full caloric effect [63,67]. We can further conclude that the numerical results 17 

generally agree relatively well with the experimental results. This indicates the validity of the 18 

numerical model (that can be further applied for the optimization of a shell-and-tube-like 19 

regenerators) and the accuracy of the convective heat transfer coefficients obtained in this study. 20 

Therefore, the method for determining the Nusselt number correlation (Eqs. (10) and (11)) can 21 

be considered as adequate (despite being based on the ε-NTU relation originally developed for 22 

heat recuperators).   23 

In terms of the Nusselt number and friction factor, the shell-and-tube like regenerators present 24 

an excellent compromise between heat transfer and pressure drop properties. Such a geometry 25 

shows high potential to be applied as an ACR. It can potentially exhibit better overall thermo-26 

hydraulic properties compared to other well-established geometries used in caloric 27 
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technologies, such as packed-bed and parallel-plate regenerators. In particular for Re > 800, 1 

which in the ACR occurs at high operating frequencies and are favorable in order to increase 2 

the cooling or heating capacity of an ACR [9], the shell-and-tube-like geometry outperforms 3 

packed-bed and parallel-plate geometries.  4 

Nevertheless, the NTU values of the regenerators evaluated in this work have a maximum of 5 

20, which is significantly lower than the best ACR geometries, where NTUs well above 100 are 6 

often demonstrated, typically in packed-bed regenerators [24,25]. This is the main reason that 7 

the maximum thermal effectiveness reported in this work is lower than some other thermal 8 

regenerators applied as AMRs [24,25]. Therefore, even though shell-and-tube-like geometries 9 

show high potential (regarding Nu-Re and F-Re behavior), their NTU values should be 10 

improved to increase their thermal effectiveness, convective heat transfer coefficient and their 11 

potential cooling characteristics in a caloric cooling device. The latter could be achieved by 12 

increasing the heat transfer area and/or decreasing the hydraulic diameter by reducing spacing 13 

between tubes. In the shell-and-tube-like geometry studied in this work the HTF is only present 14 

in the shell side of the regenerator. This is an important drawback of this structure since the 15 

heat transfer area is not fully utilized. Future works should therefore focus on increasing the 16 

heat transfer area, but without compromising the buckling stability if the structure is going to 17 

be applied as the elastocaloric regenerator. 18 

Finally, the obtained the thermo-hydraulic properties of the shell-and-tube-like regenerators of 19 

different configurations (different tube/rod diameters, wall thickness, channel height) provide 20 

some important insights into how different geometrical features impact their thermo-hydraulic 21 

behavior. The results will serve as guidelines for overall optimization of a compression-22 

activated shell-and-tube-like elastocaloric regenerator. In addition to thermo-hydraulic 23 

properties, the tube/rod diameters, the wall thickness, and the channel height (i.e., tube/rod 24 

length) directly and significantly influence the buckling behavior of the tubes/rods under 25 

compression. Namely, in designing durable (compression-loaded) and efficient elastocaloric 26 

regenerator, it is crucial to find a compromise between thermo-hydraulic properties, where thin-27 

walled structures (elements) are preferable, and mechanical (buckling) stability of elastocaloric 28 

elements under compressive loading, where more robust elements are required. This work 29 

presents the first step in this direction and should inspire further studies dealing with design and 30 

optimization of elastocaloric regenerators loaded in compression.   31 
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A B S T R A C T   

A melt-extracted HoErCo medium-entropy alloy (MEA) with large magnetic entropy change and excellent 
magnetic refrigerant capacity is successfully designed in this study. The microstructure evolution of these 
microwires near room temperature is studied by an in-situ high energy synchrotron X-ray diffraction (HEXRD). 
The wires show typical amorphous characteristics during room temperature to 250 K. For a field change of 5 T, 
the maximum magnetic entropy change (-ΔSM

max) of the microwires reaches a maximum value of 15.0 J•kg− 1 K− 1. 
Magnetization measurements revealed a paramagnetic to ferromagnetic phase transition at TC~16 K. The 
refrigerant capacity (RC) and relative cooling power (RCP) are 527 J•kg− 1 and 600 J•kg− 1, respectively. This 
investigation highlights the potential of HoErCo MEA microwires as promising magnetocaloric effect materials 
for cryogenic applications of magnetic cooling.   

1. Introduction 

Magnetic refrigeration (MR) based on the magnetocaloric effect 
(MCE) is considered as a promising environment friendly alternative to 
vapor compression refrigeration. MCE is the heat release or absorption 
resulting from magnetic order and magnetic disorder of the magnetic 
material during the change of the applied magnetic field [1]. The most 
crucial issue for magnetic refrigeration applications is the exploration of 
materials with large MCE performance. At the same time, negligible 
hysteresis is of importance for efficiency in a refrigeration cycle [2]. 
Magnetic materials can be divided into first-order phase transition 
(FOPT) materials and second-order phase transition (SOPT) materials. In 
Ehrenfest classification [3], the FOMT is defined as a discontinuity on 
the entropy versus temperature, which has the potential for a large 
magnetic entropy change. In addition, structural entropy plays a major 
role in the change of total entropy of FOPT materials with large MCE [4], 
such as Gd5Ge2Si2 compounds [5], La(Fe,Si)13 alloys [6] and NiMn-X 
(X= In, Sn Ga and Sb) based Heusler alloys [7]. However, the volume 
changes, thermal hysteresis, and magnetic hysteresis during the energy 
changes of the FOPT materials seriously hinder their application. SOPT 
materials can successfully overcome these obstacles due to the transition 
of ferromagnetic to paramagnetic transition near the Curie temperature 

[8]. 
SOPT material with amorphous structure has good MCE and negli-

gible hysteresis. It also exhibits a negligible magnetic anisotropy, which 
could fundamentally simplify the study of their magnetic transition [9]. 
However, the lower magnetic entropy value of amorphous alloys 
(whether transition metal or rare earth (RE)-based amorphous alloys) 
always limit their application in the refrigeration industry [10]. In 
RE-based alloys, the structure characteristics of rare earth ions con-
taining single electrons determine that they are usually magnetic order 
with large magnetic moments. Moreover, the 4f electron shell of the rare 
earth element is usually not completely filled, leading to an easier 
combination with the transition group element to form an amorphous 
alloy less affect by the crystal field [11]. Some rare earth based amor-
phous alloys with unique properties have been reported, such as 
Gd55Al25Co20 [12], (RE(1)

1− XRE(2)
X )55Al27.5Co17.5, whereby RE(i) = Gd, Er 

or Ho, and x = 0, 0.3, 0.5, 0.7 and 1 [13]. Generally, alloy materials 
consisted of multiple principal elements in an equimolar or near equi-
molar ratio would exhibit a high entropy of mixing. Therefore, opti-
mizing stoichiometry is a potential solution to obtain high performance 
rare earth amorphous alloy materials [14]. It is worth noting that alloys 
consisting of two to four main elements are commonly referred to as 
medium-entropy alloys (MEA) or low-entropy alloys due to their lower 
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structural entropy values than multi-component alloy [15]. Further-
more, more and more reports prove that the so-called medium-entropy 
alloys not only show excellent magnetocaloric properties in actual tests, 
but also have improved mechanical properties compared to traditional 
high-entropy alloys [16]. The design of RE-based MEAs could retain the 
large magnetic moment properties of the RE element, and be expected to 
exhibit an amorphous alloy with excellent MCE. Besides large MCE, the 
geometries of magnetocaloric materials play a key role for refrigeration. 
The parallel-plate structure exhibits a low friction resistance, which in 
turn limits the heat transfer area. In contrast, the packed particle bed 
structure could obtain a large interface area. The novel microwire 
structure may become a novel strategy to solve the challenge, which 
shows a potential balance among packing density, heat transfer area, 
and friction factor [17,18]. Inspired by this design strategy, a novel 
DyHoCo amorphous microwires with brilliant magnetic properties has 
been reported by us, certifying the great potential of RE-MEAs in mag-
netic refrigeration field [19]. However, some literatures have proposed 
that the replacement of RE element by a larger atomic number would 
further increase MCE and decrease the magnetic transition temperature 
[20]. Among the elements whose atomic numbers are larger than Dy, Er 
ion displays its particular advantage in RE-Co system. The exchange 
field between the 4f electrons of Er ion and the 3d electrons Co would 
induce the Co-sublattice into ferromagnetic state. The strong secondary 
phase transition near the Curie temperature in Er-Co alloy would pro-
duce a huge magnetocaloric effect [21]. Therefore, the HoErCo MEA 
microwire is expected to exhibit an excellent MCE property at low 
temperature. 

In this study, we propose a practical strategy for MEAs with 
outstanding magnetic and thermal properties. The HoErCo amorphous 
microwires combined RE and transition element were manufactured by 
melt-extraction. The MCE and magnetic phase transition of amorphous 
wires were characterized. At the same time, the atomic structure was in- 
depth studied by the in-situ high energy synchrotron X-ray diffraction 
(HEXRD). This work provides a promising strategy for the design of RE 
based MEA alloy microwires with high performance in the application of 
low temperature refrigeration. 

2. Experimental details 

The nominal composition of HoErCo alloy ingot was fabricated by 
arc melting of pure metals (purities higher than 99.5%) under a 
titanium-getter high-purity argon atmosphere. The ingot was smelted 
five times to ensure homogeneity. The amorphous microwires were 
prepared by melt extraction using a spinning copper wheel (300 mm in 
diameter) with 60º knife-profile. A Schematic illustration and macro 
photo of the melt-extraction equipment is shown in Fig. 1. The linear 
velocity of the rim was fixed at 30 m/s. The ingot was melted with a 
heating current 20 A and the feed rate of the molten varied from 30 to 
50 µm/s. HoErCo alloy microwires have a uniform diameter of ~30 μm. 
The structure of the HoErCo microwires was examined by X-ray 
diffraction (XRD) with Cu Kα radiation and selected area-electron 
diffraction (SAED). The high-resolution transmission electron micro-
scopy (HRTEM) images were recorded on a FEI Taols F200X system. In- 
situ HESXRD experiments were performed in an I15 beamline (Diamond 
Light Source, Oxfordshire, UK), the microwires were cooled by liquid 
nitrogen from near room temperature. Thermal analysis was carried out 
at a heating rate of 20 K/min by differential scanning calorimetry (DSC). 
Magnetic tests were carried out parallel to the axis of the microwires on 
a commercial magnetic property measurement system (SQUID-VSM). 

3. Result and discussion 

The XRD pattern of HoErCo microwires at room temperature is dis-
played in Fig. 2. There is a classic broad diffraction peak of the 2θ region 
from 30◦~40◦ No obvious sharp crystal phase is found in the pattern, 
which demonstrates typical amorphous structure of the HoErCo micro-
wires. This result was further confirmed by the HRTEM image, which 
showed only short-range order in the disordered matrix (inset of 
Fig. 2a). Correspondingly, the SAED pattern also showed a halo without 
discrete reflections (inset of Fig. 2b). In order to obtain the short-range 
order structure variation of medium-entropy alloy microwires cooled 
from room temperature to 250 K, liquid nitrogen cooling was used and 
the structure change is observed by in-situ HESXRD at a constant cooling 
rate of 10 K•min− 1. The diffraction patterns were recorded using the I15 
beamline with a wavelength of 0.166 Å, 76 keV and beam size of 70 ×
70 µm2. CeO2 was used as the reference material. The layout of the 

Fig. 1. A Schematic illustration and macro photo of the melt-extraction equipment.  
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experimental setup is shown in the inset Fig. 3a. The sample was placed 
in a quartz capillary tube with a diameter of 1.2 mm and a wall thickness 
of 0.1 mm, and was fixed 181.5 mm from the detector. Fig. 3a shows a 
series of integrated diffraction curves of MEA microwires integrated by 
room temperature DAWN software (Data Analysis WorkbeNch), also 
known as the I(q) curves [22]. The information of the medium-range 
order or short-range order in the amorphous phase could be reflected 
by the first maximum in I(q) [23]. The differentia of the typical amor-
phous structure of HoErCo wires at 250 K and 300 K could be observed 
through a diffuse scattering halo using Fit 2D (a general purpose 1 and 

2dimensional data analysis program), which is shown in Fig. 3b and c. 
Therefore, the amorphous structure of those wires maintains regular 
changes in the middle and short orders during the cooling process. 
Thermal properties of the MEA microwires were obtained from DSC 
programs, as plotted in Fig. 4. Two exothermic peaks appeared around 
600 K, demonstrating the multi-step crystallization process of HoErCo 
wires. The first crystallization temperature (Tx1), second crystallization 
(Tx2) and the melting temperature (Tm) are 573 K, 623 K and 1047 K, 
respectively, indicating a good thermal stability of the microwires under 
the applied temperature interval. 

In order to obtain the magnetocaloric properties of HoErCo MEA 
microwires, a series of parallel wires were placed in a nonmagnetic 
plastic tube (the inner diameter was 1 mm, the outer diameter was 2.5 
mm and the length was ~ 3 mm). A schematic diagram of the test 
structure is shown in the inset of Fig. 5b. Fig. 5 reveals the magnetization 
temperature curves of HoErCo microwires over the temperature range 
from 10 K to 200 K in an external field (µ0H) of 0.02 T, where “µ0” is the 
permeability of vacuum. The magnetization gradually decreases with 
decreasing temperature. The wires experience a rather wide magnetic 
transition from ferromagnetism (FM) to paramagnetism (PM), which is 
caused by the disorder of magnetic moment [24]. Additionally, the Curie 
temperature (TC) for this alloy is 16 K, which is determined by the 
minimum value of dM/dT (inset of Fig. 5a). In order to characterize the 
magnetic behavior of MEA HoErCo microwires, the relation between 
µ0H/M and T was calculated based on Field cooling (FC) magnetization 
curve over the temperature range from 10 K to 200 K, which is shown in 
Fig. 5 (blue points on the right-hand axis). The saturation magnetization 
of HoErCo wire reaches ~41 Am2/kg at absolute zero, which is greater 
than that of DyHoCo wire under the same conditions (~35 Am2/kg). In 
addition, the results indicate that a typical paramagnetic behavior of 
HoErCo microwires above TC is in agreement with the Curie-Weiss law 
[25]. The Curie-Weiss temperature (θp) and Curie constant (C) can be 
also obtained by fitting the paramagnetic susceptibility, which are ~22 
K and ~9.2 emu•K/mol, respectively. Therein, the Curie constant fol-
lows the formula below: 

C=
nNAg2J(J + 1)μ2

B

3kB
(1) 

In addition, the effective magnetic moment (µeff) can be expressed as: 

μeff= g
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
J(J + 1)

√
μB (2)  

where n, NA, J, g, kB and µB are the amount of substance of the HoErCo 
wires, the Avogadro constant, the total angular momentum, the Boltz-
mann constant and the Bohr magneton, respectively. Results from Eq. 
(2) revealed the µeff of HoErCo microwires was ~8.58 µB, by the least 
square method (µeff = 2.83

̅̅̅̅
C

√
µB) [25]. This experiment value is larger 

Fig. 2. XRD pattern of HoErCo microwires, the inset (a) is the HRTEM image of 
the wires and (b) is the SAED image of the sample. 

Fig. 3. (a) processed Intensity diffraction curves at different temperatures, 
inset shows an illustration of the experimental setup, 2-D HESXRD patterns of 
microwire at (b) 250 K and (c) 300 K. Fig. 4. The DSC curve of HoErCo microwires for a heating rate of 20 K/min.  
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than the µeff of DyHoCo microwires (8.4 µB), showing a higher magnetic 
property than many RE-MEAs microwires. Generally, rare earth-based 
alloys with larger RE content will show larger effective magnetic 
moment [26]. The large µeff value in this research is probably attributed 
to the interaction between the 3d electrons of the transition element and 
the 4f electrons of the RE element. 

To further reveal the magnetic properties of HoErCo microwires, the 
isothermal magnetization curve (M-µ0H) of the microwires was pro-
cessed under a magnetic field change of 5 T for a temperature range of 5 
K to 100 K, which is shown in Fig. 6a. The magnetization rapidly raises 
and saturates quickly for the lower magnetic field. The microwires show 
prominent FM behavior below the Curie temperature, indicating the 
magnetization saturate rapidly. However, the magnetization increased 
linearly with the magnetic field above TC, showing typical PM behavior 
[24,27]. The corresponding Arrott diagram (µ0H/M and M2) is calcu-
lated based on the isothermal M-µ0H curve to determine the nature of 
the FM-PM phase transition, as shown in Fig. 6b. The magnetic transi-
tion is SOPT when the tangent slopes of the Arrott plot are positive, 
which indicated that the HoErCo microwires undergo a SOPT according 
to the Banerjee criterion [28,29]. The isothermal entropy change of 
HoErCo MEA microwires can be calculated by integrating the isothermal 

magnetization curves under different magnetic fields according to 
Maxwell’s formula: 

ΔSM(T,H) = S(T,H) − S(T, 0) =
∫Hmax

0

⎛

⎝∂M
∂T

)dH (3) 

Where S, Hmax and H0 represent the magnetic entropy, the maximum 
and minimum of the applied magnetic field, respectively. The magnetic- 
entropy changes (ΔSM) are presented in Fig. 7a. The -ΔSM(T, H) curves 
display similar variation with temperature for the magnetic field 
change. A pronounced peak close to the TC of HoErCo microwires is 
observed, which reduces continuously when the temperature departures 
from TC. The maximum values of magnetic entropy change ( − ΔSmax

M ) is 
~15 Jkg− 1K− 1 near TC for a magnetic field change of 5 T, which is larger 
than most RE-based amorphous magnetic materials as summarized in 
Table 1. 

The cooling efficiency is considered as another key parameter for 
characterizing the MCE of magnetic materials. In addition, the refrig-
erant capacity (RC) and/or the relative cooling power (RCP) should be 
considered comprehensively, which can better reflect the heat trans-
ferred between the hot junction and the cold junction in an ideal heat 
cycle. RC and RCP were calculated using the following equations: 

RC=

∫T2

T1

− ΔSM(T)dT (4)  

RCP = − ΔSmax
M ⋅ΔTFWHM= − ΔSmax

M

(
T2 − T1

)
(5) 

Where T1, T2 and ΔTFWHM are the onset temperature, offset tem-
perature and the full temperature width at half maximum of the peak of 
the ΔSM(T,H) curves, respectively. The RC and RCP of HoErCo micro-
wires under various magnetic fields are shown in Fig. 7b. The values of 
RC and RCP under a magnetic field change of 5 T are ~ 527 J•kg− 1 and 
~ 600 J•kg− 1, respectively. HoErCo microwires have a large magnetic 
entropy change and a relatively high RC value, which are possible due to 
the presence of the second order FM-PM and spin- reorientation (SR). 
Some RE-type amorphous magnetic materials exhibit similar MCE 
characteristics, such as Gd36Tb20Co20Al24 and GdNiAl metallic glasses 
[30,31]. The magnetic moments of these alloys prefer to freeze to a 
balanced orientation. Since there is no long-range structure in the 
amorphous magnetic material, the magnetic moment of the spin glass 
phase is more difficult to be frozen than the ferromagnetic phase [30], 
leading to a wider magnetic transition temperature range. As shown in 
Table 1, the HoErCo microwires show more excellent magnetic refrig-
eration capacity than DyHoCo microwires and some other RE-MEAs. 

Fig. 5. The temperature dependence of magnetization at a field of 0.02 T (left 
hand), the curve constructed by the Curie-Weiss law (right hand), the dM/dT 
vs. T curve (the inset a) and the schematic diagram of the test structure (the 
inset b). 

Fig. 6. (a) The isothermal magnetization (M-µ0H) curves of the HoErCo microwires and (b) the corresponding Arrott conversion M2 vs. µ0H/M curves.  
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Conclusions 

In summary, MEA HoErCo microwires with amorphous structure are 
fabricated by melt-extraction. The atomic volume decreases during the 
cooling process, which is demonstrated by in-situ high energy synchro-
tron X-ray diffraction. The TC of the microwires is ~16 K. Under a field 
change of 5 T, − ΔSmax

M , RC and RCP values of HoErCo microwires are 
~15 J•kg− 1K− 1, ~527 J•kg− 1 and ~600 J•kg− 1, respectively. The 
excellent MCE and FM-PM transition, as well as the inherent amorphous 
structure make the design of RE-based MEA materials for promising 
candidates in the nitrogen liquefaction temperature range of magnetic 
refrigeration. 
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A B S T R A C T   

High-entropy alloys (HEA) represent potentially disruptive materials across multiple industries, especially for 
refrigeration technologies. Building metal components layer-by-layer increases design freedom and 
manufacturing flexibility, thereby enabling high magnetic thermal properties of the multicomponent alloy. 
However, excessive alloying elements could limit the mass production potential, while prolonging the time to 
market. Here we demonstrate that a high performance magnetocaloric material can be synthesized from only 
three elements, HoErFe, by taking advantage of the combination of rare earth and transition elements. Novel 
medium-entropy alloys (MEA) are prepared by melt-extraction and exhibit excellent magnetocaloric properties. 
The amorphous/nanocrystalline structure of the microwires, which is confirmed by both transmission electron 
microscopy (TEM) and X-ray diffraction (XRD), gives the primary contribution to the MCE. The microwires 
undergo a ferromagnetic-paramagnetic (FM-PM) transition near the Curie temperature (TC = ~44 K), and a spin- 
glass (SG) behavior could be observed below the TC. The maximum magnetic entropy (-ΔSM

max) was 9.5 J kg− 1 

K− 1 under a field change of 5 T. Meanwhile, the refrigerant capacity (RC) and the relative cooling power (RCP) of 
the alloy microwires were 450 J⋅kg− 1and 588 J kg− 1, respectively. The high refrigeration efficiency and high 
magnetocaloric effect that is reversible make these novel metallic microwires attractive working materials for 
low-temperature magnetic refrigeration applications.   

1. Introduction 

Currently, vapor compression refrigeration technology is the leading 
refrigeration technology. Although the technology has a wide applica-
tion, many devices have relatively low Carnot efficiency (often less than 
25%), and environmental concerns associated with leakage of the 
gaseous refrigerant. Increasingly, researchers are exploring alternative 
cooling technologies that may be more environmentally friendly and 
energy efficient that can be commercialized in the near future [1–5]. 
Magnetic refrigeration is a promising technology with potential ad-
vantages over conventional approaches, such as high energy efficiency, 
lack of a gaseous refrigerant, and environmental friendliness. The 
magnetocaloric effect (MCE) is characterized by the change in temper-
ature of a material when subjected to a change in its internal magnetic 
field under adiabatic conditions. Under isothermal conditions, the MCE 

is the change in the entropy of the material [6]. Due to the special 
magnetic properties of many rare earth elements (REEs), they are 
common refrigerants for experimental magnetocqloric devices, with 
machines using Gd, Dy, Tb, and Ho-based alloys reported [7]. The re-
frigerants are classified as having either a first-order phase transition 
(FOPT) or second-order phase transition (SOPT). An SOPT magnetic 
material undergoes a magnetic phase change which has no thermal or 
magnetic hysteresis, making it suitable for fabricating magnetic refrig-
eration systems. Low-temperature range materials mainly consist of 
lanthanides, such as Nd, Er and Tm, which are mainly used in temper-
ature ranges near their Curie temperature (TC) [8,9]. Unfortunately, 
there are no reported amorphous materials with a low Curie tempera-
ture combined with a high magnetic entropy change. The design goal is 
to combine amorphous and nanocrystalline structures, which could 
yield a magnetocaloric material with a wide temperature range of full 
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width at half maximum (δFWHM) and high magnetic entropy change, 
respectively [10]. 

High-entropy alloys (HEAs) and Medium-entropy alloys (MEAs) are 
currently active fields of research, while the overall performance of al-
loys depended not only on the number of elements [11]. Generally, the 
structural entropy of alloys with an equal atomic proportion is the 
largest [12]. Intermetallic compounds may be generated from a 
multi-component element alloy system of high-entropy alloys during the 
process of metal solidification. However, this situation may occur less 
frequently in medium-entropy alloys with fewer element types [13]. To 
date, only one isobaric alloy with equal atomic proportions of three el-
ements has been reported, whose strength and toughness properties far 
exceed those of most HEAs and MEAs [11]. This issue inspires us to 
reduce the elemental composition of the material system, while retain-
ing the desirable properties of the material [14–16]. It is expected that a 
medium-entropy alloy with excellent comprehensive performance for 
cooling applications can be attained. Due to the transition group ele-
ments being doped into the large atomic magnetic moment of REEs that 

possess better glass forming ability (GFA), the material exhibits a varied 
electronic and magnetic structure, which leads to good thermal stability 
and magnetocaloric properties [17]. 

In this study, we combine RE-based and transition metal alloys to 
design and fabricate MEA HoErFe microwires by melt-extraction. Ho 
and Er alloys with large magnetic moments are suitable for magnetic 
refrigeration, while Fe can be added to improve the GFA. An amor-
phous/nanocrystalline microstructure, soft ferromagnetic characteris-
tics at low temperature, and spin-glass (SG) like behavior have been 
observed for HoErFe alloys. By examining the microstructure and MCE 
properties of HoErFe microwires, we reveal the mechanism coupling the 
microstructure to the magnetic properties and obtain a candidate ma-
terial with improved magnetic entropy change and refrigeration ca-
pacity for low-temperature magnetic refrigeration applications. 

2. Experimental details 

An ingot with an equiatomic composition of HoErFe was prepared by 

Fig. 1. (a) EDS spectrum (main panel), SEM image (inset I) and microstructure of HoErFe microwires (inset II); (b) XRD pattern of HoErFe microwires (main panel) 
and the DSC curve of microwires (inset). 
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arc melting pure elements (above 99.5 wt %) in a vacuum tungsten arc 
melting furnace. To ensure a homogeneous alloy, the ingot was re- 
melted four times and prepared as a 10 mm rod ~100 mm in length. 
The melt-extraction device was a Cu wheel with a diameter of 300 mm 
and a V-shaped rim angle of 60◦. The melt feed rate was 20–25 μm/s and 
the liquid pool would adhere to the tip of the wheel for rapid solidifi-
cation, which is similar to previously reported studies [18]. 

The surface morphology of the HoErFe microwires was studied by 
scanning electron microscopy (SEM-Helios Nanolab 600i) at 20 KV, and 
the compositional determination was performed using energy spec-
troscopy (EDS). The macro morphology of a cross-section of the 
microwires was investigated by optical microscopy. The microwires 
were cut into small sections (~1–2 mm) and then analyzed by X-ray 
diffraction (XRD) with a D/MAX-γB X-ray diffractometer (Cu/Kα) to 
determine its phase composition. Thermal analysis was carried out on 
differential scanning calorimetry (DSC 8000) with a constant heating 
rate of 10 K/min over a range from 473 K to 773 K. Transmission 
electron microscopy and high-resolution transmission electron micro-
scopy (TEM and HTEM, Talos F200X) were used to characterize the 
precise structural information of the microwires. Magnetic measure-
ments were measured using a Physical Property Measurement System 
(PPMS-DYNA COOL). The sample was formed into an elongated cylin-
der, thus the demagnetizing factor (N) was 0. So H––H0-NM=H0, where 
H is the effective magnetic field, H0 is the external magnetic field and 
NM is the demagnetizing field. 

3. Results and discussion 

3.1. Structural characterization 

The elemental composition of the alloys with Ho, Er and Fe was 
confirmed by compositional analysis. The component content was 

calculated by the average values of three points in each wire. The results 
in Fig. 1a show the element contents approximately corresponded to the 
nominal composition. The insets of Fig. 1a (I and II) show that the 
microwire has a smooth surface and highly circular cross section. No 
sharp crystalline peaks were observed in the XRD pattern in Fig. 1b, 
indicating the growth and nucleation of crystalline phases were inhibi-
ted [19]. Fig. 1b shows the DSC curves of HoErFe microwires. The 
absence of two exothermic peaks was due to the multi-step crystalliza-
tion of the microwires. The temperature of one onset of crystallization 
(TX1) and the other onset of crystallization (TX2) were 570 K and 656 K, 
demonstrating the outstanding thermal stability of the microwires. 

To further illustrate the microstructure of the microwires, TEM 
measurements and selected area electron diffraction (SAED) patterns are 
shown in Fig. 2a. The diffraction pattern showed only diffuse halos and a 
small number of diffraction points (Fig. 2a, inset), rather than obvious 
diffraction stripes, which proved that the alloy was composed of an 
amorphous/nanocrystalline composite structure [20]. Fig. 2b gives 
high-resolution TEM (HRTEM) micrographs along with fast a Fourier 
transform (FFT) and inverse fast Fourier transform (IFFT) of the images. 
All evidence suggests that the alloy was composed of an amorphous 
structure and a small number of 2–8 nm nanocrystals. 

The Gibbs free energy was calculated to evaluate the effect of mixed 
entropy and mixed enthalpy on the phase stability of multi-alloys. 
Takeuchi and Inoue proposed that under the assumption of a multi- 
component alloy system: the free energy ΔG of the multi-component 
alloy was proportional to the ΔGmix of the mixed liquid phase [12], 
and the theory was successfully used to calculate the critical cooling rate 
of the metallic glass. ΔGmix could be expressed as: 

ΔGmix = ΔHmix − T ΔSmix (1)  

where T was the absolute temperature, Hmix was the mixed enthalpy, 

Fig. 2. (a) TEM image of the HoErFe microwires and SAED (inset) image of the sample; (b) HRTEM image of the wires, and (I) (II) and (III) were the corresponding 
Fourier transforms of the nanocrystalline regions and the amorphous matrix. 
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and Smix was the mixed entropy. 
The material enthalpy greatly determined the glass forming ability. 

The mixing enthalpy of the multi-component alloy system with n ele-
ments can be calculated by the following formula [12]: 

ΔHmix =
∑n

i=1，i∕=j

Ωijcicj = 4
∑n

i=1，i∕=j

ΔHmix
ij cicj (2)  

where Ωij was the solution interaction parameter between the ith and jth 
elements, ci and cj was the atomic percentage of the ith or and jth 
component, respectively, and ΔHmix was a mixed enthalpy of a binary 
liquid alloy. 

The mixing entropy value of the alloy also greatly affected the 
structural stability. According to Boltzmann’s hypothesis, the conven-
tional calculation method for the mixed entropy of n elements was as 
follows: 

ΔSmix = − R
∑n

i=1
cilnci (3)  

where ci was the mole percent of the component, and R was the gas 

constant (8.314 J⋅K− 1mol− 1). It can be determined as 
∑n

i=1
ci = 1. 

When the solid phase transition was neglected, phase formation 
generally occurred near the melting temperature (Tm) of the alloy. 
Hence, the melting temperature (Tm) can be used to replace the absolute 
temperature (T) in the formula TΔSmix. The melting temperature Tm of 
the n-element alloy could be calculated using the mixing rule: 

Tm =
∑n

i=1
ci(Tm)i (4)  

where (Tm)i in the above formula was the melting point of the ith 
component of the alloy [21]. 

For the alloy microwires HoErFe in this work, the calculated entropy 
value ΔSmix was 9.13 J⋅K− 1mol− 1, the mixed enthalpy value, ΔHmix, was 
− 3.1 K⋅J− 1mol− 1 and the melting temperature Tm was 1782.3 K. 
Therefore, HoErFe microwires were mainly composed of a metastable 
structure, which was mainly caused by the relatively higher ΔSmix. 

It is worth noting that another parameter δ (the difference in atomic 
radius) would be used to predict the structural stability and phase for-
mation in metal alloys more topologically based on the Hume-Rothery 
rule. The parameter δ represented the atomic size mismatch of the 
alloy and reflected the local elastic strain and topological instability of 
the alloy system. The δ value could be calculated by the formula below: 

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
ci(1 − ri/r)2

√

(5)  

where ri was the Goldschmidt atomic radius of the ith element. When δ <
4%, simple phase solid solution would be formed in the alloy during the 
rapid solidification process [22–24]. The atomic radii of HoErFe alloy 
microwires in this work were about 0.175 nm, 0.175 nm and 0.140 nm, 
respectively. The atomic difference δ was 10.12%, which was much 
larger than the standard for forming the simple solid solution in a 
multi-component alloy. Therefore, the metallic glass would be formed 
more readily in the HoErFe alloy microwires instead of the single solid 
solution. 

3.2. Magnetocaloric properties 

The field cooling (FC) curve of the HoErFe microwires was measured 
on the heating course after initial cooling from 140 K to 10 K under the 
applied magnetic field of 0.02 T in the whole process. And then to obtain 
the zero-field cooling (ZFC) curve, the wires were measured during the 
heating process under the applied magnetic field of 0.02 T after initial 
cooling from 140 K to 10 K in zero field. The FC curve and ZFC curve for 
HoErFe microwires are shown in Fig. 3a. Due to the magnetization 
reversal caused by the residual magnetic field in the sample chamber 
[17], the initial value of the ZFC curve is negative, which could be 
observed in Fig. 3a. If the sample is returned to zero field before 
measuring the ZFC curve, the reversal magnetization of the residual 
magnetic field can be eliminated [7]. The FC branch decreased and 
tended to zero with increasing temperature. An obvious phase transition 
from FM to PM near the Curie temperature (TC) was observed in those 
wires. The TC of the HoErFe microwires was the lowest point tempera-
ture of the dM/dT curve (~44 K), which was displayed in the inset of 
Fig. 3a. The divergence between FC and ZFC branches occurred around 
the cusp of the ZFC curve, displaying a typical spin-glass (SG) like 
behavior. The temperature of the cusp could be defined as the spin 
freezing temperature (Tf = ~33 K) for the HoErCo microwires. 

To elaborate the critical dynamics of the SG transition, AC suscep-
tibility measurements at different frequencies for HoErFe microwires 
were executed under a field of 2 × 10− 4 T. As shown in Fig. 3b, the peak 
intensity decreased and the peak shifted to the right as the frequency 
increased. The correlation length diverged at the transition temperature 
for a critical slowing of the dynamics. The relaxation time (τmax = 1/ω) 
obeyed the power law as follows [25]:  

τmax = τ0 × (1-Tf /Ts) − zv                                                                 (6) 

Where ω, τ0, Ts, zv are the frequency, related to the relaxation time of 

Fig. 3. (a) Temperature dependence of magnetization at 0.02 T (FC and ZFC) and the dM/dT vs. T curve (the inset); (b) The χˈ at frequencies ranging from 5 to 1000 
HZ and the relaxation time τmax versus temperature for HoErFe microwires (the inset). 
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individual atomic magnetic moment, the ideal freezing temperature and 
the critical exponent, respectively. τ0 and zv of typical SG systems were 
10− 10–10− 13 s and 4–13, respectively [25]. The fitting result of the 
experimental data is shown in the inset of Fig. 3b. The value of τ0 was 
~10− 11 s and Ts was ~40.2 K. In addition, the value of zv was 6, which is 
located in the range of conventional SGs. 

In order to estimate the MCE of MEA wires, the isothermal magne-
tization curve M-H near the Curie temperature of the HoErFe microwires 
were measured under the magnetic field change of 5 T between 10 K and 
150 K, as shown in Fig. 4a. The magnetization curves increased abruptly 
at a low field and rapidly saturated below the TC, indicating an obvious 
FM behavior. The magnetization increased linearly above TC, indicating 
PM behavior. The magnetic entropy change of HoErFe microwires at 
different temperatures and different magnetic fields were obtained by 
Maxwell relationship as follows: 

ΔSM(T,H) = S(T ,H) − S(T, 0) =

∫Hmax

0

(
∂M
∂T

)

H
dH (7)  

where S represented the magnetic entropy and Hmax represented the 
maximum external magnetic field. Fig. 4b displayed the temperature 
dependence of magnetic entropy change (-ΔSM (T, H)) at different 
magnetic field changes. The maximum magnetic entropy change 
(-ΔSM

max) had a maximum value of ~9.5 J kg− 1 K− 1 at ~44 K under the 
magnetic field change of 5 T, which was mainly attributed to the 
interaction of magnetic moments between transition metal (TM) ele-
ments with 3 d-electrons and rare-earth (RE) elements with 4f-electrons 
[26,27]. A large magnetic entropy change combined with a wide 
working temperature range is important for a refrigeration application. 
RC and RCP could be defined as the full width at half maximum 
(δTFWHM) area of the -ΔSM curves and the product with -ΔSM, 

respectively. RC and RCP can be calculated as follows [1]: 

RC=

∫T2

T1

− ΔSM(T)dT (8)  

RCP = − ΔSmax
M × δ TFWHM = − ΔSmax

M (T2 − T1) (9)  

where, T1 and T2 represent the onset and offset temperatures of δTFWHM, 
respectively. The calculated results of RC and RCP for the HoErFe alloy 
microwires are shown in Fig. 4c, whose values were 450 J kg− 1 and 588 
J kg− 1 at μ0ΔH = 5 T, respectively. Table 1 summarizes some potential 
cryogenic MCE materials with compositions of ternary and quaternary 
rare earth-based alloys at a field change of 5 T. The HoErFe medium 
entropy microwires showed similar comprehensive -ΔSM

max and RC 
values, as the best of the other materials. 

Additionally, a fitting relationship between ΔSmax
m and H of the 

HoErFe microwires at the temperature of ~44 K could be established as 
follow [28]: 

Fig. 4. (a) The isothermal magnetization (M-H) curves of HoErFe microwires at different temperatures; (b) the temperature dependence of -ΔSM for different applied 
field changes; (c) the calculated RC and RCP values at different magnetic fields; (d) the fitted result of the -ΔSM

max in different magnetic field. 

Table 1 
Magnetocaloric parameters of the present wires, ternary and quaternary rare 
earth-based metallic compounds reported previously.  

Composition TC(K) μ0ΔH 
(T) 

− ΔSM
max 

(J⋅kg− 1K− 1) 
RC 
(J⋅kg− 1) 

Ref 

HoErFe 44 5 9.5 450 Present 
Ho36Dy20Al24Co20 17 5 11.7 365 [32] 
Dy36Ho20Al24Co20 23 5 9.49 326 [33] 
Er2Ni2Ga 7.1 5 9.6 151 [34] 
Ho57Cu25Al18 22.8 5 11.8 385 [35] 
Dy50Gd7Al24Co20 26 5 9.6 290 [36]  
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− ΔSmax
m ∞Hn (10)  

where n was a local exponent, which was 0.932 for the HoErFe micro-
wires (Fig. 4d). This value was much larger than the mean field theory 
value of (2/3) [29], which was probably due to the exchange integral 
fluctuation caused by the amorphous/nanocrystalline structure of the 
microwires. The deviation in behavior may be caused by the presence of 
local inhomogeneities below the transition temperature. 

3.3. Magnetic phase transition 

In order to reveal the properties of the magnetic phase transition of 
microwires, the isothermal magnetization curve (M-H) of HoErFe 
microwires was plotted in an Arrott plot (H/M vs. M2), as shown in 
Fig. 5a. It was calculated from the isothermal magnetization curves in 
Fig. 4a. According to Banerjee criterion [30], the absence of a negative 
slope around TC indicates that the transition is of second order. 

To study the effect of nanocrystals on the phase transition, it was 
necessary to normalize the magnetic entropy curve under different 
external fields. The magnetic entropy normalization curve could estab-
lish for dividing the magnetic entropy change value of the magnetization 
curve in different external fields by the maximum magnetic entropy 
change value in the external field and recalculating the temperature 
axis. The temperature axis was accordingly calculated as below [31]: 

θ=
{
− (T − TC)/(Tr1 − TC) T ≤ Tc
− (T − TC)/(Tr1 − TC) T ≤ Tc

(11)  

where Tr1 and Tr2 were the two reference temperatures below and above 
the Curie temperature (TC), respectively, and the values should satisfy 
the formula: 

− ΔSm(Tr1) = − ΔSm(Tr2) = f ×
(
− ΔSmax

m

)
(12) 

The value of f in this work was 0.5. The normalization curves under 
different external fields would overlap near the curie temperature and at 
θ = ±1). If a first-order magnetic phase transition was present in the 
material, the normalization curve would separate below the Curie 
temperature (θ < − 1). However, there would be overlaps between the 
normalized curves under different external fields for the second-order 
magnetic phase change material. The medium entropy alloy micro-
wires exhibited typical secondary magnetic phase change material 
characteristics for the overlapping normalized curves (as shown in 
Fig. 5b). 

4. Conclusions 

In summary, novel HoErFe MEA microwires have been prepared by a 
melt-extraction method. The microstructure and MCE of the alloy 

microwires were characterized experimentally using microscopy and 
thermal analysis and theoretically using the Gibbs free energy analysis 
and Maxwell relationship. Analysis showed that the MEA microwires 
were composed of an amorphous matrix combined with a small number 
of nanocrystals. The microwires undergo a FM-PM transition near the 
Curie temperature of 44 K and a typical SG behavior was observed at 
~33 K. Furthermore, the microwires exhibited a large MCE (-ΔSM

max) in a 
5 T external field of 9.5 J kg− 1 K− 1, and the refrigerant capacity (RC) and 
relative cooling capacity (RCP) were 450 J kg− 1 and 588 J kg− 1, 
respectively. The excellent magnetothermal properties made the novel 
alloy microwires a promising candidate for cryogenic and green refrig-
eration applications. 
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V. Franco, Universal behavior for magnetic entropy change in magnetocaloric 
materials: an analysis on the nature of phase transitions, Phys. Rev. B 81 (2010). 

[32] L. Liang, X. Hui, C.M. Zhang, Z.P. Lu, G.L. Chen, A novel Ho36Dy20Al24Co20 bulk 
metallic glass with large magnetocaloric effect, Solid State Commun. 146 (2008) 
49–52. 

[33] L. Liang, X. Hui, C.M. Zhang, G.L. Chen, A Dy-based bulk metallic glass with high 
thermal stability and excellent magnetocaloric properties, J. Alloys Compd. 463 
(2008) 30–33. 

[34] D. Guo, H. Li, Y. Zhang, Magnetic phase transition and magnetocaloric effect in 
ternary Er2Ni2Ga compound, IEEE Trans. Magn. 55 (2019) 1–4. 

[35] Y. Zhang, H. Li, S. Geng, X. Lu, G. Wilde, Microstructure and cryogenic magnetic 
properties in amorphousized RE57Cu25Al18 (RE = Ho and Tm) ribbons, J. Alloys 
Compd. 770 (2019) 849–853. 

[36] Q. Luo, D.Q. Zhao, M.X. Pan, W.H. Wang, Magnetocaloric effect of Ho-, Dy-, and 
Er-based bulk metallic glasses in helium and hydrogen liquefaction temperature 
range, Appl. Phys. Lett. 90 (2007) 211903. 

Y. Bao et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0966-9795(20)30878-5/sref1
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref1
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref1
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref2
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref2
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref2
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref3
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref3
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref3
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref4
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref4
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref4
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref5
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref5
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref5
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref6
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref6
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref6
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref6
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref7
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref7
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref7
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref8
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref8
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref8
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref9
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref9
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref10
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref10
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref11
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref11
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref11
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref12
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref12
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref13
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref13
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref13
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref14
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref14
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref14
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref15
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref15
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref15
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref16
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref16
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref16
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref17
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref17
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref17
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref18
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref18
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref19
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref19
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref19
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref20
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref20
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref21
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref21
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref22
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref22
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref23
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref23
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref24
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref24
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref25
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref25
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref26
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref26
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref26
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref27
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref27
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref28
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref28
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref28
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref29
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref29
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref29
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref30
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref30
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref31
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref31
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref31
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref32
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref32
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref32
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref33
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref33
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref33
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref34
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref34
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref35
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref35
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref35
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref36
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref36
http://refhub.elsevier.com/S0966-9795(20)30878-5/sref36


 
216 Appendix B4. Magnetocaloric Heat Exchangers by Laser Powder Bed Fusion 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B4. Magnetocaloric Heat Exchangers by Laser Powder Bed Fusion 

 



Euro PM2020 – Session 35: FM Energy Management 

© European Powder Metallurgy Association (EPMA) 

Manuscript refereed by Dr José Manuel Martin (CEIT, Spain) 
 

Magnetocaloric Heat Exchangers by Laser Powder Bed Fusion 
 
Wieland, Sandra (Fraunhofer IFAM, Germany); Breitzke, Christina (Fraunhofer IFAM, Germany); 
Navickaitė, Kristina (Fraunhofer IFAM, Germany); Liang, Jierong (Technical University of Denmark, 
Denmark) 
 
Abstract  
Magnetocaloric materials, which change their temperature when brought into a changing magnetic 
field, have the potential to enable innovative cooling and heating technologies. To attain highly 
efficient systems, fast and high heat transfer from the magnetocaloric material has to be achieved. It 
was shown that by Laser Powder Bed Fusion (LPBF), it is possible to shape brittle intermetallic 
La(Fe,Si)13-based alloys to microchannel- or plate-like-structures with a minimum wall thickness of 
300 μm. Additionally, the refined microstructure resulting from the LPBF process enables shortening  
the heat treatment time to optimize the magnetocaloric properties, and mixing La(Fe,Si)13 and 
LaCe(Fe,Mn,Si)13 powder for the LPBF process is an effective way to adjust the composition and 
hence the temperature of maximum magnetocaloric effect. Results on the magnetocaloric properties 
as well as considerations regarding the optimization of the heat exchanger geometry and the influence 
of the surface roughness will be presented. 

Introduction  
As cooling and air conditioning applications make up for around 18.5 % of the global energy 
consumption [1], there is a growing need for more energy efficient alternatives to the conventional 
compressor systems used today. Magnetocaloric cooling is regarded as a promising candidate, as 
compared to compression technology a theoretically 20-30 % higher energy efficiency can be 
achieved [2] and no environmentally harmful refrigerants are employed. However, though significant 
progress has been made since the first room-temperature magnetocaloric prototype was built in 1975, 
there are still several challenges in designing highly efficient and economically feasible systems. The 
magnetocaloric material (MCM) is not only required to have high magnetocaloric effect (MCE) at the 
targeted application temperature, sufficient mechanical and chemical stability and high heat 
conductivity, but also needs to be shaped into a structure which provides fast heat transfer [3, 4]. 
When exposed to a (de)magnetization process, usually created by relative movement of a permanent 
magnet, the MCM (absorbs) releases the heat (from) to the ambient via a heat transfer fluid. Applying 
this as a cyclical process, timely pumping the heat transfer fluid between a hot and cold reservoir, the 
MCE can be exploited for cooling applications. The system performance is limited by the heat transfer 
effectiveness and the magnitude of pressure drop inside the MCM structure. 
There have been a number of both numerical and experimental studies aiming to optimize the MCM 
heat exchanger geometry, i.e. considering stacked thin parallel plates, microchannels of different 
geometries, woven screens, fin structures or packed particle beds [5–7]. Experience on heat transfer 
devices for other thermal management applications can only be transferred partially, as some 
additional requirements arise in magnetocaloric systems. The air gap of the magnet system used to 
magnetize and demagnetize the MCM limits the space available to the MCM structures. To achieve 
high cooling power Qcool, both high magnetic field (preferably > 1 Tesla, since the MCE increases with 
increasing magnetic field change) and a certain amount of magnetocaloric material is required. Hence, 
in addition to optimized heat transfer and pressure drop, maximum volume fraction occupied by MCM 
should be achieved [4]. And, apart from all the considerations regarding system design, the 
capabilities and limitations in shaping of the MCM need to be taken into account. 
During the last years, La(Fe,Si)13 base alloys came into focus as MCM due to their high MCE, 
abundancy of elements, and the option to vary the application temperature in a very broad range, 
either by introducing substitutional elements (i.e. substituting Fe by Co or Mn [2, 8]; substituting La by 
Ce, Pr [9, 10]); or introducing interstitial elements (H, C, N [2]). However, due to intrinsic brittleness of 
the intermetallic La(Fe,Si)13 base alloys, difficulties in phase formation, oxygen sensitivity, and lack of 
long-term mechanical stability, the mass production and shaping of the MCM is one of the key 
challenges for the industrial application of magnetocaloric devices [4, 11]. 
After cooling La(Fe,Si)13 base alloys from the melt, mostly α-Fe and La-rich phases are present, and a 
heat treatment at > 1000°C is required to form the magnetocaloric 1:13 phase. While for conventional 
casting, the heat treatment takes several days to form > 90 % of the 1:13 phase, the heat treatment 
time is significantly shortened by either applying high energy ball milling to elemental/pre-alloyed 
powders or by applying raping cooling techniques such as melt spinning or gas atomization [11]. 
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When using the powder produced by those methods for powder metallurgical shaping, near-net shape 
production of magnetocaloric heat exchangers can be achieved, avoiding the need for machining and, 
respectively, material losses. Recently, several PM-technologies have been tested for La(Fe,Si)13 
base alloys, as for example uniaxial pressing and sintering [12] or metal powder extrusion [13, 14]. 
LPBF has been first tested for La(Fe,Si)13 alloys by Moore et al. in 2013 [15]. Several heat exchanger 
structures were produced, demonstrating the potential to use the high degree of geometrical flexibility 
provided by this technology to optimize the heat transfer in a magnetocaloric device. However, Moore 
et al. have pointed out several difficulties as poor powder flowability and high level of oxygen uptake, 
which can at least partially be attributed to the high energy milled, irregular shaped powder used in 
this work. In contrast, by using spherical, gas atomized powder with particle size distribution tailored to 
the LPBF process, it was possible to achieve microchannel structures with a minimum wall thickness/ 
channel size of 300 µm, low oxygen content and high percentage of the magnetocaloric 1:13 phase 
after two-hour heat treatment at 1150°C [16, 17]. Based on those feasibility studies, further 
investigations regarding the capabilities of LPBF both on tailoring the magnetic properties and 
optimizing the heat exchanger geometry have been carried out. For the geometrical optimization, the 
double corrugated structures previously reported in [18] were produced by LPBF from an Aluminium 
alloy as well as an La(Fe,Si)13 base alloy, and subsequently characterised in a passive test-setup, i.e. 
no magnetic field change was applied during the test, in order to characterise their thermohydraulic 
performance. The results are discussed in terms of processing and potential for application in a 
magnetocaloric system. 

Materials and methods  
Powder of two compositions, LaFe11.8Si1.2 and La0.8Ce0.2Fe11.4Mn0.3Si1.3, was produced by gas 
atomization in argon atmosphere. The atomized melt contained 15 % excess of each La, Ce and Mn 
to account for evaporation losses. The as-atomized powders were sieved to particle sizes < 63 μm 
and the fines (fraction < 10 μm) were removed using an air classifier. The LPBF-processing was 
carried out in an EOS M 270 machine in argon atmosphere (less than 0.1 % oxygen). The 
investigations to determine suitable process parameters are described in [16, 17]. Based on the 
results, powder layer thickness of 30 µm, laser power of 190 W and scan speed of 350 mm/s were 
applied for LPBF of all magnetocaloric samples. For the geometrical optimization, the magnetocaloric 
samples were compared to samples produced from AlSi7Mg0.6. A commercially available AlSi7Mg0.6 
powder with 20-60 µm particle size, a powder layer thickness of 50 µm, laser power of 195 W and 
scan speed of 900 mm/s were used. After the LPBF process the parts were cut off from the build-
platform using electro-discharged machining (EDM) wire erosion technique. To form the 
magnetocaloric 1:13 phase and adjust the magnetic properties, the La(Fe,Si)13 base alloy samples 
were heat treated in argon atmosphere (850 mbar) for 2 h at 1150°C and hydrogenated at 300°C for 
10 h in hydrogen atmosphere (850 mbar).  
The magnetic entropy change ΔS, one of the key figures to quantify the MCE, was determined using a 
Microsense EZ9 vibrating sample magnetometer following the measurement protocol described in 
[19]. In order to investigate the thermohydraulic performance of the structures, a passive test rig 
developed at the Technical University of Denmark and described in [20] has been used. The MCM 
and AlSi7Mg0.6 structures were mounted between the cold and hot side heat exchangers, which were 
set to maintain a constant temperature difference in the system (with cold end temperature being 
close to ambient temperature in order to minimize heat loss). At the first half of the cycle, the hot side 
piston pushed the heat transfer fluid, which was water based 2 % ENTEK FN solution (for corrosion 
inhibition), through the electrical heater towards the tested structure. The heat from the heated fluid 
was absorbed by the tested structures. The heat transfer fluid was moved to the cold side piston. At 
the second half of the process, the cold fluid was pushed through the tested structures which released 
the previously absorbed heat to the heat transfer fluid. The fluid flow was managed by using the check 
valves at the inlets and outlets to the tested structures. After several cycles the system established a 
periodic steady state condition. The temperature and pressure readings were recorded to characterize 
the thermal effectiveness and the friction factor (for equations see [20]). By varying the operational 
frequency and/or the mass flow rate of the displaced heat transfer fluid during the testing process, the 
fluid flow velocity inside the flow channels was changed and so the Reynolds number (Re), which is 
directly proportional to the flow velocity [20]. In this work, all presented values were measured at one 
selected utilisation value of 0.3. The utilization is the ratio of the fluid mass pushed through the solid 
structure during one full piston stroke multiplied by the specific heat of the fluid to the mass of the solid 
structure multiplied by the specific heat of the solid structure. 
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Results and discussion  
 
a) Magnetocaloric properties and Curie-temperature adjustment  
For the application in a magnetocaloric system, one important MCM property is the quantity of the 
magnetocaloric effect, which can be described by the magnetic entropy change ΔS and the adiabatic 
temperature change ΔTad. Additionally, there is the application temperature, which is the temperature 
range at which high MCE occurs. While the maximum MCE occurs at Curie temperature TC, the width 
of the ΔS peak depends in the magnetic transformation behaviour. Materials with a second order 
magnetic transition (SOMT) are characterized by a broad transition temperature range with lower 
maximum value of ΔS; first order magnetic transition (FOMT) materials show higher ΔS in a narrow 
temperature range [3]. When FOMT materials are used in a magnetocaloric device, typically several 
materials with graded TC are layered to achieve a broad range of operational temperatures and 
enlarge the temperature span generated by the system [21]. 
According to the literature, for the alloy composition LaFe11.8Si1.2Hy a TC of approximately 75°C [8] is 
expected after complete hydrogenation. By substituting Iron by Manganese, TC is decreased, reaching 
10°C for LaFe11.43Si1.2Mn0.37Hy. However, by increasing the Mn content the MCE is reduced, from 
-ΔS= 15 J/K/kg to -ΔS= 7.5 J/K/kg (ΔH=2T). Furthermore, it is reported that Mn inhibits the 
homogenization process to form the 1:13 phase, resulting in higher content of residual impurity phases 
in LaFe11.43Si1.2Mn0.37Hy [8]. To represent a wide temperature range but minimize the negative effect of 
Mn additions, the second alloy composition used in this study is La0.8Ce0.2Fe11.4Mn0.3Si1.3. By 
substituting Lanthanum for Cerium, TC is decreased, but ΔS is not significantly affected or even 
increased [9, 10]. Hence, adding both Cerium and Manganese is expected to shift TC below 0°C and 
maintain high MCE. Figure 1 shows the ΔS values measured for LaFe11.8Si1.2 and 
La0.8Ce0.2Fe11.4Mn0.3Si1.3 powder after heat treatment and hydrogenation. For ΔH=2T, -ΔS is 8.0 J/kg/K 
at a temperature TΔSmax of 68°C for LaFe11.8Si1.2Hy, and 3.7 J/kg/K at -5°C for LaFe11.43Si1.2Mn0.37Hy, 
respectively. As expected, the application temperature and ΔS is decreased by the addition of Ce and 
Mn, and the ΔS peak is broadened. 

 
Figure 1: Magnetic entropy change ΔS for pre-alloyed powder LaFe11.8Si1.2 and 
La0.8Ce0.2Fe11.4Mn0.3Si1.3 after heat treatment and hydrogenation (left) and magnetic entropy change 
ΔS of powder mixes after LPBF, heat treatment and hydrogenation (top right). Additionally, the 
temperature of maximum ΔS is shown as a function of mixing ratio, where powder A is 
La0.8Ce0.2Fe11.4Mn0.3Si1.3 and powder B is LaFe11.8Si1.2 (bottom right). 
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However, compared to the values reported in [8], both TΔSmax and ΔS of powder LaFe11.8Si1.2Hy used in 
this work are significantly lower. This could be attributed to deviations from the nominal composition 
caused by the atomization process, or to non-optimum heat treatment conditions, resulting in reduced 
content of magnetocaloric 1:13 phase and reduced MCE, respectively. As the heat treatment 
conditions which were applied to the starting powders were originally optimized for the microstructure 
of LPBF samples, increased content of impurity phases is expected. According to magnetization 
measurements, the content of impurity phase α-Fe in LaFe11.8Si1.2Hy is approximately 20 %, compared 
to approximately 10 % reported in [8]. Nevertheless, it was shown that both powders used in this study 
show significant MCE and provide a broad temperature range. 
The goal of the studies described in this work was to use LPBF to produce magnetocaloric heat 
exchanger structures for a heat pump system, covering a temperature range of 20-35°C by four TC 
stages. The approach was to create those TC stages by using mixes of the pre-alloyed powders, 
adjusting TC by varying the mixing ratio. This mixing approach has recently been investigated for 
plates produced by metal injection moulding, and compositional homogenization was achieved during 
90 min sintering at 1150°C [22]. It is assumed that the heat treatment process after LPBF 
manufacturing will likewise allow complete homogenization of the content of Ce and Mn. This is 
confirmed by the magnetic characterization of powder mixes processed by LPBF, heat treatment and 
hydrogenation shown in Figure 1. The samples show a distinct peak of ΔS with an almost linear 
decrease in TΔSmax with increasing content of powder La0.8Ce0.2Fe11.4Mn0.3Si1.3 / decreasing content of 
powder LaFe11.8Si1.2. The magnetic entropy change –ΔS of 4.2, 4.6, 4.3 and 4.4 J/kg/K (ΔH=1T) for 
the powder mixes is only slightly reduced compared to –ΔS=4.7 J/kg/K for LaFe11.8Si1.2Hy base powder 
(ΔH=1T), despite the La0.8Ce0.2Fe11.4Mn0.3Si1.3Hy content of up to 80 %. This is attributed to the heat 
treatment resulting in higher content of 1:13 phase for the LPBF samples compared to the starting 
powders, which is compensating for the effect of the Mn additions. The heat exchanger structures 
have an outer diameter of 19.6 mm, a wall thickness of 300 µm and straight channels with diameter 
600 µm. As can be seen in Figure 1, there are no visible differences for all four samples of varied TC. 
In conclusion, it has been demonstrated that the powder mixing approach is feasible to achieve 
magnetocaloric heat exchanger structures with graded TC by LPBF. This eliminates the need to 
produce each compositional variation in one single atomization process; instead, every application 
temperature in the range of -5°C up to 70°C can be achieved from two starting powders. 
 

b) Heat exchanger geometry 
After demonstrating that processing of magnetocaloric La(Fe,Si)13 base alloys by LPBF is generally 
feasible, the possibilities offered by the method with regard to geometry optimization were examined. 
One advantage of the LPBF process is that the outer dimensions of the heat exchanger geometry can 
easily be tailored to the dimensions defined by the magnetic system, as shown in Figure 2. The curved 
outer geometry allows optimum use of the space in the air gap of a Halbach magnet system [23]. On 
the other hand, LPBF is allowing the implementation of geometrical features in the fluid channels, 
which act as surface area extensions or enhance flow mixing. The use of LPBF technology in heat 
transfer devices was reviewed in [24], showing several approaches to increase heat transfer by 
geometrical optimization. However, the review points out the strong influence of surface roughness, 
which is higher for LPBF compared to conventional processing and can lead to decreased efficiency 
due to the larger pressure drop. Thus, the differences in surface finish impede the assessment of the 
effect of the geometrical features introduced by LPBF. Hence, in this work the performance of the 
double corrugated channel geometry shown in Figure 2 is compared to straight channel structures 
which have been prepared with the same LPBF process parameters, thus providing similar surface 
roughness related to the manufacturing technique. The straight and double corrugated structures have 
the same nominal channel size Dh (0.35 mm), wall thickness δ (0.3 mm), outer diameter D (28.5 mm), 
total length L (46.2 mm) and porosity ε (17 %; ε is the ratio of channel volume to the volume of the full 
structure). 

 
Figure 2: Magnetocaloric heat exchanger structure produced by LPBF process in a housing to be 
inserted in a magnetocaloric system (a); CAD data of the straight channel structure (b) and the double 
corrugated channel structure (c). 
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Each geometry, straight and double corrugated, was produced from both AlSi7Mg0.6 and 
magnetocaloric material La0.84Ce0.16Fe11.5Mn1.5Si1.3, with the latter being a mixture of powder 
La0.8Ce0.2Fe11.4Mn0.3Si1.3 and powder LaFe11.8Si1.2 as described earlier. Previous investigations have 
shown that the LPBF processing of La(Fe,Si)13 base alloys resulted in especially high surface 
roughness [17] complicating de-powdering of small channels. Therefore, eleven shorter disks, each of 
4.2 mm length, have been produced from magnetocaloric material and assembled before testing. 
Figure 3 shows each one side and one top view of the straight channel structure samples from 
AlSi7Mg0.6 and MCM. In the close-up top view it is clearly visible that for the MCM material, the 
channel size is not uniform and some channels are constricted by partially molten particles. 

 
Figure 3: Side and top view of the straight channel structure samples from AlSi7Mg0.6 (a & b) and MCM 
(c & d); MCM close-up top view (e). 

Figure 4 shows the friction factor as a function of different Reynolds number and the thermal 
effectiveness as a function of frequency. The thermal effectiveness and friction factor measurements 
were done at the same range of frequencies. The resulting Reynolds number (which is directly 
proportional to the flow velocity) for the selected utilization value of 0.3 is in the range between approx. 
16 to 40 for the regenerator produced in AlSi7Mg0.6 and between 27 and 41 for the regenerator 
produced in MCM. The difference in Reynolds number between the two types of regenerators is 
caused by the differences in the surface quality of the flow channels resulting in slight variations of the 
actual porosity and resulting pore velocity. One can see from Figure 4 that for the AlSi7Mg0.6 samples, 
as expected, the friction factor (thus the pressure drop) is significantly higher for the double corrugated 
channels than for the straight channels. In contrast, for the MCM the friction factor is similar for both 
channel structures. This can be attributed to the effect of the increased surface roughness of the MCM 
samples, having a greater influence then the double corrugation. However, the thermal effectiveness 
does not differ much, neither when comparing MCM to AlSi7Mg0.6 nor for straight and double 
corrugated structures at frequency > 1 Hz, which is aimed for in a magnetocaloric system. In 
conclusion, the effect of surface roughness should be taken into account and investigated in detail for 
further studies to optimize the performance. In [17], it was described that the surface quality achieved 
by LPBF of La(Fe,Si)13 base alloys can be varied to some extend by adjusting the processing 
conditions. 

        
Figure 4: Friction factor as a function of different Reynolds number (left) and effectiveness as a 
function of Reynolds number (right) for AlSi7Mg0.6/MCM with straight/double corrugated channels. 
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Conclusion  
It was shown that the Laser Powder Bed Fusion method is a feasible approach to produce 
magnetocaloric heat exchanger structures for efficient magnetocaloric heating and cooling systems, 
allowing both tailoring of the operation temperature range by a simple powder mixing approach as well 
as geometrical optimization. However, when optimizing the geometry of the fluid channels, the surface 
roughness of the specific material and processing conditions have to be taken into account. 
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