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ABSTRACT OF THE THESIS 

 

Modeling of Hydrogen Liquefaction using Magnetocaloric Cycles with Permanent Magnets 

 

by 

 

Tianshi Feng 

Master of Science in Engineering Sciences (Mechanical Engineering) 

University of California San Diego, 2020 

Professor Renkun Chen, Chair 

 

Hydrogen (H2) is promising alternative to replace fossil fuels, but its transport and 

storage has been challenging. As H2 fuel cell vehicles are gaining traction, the infrastructure for 

storing large amounts of liquid H2 is needed.  However, liquid H2 would suffer from boil-off 

loss, and traditional vapor compression refrigeration systems would not be able to economically 
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recover the lost H2 due to the low efficiencies at cryogenic temperature. Magnetocaloric (MC) 

refrigeration systems could possess much higher coefficient of performance (COP) at cryogenic 

temperature compared to the vapor compression ones. Previous work on cryogenic MC systems, 

however, have only focused on large scale applications which use superconducting magnets to 

provide a large magnetic field but are prohibitively expensive to operate for small scale 

applications, such as that of a H2 refilling station. In this work, we modeled the performance of a 

MC refrigeration cycle using 1-Tesla permanent magnets for H2 liquefaction, with the objective 

of cooling H2 from 80 K (using liquid nitrogen as the heat sink) to 20 K (boiling point of 

hydrogen). We evaluated main performance metrics including the total work input to the 

refrigeration system, COP, total MCM mass in the system, and total volume of the permanent 

magnets, etc. Our modeling results indicate that such a permanent magnet-based MC cooling 

system is feasible for small-scale H2 liquefaction, with projected COP values significantly higher 

than those of vapor compression systems.  This work provides design guidelines for future 

experimental efforts on permanent magnet MC cooling systems for cryogenic cooling. 
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Introduction 

Nowadays, due to burn fossil fuel such that coal, natural gas and petroleum, which will 

release carbon dioxide (main greenhouse gas), the global warming effect are increasing. In our 

world, the total fossil fuel reserves are finite, and it cannot be renewable. People started to find 

the renewable energy with less global warming potential to replace fossil energy. Hydrogen was 

interested due to its extraordinary properties and potential. For hydrogen energy, it can be used 

in transportation, such that fuel cell vehicles which has been sold around the world, building, 

power generation and other industries which could replace nearly all energy industries currently 

using fossil energy. Besides as substitute of fossil energy, using hydrogen could be cleaner, only 

water will be released after reaction with oxygen. And there is large amount of hydrogen reserve 

among the universe (up to 75%), also hydrogen is a non-toxic energy. Hydrogen is in gas phase 

in room temperature, and its liquid point is in cryogenic point (around 20.3K), hence it is 

necessary to liquefy hydrogen from gas to liquid before used. But the liquid hydrogen fabrication 

process is not very economical against the conventional fossil energy fabrication process. So 

develop a high-efficiency hydrogen liquefication technology is needed. 

In this thesis, we proposed one feasible system with high-efficiency and low cost to cool 

hydrogen to its liquid point using Magnetocaloric Effect refrigeration cycle. We studied several 

parameters effect on system-level design. Finally we proved the feasibility of our proposed 

hydrogen liquefication refrigeration system. 
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1 FUNDAMENTAL PRINCIPLE AND OBJECTIVE 

1.1 Refrigeration system 

In the cryogenic temperature range, compression-based refrigeration has very low 

coefficient of performance (COP), typically less than 20% of the Carnot COP and tends to be 

worsened at lower temperature(Thirumaleshwar and Subramanyam, 1986).  Magnetocaloric 

(MC) refrigeration has the potential to possess higher COP, especially for hydrogen (H2) 

liquefaction applications which requires cooling down to ~20 K. MC refrigeration systems have 

been used for many decades to obtain temperatures below 1 K (Jeong, 2014). For the 

temperature range above 1.8 K, several active magnetic regenerative (AMR) refrigeration 

prototypes have been studied for wider temperature ranges (Cogswell et al., 1988; DeGregoria et 

al., 1991; Fillin et al., 1994; Hirayama et al., 2008; Janda et al., 1991; Jeong et al., 1994; Johnson 

and Zimm, 1996; Matsumoto and Hashimoto, 1990; Seyfert et al., 1988). For these MC 

refrigeration systems, helium (He) is typically used as a heat transfer fluid in the cryogenic 

temperature range. In general, a magnetic field, magnetocaloric materials (MCMs), and a heat 

transfer fluid (HTF) system are needed in a MC refrigerator. Kim et al. (Kim et al., 2013) 

developed a two-stage AMR refrigeration system with working temperature span of 77 to 20 K 

under 4 Tesla (T). From Zhang et al. (Zhang et al., 2000), both a time-dependent (steady-state) 

model and a time-independent model were developed to simulate an AMR system for H2 

liquefaction.  Further, Pacific Northwest National Laboratory (PNNL) is working to develop a 

H2 liquefaction prototype with a capacity of 20 kg/day using two 6-T superconducting magnets 

from 280 K to 20 K and is aiming to achieve 70-80 % of Carnot COP for the eventual large-scale 

system with a capacity of 30,000 kg/day (Holladay et al., 2017). They have experimentally 

demonstrated  cooling temperature span of 100 K using Gadolinium (Gd) with a 6-T 
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superconducting magnet (Teyber et al., 2019). Recently, there are many modeling work for 

AMR system, they built up AMR 1D model with thermal loss and parasitic heat exchange at 

room temperature range(Nikkola et al., 2014). And multistage system from room temperature to 

hydrogen liquefication has been modeled with 6 stage using 1D model(Belkadi and Smaili, 

2018). Further optimized AMR system, higher frequency could increase efficiency at room 

temperature(Smaïli et al., 2011). However, all these previous studies on MC refrigeration in the 

cryogenic region have focused solely on superconducting magnets which are capital and energy 

intensive and hence are not suitable for small-scale systems, and modeling work only focus on 

cryogenic temperature range (lower than 80K) is not sufficient. In this work, we studied the 

feasibility of utilizing permanent magnets with field of 1 T in a small-scale AMR system (e.g., 

capacity of 300 kg/day) to achieve H2 liquefication from 80 K to 20 K, using both time-

dependent and time-independent (steady-state) models. 

1.2 Magnetocaloric effect (MCE) 

MCE is an intrinsic property of certain magnetic materials such as Gd (Bjork et al., 

2010), Gd5(SixGe1-x)4 alloys (Pecharsky and Gschneidner, 1997; Tseng et al., 2007), and La(Si-

Fe)x alloys (Bjork et al., 2010; Liu et al., 2012; Lyubina et al., 2010) . When the material is 

subject to a magnetic field change, there will be a thermal response due to MCE. It can be 

quantified as the reversible change of magnetic entropy (∆𝑆!) if the field change is introduced in 

an isothermal process. When the magnetic field is applied to a MCM, the arrangement of 

magnetic spin system would be changed from disordered to ordered , then the magnetic entropy 

will decrease (Gómez et al., 2013) as shown in Figure 1(a). The total entropy in MCM can be 

represented by equation (1-1); if we applied magnetic field under adiabatic condition, the total 

entropy keeps constant, heat rejected by decreased magnetic entropy will be absorbed by MCM 
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which will increase lattice entropy (𝑆"(𝑇)) and electronic entropy (𝑆#(𝑇)),  then the temperature 

of MCM will increase with (∆𝑇$%). On the contrary, when the field is removed, the magnetic 

entropy is increased due to magnetic spin system changed from ordered to disordered, and the 

material temperature decreases with the magnetic entropy increased under an adiabatic condition.  

This reversible process forms the basis for MC refrigeration, while a HTF is used to cycle 

between the magnetization and demagnetization states to complete a refrigeration cycle. 

 𝑆&(𝐻, 𝑇) = 𝑆'(𝐻, 𝑇) + 𝑆"(𝑇) + 𝑆#(𝑇) (1-1) 

 

Figure 1.Schematic magnetocaloric effect; (b) Magnetic field applied under two specific 
conditions 

1.3 Magnetocaloric Refrigeration System 

There are several types of refrigeration cycles as shown in Figure 2(Romero Gómez et 

al., 2013). The Carnot Cycle is the theoretically efficiency upper limit for all other kinds of 

refrigeration cycle. In the Carnot Cycle, heat absorbed by the cycle at a constant temperature TC, 

and heat reject to environment at a constant temperature TH, so the operation temperature span is 

TH- TC, which is smaller than adiabatic temperature change (∆𝑇$%) as shown in Figure 2(a). 

The next well used thermal cycle in refrigeration system is Brayton cycle as shown in Figure 

2(b). In the Brayton cycle, the operation temperature is larger than Carnot cycle, and the 

temperature doesn’t keep constant during absorption and rejection heat process. But the cycle 
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operation span still confined by the maximum adiabatic temperature change (∆𝑇$%), which 

depends on intrinsic material’s MC effect or magnetic field. To achieve large operation 

temperature span with Brayton cycle, we need either high magnetic field or large MC effect in 

MC material, or both. 

The most innovative thermal cycle in Magnetocaloric Refrigeration system is called 

Active Magnetic Regenerative Refrigeration (AMRR or AMR), which has been first proposed by 

Steyert (Steyert, 1978) at late seventies, and subsequently Chen et al.(Chen et al., 1992), 

determined that, with the exception of the Carnot cycle, the AMR is the most efficient cycle of 

magnetocaloric refrigeration for room temperature. 

Due to magnetocaloric effect, there is intrinsic temperature change, adiabatic temperature 

change (∆𝑇$%), inside MCM which could lead to refrigeration cycle. In general, adiabatic 

temperature change (∆𝑇$%) is around 2-3 K under 1 T magnetic field as shown in Figure 3(a), 

which is Gadolinium MC effect magnetic change (∆𝑆!) and adiabatic temperature change 

(∆𝑇$%) under 1-Tesla magnetic field around room temperature. Since we want use our 

refrigeration system to achieve large temperature span cooling capacity (i.e. from 80K to 20K 

with 60K total temperature span), if we used refrigeration cycle whose operation span is 

confined by the adiabatic temperature change (∆𝑇$%) such that Brayton cycle, there will be too 

many stages to achieve total cooling capacity with such large temperature span. In AMR system, 

a medium, usually using helium as heat transfer fluid (HTF) at cryogenic temperature range, is 

introduced into MCM which will create temperature gradient along the MCM. With built in 

temperature gradient in both HTF and MCM, one could achieve much larger temperature span 

between hot and cold heat exchanger as shown in Figure 2(b)(Bjørk, 2010a). Hence in this work, 

we will use AMR as refrigeration cycle system to build model. 
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In a typical AMR system, there are four steps to achieve one AMR refrigeration cycle as 

shown in Figure 4 (b) (Burdyny and Rowe, 2013). The first step is magnetization process, the 

magnetic field is applied to regenerator bed. When the system is during magnetization process, 

there is no HTF flow inside the regenerator bed, and the temperature of regenerator bed, which is 

built up with MCM, increase with ∆𝑇$% due to MC effect. The magnetization process is as same 

as compression process in a conventional compression-based refrigeration system as shown in 

the right figure in the Figure 4 (b). After magnetization process, HTF blow into the regenerator 

bed from cold end with temperature TC, which will be heated up by the hot regenerator bed by 

convection heat transfer between HTF and MCM. When the HTF flow out regenerator, the 

temperature of HTF would be higher than hot end temperature TH, and the heat will be rejected 

by the over-heated HTF to environment (i.e. heat sink at hot end). Next step is demagnetization 

process, which is contrary to magnetization process. During demagnetization process, magnetic 

field is removed, and there is no HTF flow inside the regenerator bed. The temperature of MCM 

decrease with ∆𝑇$% due to MC effect. The demagnetization process is as same as expansion 

process in a conventional compression-based refrigeration system. Finally, HTF blow into 

regenerator bed again from hot end with temperature TH, and HTF is cooled by pre-cooled 

regenerator bed by convection heat transfer. When the HTF flow out regenerator at cold end, the 

temperature of HTF would be lower than cold end temperature TC, then it can absorb heat from 

cold end. Based on these four steps, we could use AMR cycle to achieve cooling capacity with 

optimized operation conditions. 
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Figure 2.Three different refrigeration cycle in Magnetocaloric Refrigeration system: (a) Carnot 
cycle; (b) Brayton cycle; (d) Active magnetic Regenerative Refrigeration (AMRR or AMR) 

cycle 

 

Figure 3. (a) Gadolinium Magnetocaloric Effect and adiabatic temperature change ∆𝑇$% around 
room temperature; (b) The specific heat of Gadolinium(Griffel et al., 1954) 
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Figure 4. (a) Typical AMR system temperature profile along the regenerator bed(Bjørk, 2010a); 
(b) Compare between AMR refrigeration system and conventional compression-based 

refrigeration system(Romero Gómez et al., 2013) 

1.4 Modeling objectives and system diagram 

The goal of this modeling effort is to evaluate the feasibility of cooling H2 from 80 K to 

its liquefaction point (20.3 K at 1 atm.) with a H2 mass flow rate of 300 kg/day, using only 

permanent magnets (max field: 1 T), liquid nitrogen (LN) as the heat sink (hence the 80 K hot 

side temperature), and gaseous He as the HTF. Hence, we will introduce the model based on 

these operation conditions and seek to calculate relevant system performance metrics, such as 

COP, mass of the MCM, volume of the permanent magnets, and the flow rates of He. Through 

the modeling, we seek to identify designs with high COP and low MCM mass and magnetic 

volume, which are directly related to the cost of the system.  

Permanent magnets have the maximum field intensity to be approximately 1 Tesla (e.g., 

Nd-Fe-B permanent magnets (Hirosawa and Tsubokawa, 1990)), much lower than that of a 

superconducting magnet. Therefore, the adiabatic temperature change achievable at each MC 

cycle will also be lower. As such, multiple MC cooling stages are needed to cool H2 from 80 K 
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to 20 K. we considered several different temperature spans of H2 cooling for each stage, from 4 

K to 20 K. Figure 5(a) shows the overall diagram of the proposed multi-stage MC refrigeration 

system considered in our model. The black and red lines represent the He and the H2 flows, 

respectively. The number of the stages depends of the temperature span at each stage, e.g., 15 

and 3 stages for temperature spans of 4 and 20 K, respectively. Figure 5(b) shows more details 

with three arbitrary continues stages from multi-stage system. We defined the first stage in the 

multi-stage system with the highest operation temperature span (i.e. 75-80K), and the last stage 

in the multi-stage system with the lowest operation temperature span (i.e. 20-25K). At the Nth 

stage, the cooling power should bigger than the sum of its next stage (i.e. N+1th) and the cooling 

capacity for hydrogen cooling at the Nth stage. Except the last stage, it only needs to cool 

hydrogen at this stage. In other words, except the last stage, each stage does not only need to 

achieve its cooling hydrogen capacity but also need to be the heat sink of its next stage.  
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Figure 5. (a) Schematic diagram of the modeled full-scale hydrogen (H2) cooling system utilizing 
multi-MC refrigeration stages to cool H2 from 80 K to 20 K. Each stage cools down H2 by a 

specified temperature drop (Δ𝑇) referred to as the “temperature span” of the stage (5 K in this 
diagram). Helium (He) is used as the HTF. Both He and H2 are pre-cooled by LN that is used as 
the heat sink. (b) Arbitrary three continues stages in the multi-stage system, at N stage, the total 

cooling power should be bigger than the sum of its next stage rejection heat and hydrogen 
cooling capacity at Nth stage. 
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1.5 Parametric selection and assumption 

Since this work is focused in the cryogenic temperature range, we used the actual MCM 

we developed for cryogenic MC refrigeration. The material is Nd0.8Cd0.2Si1.0, with its entropy 

change (Δ𝑆) under different magnetic fields shown in Figure S1. The peak value under the 1-T 

field is marked by the red circle, which is about 5.4	𝐽	𝑘𝑔()	𝐾(). The dashed line represents the 

assumed ideal MC response used in the model, namely, the entropy change is a constant value of 

5.4	𝐽	𝑘𝑔()	𝐾() within the entire temperature range at each temperature span.  

We used the entropy change (Δ𝑆) of our MCM (Nd0.8Cd0.2Si1.0) in the model, as shown in 

Figure 6. Other thermophysical properties of the MCM, such as the specific heat and thermal 

conductivity, were not measured and we used the properties of Gadolinium (Gd). The specific 

heat of Gadolinium is from Griffel et al. (Griffel et al., 1954) and is shown in Figure 7 (a). The 

thermophysical properties of the fluids (H2 and He) are from National Institute of Standard and 

Technology (NIST) (Eric W. Lemmon, 2020), as shown in Figure 7 (b)-(d). 

In this model, we assumed 1D model for both HTF and MCM, Petersen et al. (Petersen et 

al., 2008) approved it is feasible to use 1D model to replace 2D model under appropriate 

conditions. And we further discussed the validation of 1D assumption in our model in the 

following section 2.2. 

We assumed Helium, Hydrogen and Gadolinium properties keep constant at each stage. 

We didn’t consider about heat exchanger loss at hot and cold end (i.e. cooling hydrogen & heat 

sink). We didn’t consider the latent heat associated with the H2 condensation from gas to liquid. 
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Figure 6.Entropy change of the MC material (Nd0.8Cd0.2Si1.0) as a function of temperature under 

different magnetic fields. The material was annealed at 950 ℃for six weeks prior to the 
measurement. 
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Figure 7.Thermophysical properties of Gd, H2, and He (a) Specific heat of Gd from 15 to 80 K, 

from (Griffel et al., 1954). (b) Specific heat of H2 from 20 to 80 K, from (Eric W. Lemmon, 
2020). (c) Specific heat and thermal conductivity of He from 20K to 80 K, from(Eric W. 

Lemmon, 2020). (d) Density and Viscosity of He from 20 to 80 K, from(Eric W. Lemmon, 2020) 

2 GENERAL CONSIDERATION OF MODELING 

2.1 Thermodynamics of the AMR 

The MC system modeled in this work is based on the AMR cycle described in earlier 

work (Hirayama et al., 2008; Janda et al., 1991; Jeong, 2014). We used the AMR system because 

the temperature span achievable at each stage can be larger than the adiabatic temperature 

change.  Figure 8(a) shows the schematic diagram of the physical system of an AMR cycle and 

Figure 25b) shows the corresponding T-s diagram of the AMR cycle (Bjørk, 2010b; Gomez et 

al., 2013; Rowe, 2012a). The solid and dashed lines in Figure 8(b) represent the temperatures of 

the HTF and the MCM, respectively.  In this work, He is used as the HTF and is shuttling 

between a cold end with temperature 𝑇*  (i.e.. H2 ) and a hot end with temperature 𝑇+ (i.e., the 



 

 14 

heat sink). The MCM is used as the regenerative bed to cool down the HTF after it gains the heat 

from the cold end. Typically, MCMs are assembled in the form of parallel plates (Nielsen et al., 

2009) or packed-sphere beds (Aprea et al., 2015; Trevizoli et al., 2017). In this work, a packed-

sphere bed is considered, but the results can also be extended to other structures.  

In a typical MC cycle, the system first absorbs heat from the cold end at 𝑇, as the cold 

HTF flows through the cold-end heat exchanger and the packed-sphere MCM bed (a to b in 

Figure 8(b)). From b to c, a magnetic field exerted on the MCM bed is turned on to raise the 

temperature MCM from b to c’ and that of the HTF from b to c. Then, the HTF is cooled down 

by flowing through the hot-end heat exchanger (i.e., the heat sink) and the MCM, and reduces its 

temperature from c to d, thereby reducing the temperature of the MCM from c’ to d. Finally, the 

magnetic field is removed, cooling the MCM from d to a’ and the HTF from d to a to complete 

the cycle. At the cold end location (point a), the cycle absorbs heat from cold end and reject heat 

to the next location, which determines the system cooling power.  

In this model, we assumed that the magnetic field change is under the adiabatic condition, 

meaning the magnetic entropy change is used to induce the temperature change in the MCM with 

no loss. We further assumed that the magnetic field switching is fast relative to the entire cycle, 

such that there is no fluid flow during the switching processes. Similarly, during heat transfer 

between the HTF and MCM, the magnetic field would not change (either zero or 1 T). 
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Figure 8. (a) A schematic drawing of a packed-sphere MC regenerator, consisting of the MC bed, 
the HTF shuttling between the cold end (𝑇,) and hot end (𝑇-). (b)Thermodynamic T-s diagrams 
for an AMR refrigeration system. The solid and dashed lines represent the temperatures of the 

HTF and the MCM, respectively. 

2.2 Governing equations 

In this work, we used both a steady-state (SS) model and a time dependent (TD) model to 

simulate the process. In both models, we only considered one-dimensional (1-D) heat transfer, 

namely, only temperature variation along the flow direction is considered (see Figure 8(a)). This 

assumption requires that the thermal diffusion time along the transverse direction is much shorter 

than the magnetic cycling time, for the given various hydraulic diameter in the regenerator bed. 

We have checked this condition, as shown in the Table 1, which is met even for the fastest 

magnetic cycling time (0.1 sec, or 10-Hz cycling frequency) and the largest MCM particle size 

(𝑑. = 0.5 mm, corresponding to hydraulic diameter (𝑑-)	of 0.1875 mm when porosity 𝜀 =0.36 ). 

The thermal diffusion times in solid (τ/) and in fluid (τ0) are calculated as τ/ = 𝑑.1/𝛼2 and τ0 =

𝑑-1/𝛼3, where  𝛼2 and 𝛼3 are thermal diffusivity of the MCM and the HTF, respectively. The 

calculated diffusion times are 0.005 sec for τ/ and 0.01 sec for τ0, respectively, which are much 

shorter than the magnetic switching time (≥ 0.1 sec in our model), so the 1D heat transfer 

assumption is justified. Under this assumption, the governing equations for the temperatures of 
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the HTF (𝑇3) and the MC regenerator (𝑇") can be obtained by applying the energy balance 

principle on the control volumes of the HTF and the MCM (following (SEL, 2007)) as shown in 

Figure 9. For the HTF, the energy flows into and out of the control volume include convection 

heat transfer with the MCM, enthalpy flow, axial heat conduction, and viscous dissipation. There 

is also an energy storage term representing the transient effect. Therefore, the governing equation 

for the 𝑇3 is: 

𝑘3𝐴,
4!&"
45!

− �̇� 4-"
45
− 678"

%#
𝑎2𝐴,D𝑇3 − 𝑇"E + F

4.
45

'̇
:"
F = 𝜌3𝐴,𝜀

47"
4;

                     (2-1)   

For the MCM, there are similar terms in convection heat transfer with the HTF, axial heat 

conduction, and energy storage, but there is no enthalpy flow or viscous dissipation for the solid. 

Instead, there is an additional term representing the work exerted on the MCM done by the 

magnet, or the magnetic work transfer term shown in Figure 3. Therefore, the governing 

equation for the temperature of 𝑇" is: 

678"
%#

𝑎2𝐴,D𝑇3 − 𝑇"E + 𝑘#33𝐴,
4!&$
45!

+ 𝐴,(1 − 𝜀)𝜇<𝐻
4!
4;
= 𝜌"𝐴,(1 − 𝜀)

47$
4;

              (2-2)  

In Equations (1) and (2), 𝑘3 is the thermal conductivity of the HTF; 𝑘#33 is the effective 

thermal conductivity of the regenerator bed containing both the HTF and the MCM; the 

regenerator is assumed to be a porous medium made of packed spherical MCM particles with an 

average particle size of 𝑑.; 𝑎2 is the specific surface area of the bed; 𝜀 is the porosity of the bed; 

𝑑- is the hydraulic diameter in the packed-sphere bed in the regenerator; 𝑘#33, 𝑎2, 𝑑- are 

estimated based on typical correlations used in the literature as shown in the equation (2-3) to (2-

8);  𝜌3 and 𝜌" are the densities of the HTF and the MCM, respectively;  𝐴, is the cross-section 

area of the regenerator; 		�̇� is the mass flow rate of the HTF; ℎ3 is the specific enthalpy of the 
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HTF and can be expressed as ℎ3 = 𝐶.,3𝑇3 where 𝐶.,3 is the specific heat of the HTF; 𝑁𝑢 is the 

Nusselt number for the convection heat transfer, given by 𝑁𝑢3 = 2 + 1.1𝑅𝑒.<.?𝑃𝑟3
)/A (Wakao et 

al., 1979); 𝑅𝑒. is the Reynolds number based on particle diameter and 𝑃𝑟 is the Prandtl number 

of the HTF; 	𝐴,(1 − 𝜀)𝜇<𝐻
4!
4;

 represents the magnetic transfer work, where 𝜇<𝐻 represents the 

strength of the applied magnetic field; M represents magnetization per unit mass (A	𝑚1	kg()); 𝑢3 

and 𝑢" represent the internal energy of the HTF (f) and the regenerator (r).  

The regenerator is assumed to be a porous medium made of packed spherical MCM particles with 

an average particle size of 𝑑. , and the following equations can be used for the geometric 

parameters (Engelbrecht, 2008): 

 𝑎2 = 6
1 − 𝜀
𝑑.

 (2-3) 

 𝑑- =
2
3

𝜀
1 − 𝜀 𝑑. (2-4) 

For packed sphere regenerator structure, the effective thermal conductivity 𝑘#33 is given by 

Kaviany (Kaviany, 1995): 

 𝑘#33 = 𝑘2;$;B, + 𝑘3𝐷% (2-5) 

where 𝑘2;$;B, is the effective conductivity of the regenerator bed when there is no HTF flow; and 

the 𝑘2;$;B, is given by Hadley (Hadley, 1986): 

 𝑘!"#"$% = 𝑘&

⎣
⎢
⎢
⎢
⎡
(1 − 𝛼')

𝜀𝑓' +
𝑘(

𝑘&(1 − 𝜀𝑓')

1 − 𝜀(1 − 𝑓') +
𝑘(

𝑘&𝜀(1 − 𝑓')
+ 𝛼'

2 /𝑘(𝑘&
0
)
(1 − 𝜀) + (1 + 2𝜀) 𝑘(𝑘&

(2 + 𝜀) 𝑘(𝑘&
+ 1 − 𝜀

⎦
⎥
⎥
⎥
⎤
 (2-6) 



 

 18 

where 

 𝑓< = 0.8 + 0.1𝜀 (2-7) 

0 ≤ ε ≤ 0.0827 log𝛼< = −4.898𝜀 (2-8a) 

0.0827 ≤ ε ≤ 0.298 log𝛼< = −0.405 − 3.154(𝜀 − 0.0827) (2-8b) 

0.298 ≤ ε ≤ 0.580 log𝛼< = −1.084 − 6.778(𝜀 − 0.298) (2-8c) 

In this work, we focused on the cryogenic temperature range and only dealt with small 

MCM particle size or small hydraulic diameter. Therefore, the Peclet number based on the HTF 

properties will be around one and the Equation (2-5) could be simplified to 𝑘#33 = 𝑘2;$;B,.  

From Engelbrecht’s work (Engelbrecht et al., 2005), one could further simplify Equation 

(2-2) further: 

 
𝑁𝑢	𝑘!
𝑑"

𝑎#𝐴$(𝑇! − 𝑇%+ + 𝑘&!!𝐴$
𝜕'𝑇%
𝜕𝑥' = 𝐴$(1 − 𝜀)𝜌%𝑇%

𝜕𝑠%
𝜕𝜇(𝐻)

𝜕𝜇(𝐻
𝜕𝑡 + 𝐴$(1 − 𝜀)𝜌%𝑐*!+

𝜕𝑇%
𝜕𝑡  

(

(2-9) 

In Equation (2-9), 𝑐C%+ represents the specific heat of the regenerator based on the  magnetic field, 

which is assumed to be constant at each stage ; 42$
4C%+&

 represents the MCM entropy change driven 

by the magnetocaloric effect, which is assumed to be a  constant (−5.4	𝐽	𝑘𝑔()	𝐾() under 1 Tesla, 

based on the properties of our MCM (Nd0.8Cd0.2Si1.0), see Figure 6); the 4C%+
4;

 term represents the 

change rate of the magnetic field over time. 
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Table 1.Selected results of the different diffusion time based on different MCM particle size in 
the AMR system regenerator bed 

𝐷. (mm) 𝐷D (mm) 𝜏2 (s) 𝜏3 (s) 

0.3 0.1125 0.0017 0.0046 

0.4 0.15 0.0032 0.0082 

0.5 0.1875 0.005 0.01 

N/A 0.5 N/A 0.015 

 

Figure 9.Control volume for both HTF and MCM in the AMR system regenerator bed 

2.3 Time-dependent (TD) model 

The governing equations (Equations (2-1 & 2-9)) have transient terms to represent the 

dynamics of the system, so a time-dependent model is usually required. To solve these equations 
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numerically, the partial differential equations (PDEs) are discretized in the spatial domain (x) 

with the central discretization scheme for both the first and second order derivatives: 

Inner node 𝜕1𝑇
𝜕𝑥1 =

𝑇BE) − 2𝑇B + 𝑇B()
∆𝑥1  (2-10a) 

End node 𝜕1𝑇
𝜕𝑥1 =

𝑇1 − 𝑇)
∆𝑥1  (2-10b) 

This will transform the PDEs to ordinary differential equations (ODEs) with the time (t) as the 

only variable. The ODEs are then solved using MATLAB ode45 package.  

There are two governing equation in TD model, shown in equation (2-1) and (2-9). On 

the left-hand side of both equations are spatial dependent term, and on the right-hand side are 

time dependent term. To solve these equations numerically, the PDE are discretized in the spatial 

domain (x) with the central discretization scheme for both the first and second order derivatives. 

For the boundary point, we need to treat them specially, as shown in equation (2-11)-(2-16),  

Hot end (HTF) 

𝜕1𝑇
𝜕𝑥1 =

𝑇1 − 𝑇)
∆𝑥1  (2-11) 

𝜕𝑇
𝜕𝑥 =

𝑇1 + 𝑇)
2 − 𝑇+
∆𝑥  (2-12) 

Cold end (HTF) 

𝜕1𝑇
𝜕𝑥1 =

𝑇65 − 𝑇65()
∆𝑥1  (2-13) 

𝜕𝑇
𝜕𝑥 =

𝑇, −
𝑇65 + 𝑇65()

2
∆𝑥  (2-14) 

Hot end (Regenerator) 
𝜕1𝑇
𝜕𝑥1 =

𝑇1∗65E) − 𝑇1∗65
∆𝑥1  (2-15) 



 

 21 

Cold end (Regenerator) 
𝜕1𝑇
𝜕𝑥1 =

𝑇1∗65 − 𝑇1∗65()
∆𝑥1  (2-16) 

As for time domain, we used MATLAB built-in solver ode45 to solve, we further 

modified equation (2-1) and (2-9) to be fitted into ode45 form as shown in equation (2-17) and 

(2-18) 

HTF 𝑑𝑇
𝑑𝑡 =

𝑘3𝐴,
𝜕1𝑇3
𝜕𝑥1 − �̇�𝐶.

𝜕𝑇3
𝜕𝑥 −

𝑁𝑢𝑘3
𝑑-

𝑎2𝐴,D𝑇3 − 𝑇"E + F
𝜕𝑝
𝜕𝑥

�̇�
𝜌3
F

𝜌3𝐴,𝜀𝐶.
 (2-17) 

Regenerator 𝑑𝑇
𝑑𝑡 =

𝑁𝑢	𝑘3
𝑑-

𝑎2𝐴,D𝑇3 − 𝑇"E + 𝑘#33𝐴,
𝜕1𝑇"
𝜕𝑥1

𝜌"𝐴,(1 − 𝜀)
−
𝑇"
𝐶2

𝜕𝑠"
𝜕𝜇<𝐻&

𝜕𝜇<𝐻
𝜕𝑡  (2-18) 

In equation (2-17) and (2-18), 𝑇3 is HTF temperature;	𝑘3 is the thermal conductivity of 

the HTF; and 𝐴, is cross-section area of regenerator; �̇� is HTF mass flow rate; 𝐶. is HTF 

specific heat, and 𝑁𝑢 is Nusselt number, 𝑘#33, 𝑎2, 𝑑- are based on section 2.2; 𝑇" is regenerator 

temperature; 𝜌3 and 𝜌" are density of HTF and regenerator, respective; 4.
45

 depends on equation 

(2-36); 42$
4C%+&

= −5.4	𝐽	𝑘𝑔()	𝐾()𝑇(); 4C%+
4;

 is based on equation (2-19), where j is time step 

number. 

 𝜕𝜇<𝐻
𝜕𝑡 =

𝜇<𝐻GE) − 𝜇<𝐻G
∆𝑡  (2-19) 

Spatial node 𝑥 = 𝐿(𝑖 − 1 2⁄ ) 𝑁𝑥⁄  (2-20) 

Time node ∆𝑡 =
𝜏
𝑁𝑡 (2-21) 

Equation (2-20) and  (2-21) are the discretize method for both spatial and time domain, 

where Nx is the total number in spatial domain, and Nt is the total number in time domain; 𝜏 is 
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the period of one cycle with unit s; L is the length of regeneratore with unit m; i is the number of 

spatial node which from 1 to Nx. 

In TD model, we used net enthalpy flux at both hot and cold end to represent reject heat 

(𝑄-) and cooling power (𝑄,) using the temperature profile when the system reach to steady 

state, as shown in equation (2-22) and (2-23). 

Cooling Power 𝑄, = �̇�𝐶.n(𝑇3(G(,IJ%	#L%) − 𝑇*)

6;

GN<

 (2-22) 

Reject Heat 𝑄- = �̇�𝐶.n(𝑇3(G(-I;	#L%) − 𝑇+)

6;

GN<

 (2-23) 

 

2.4 Steady-state (SS) model 

The time-dependent model described above is exact with the one-dimensional 

assumption. It needs to be used when there is an appreciable temperature difference between the 

MCM and the HTF (i.e., the case of 𝑑.=0.5 mm in Figure 3). However, this model is also time 

consuming to solve, especially for the entire system with multiple stages such as the one shown 

in Figure 1. Rowe et al. (Rowe, 2012a, b) recognized that the governing equations can be greatly 

simplified when the HTF and the MCM have the same temperature, which is valid when the 

convection heat transfer between these two is very efficient, e.g., with small 𝑑., which is the 

case for  our system as 𝑑. is generally less than  0.5 mm in our optimized design shown later. In 

this work, we also followed Rowe et al. (Rowe, 2012a, b) to use the SS model. The SS and TD 

models are compared to demonstrate each other’s validity.  
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By assuming the same temperature between the HTF and the MCM, or perfect thermal 

couple between HTF and MCM, Rowe et al. (Rowe, 2012a, b) obtained the following simplified 

equations for the cooling power (𝑄*) and the magnetic work (𝑊!) 

 𝑄* =
𝑚2𝑐2
𝜏;I;

𝑈 q
∆𝑇
𝑇 r 𝑇$< q1 −

𝑝
sin(𝑝) (

𝑈
𝑘
∆𝑇
𝑇 )

()(
𝑇$)
𝑇$<

− cos	(𝑝))r (2-24) 

 
𝑊! =

𝑚2𝐶2
𝜏;I;

(
∆𝑇
𝑇 ) v

𝑅 − 1
𝑅 (

∆𝑇
𝑇 )w 𝑇𝑑𝑥 + 𝑈(𝑇$) − 𝑇$<)

)

<
x (2-25) 

 
w 𝑇
)

<
𝑑𝑥 =

1 − cos	(𝑝)
𝑝𝑠𝑖𝑛(𝑝)

(𝑇$< + 𝑇$)) (2-26) 

where  𝜏;I; is the total cycling time of the system; 𝑇$< and 𝑇$) are the temperature at the cold 

end and the hot end, respective (shown in Figure 8(b)). The other parameters are defined as: 

 𝑝 = q
∆𝑇
𝑇 rz

1
𝑘#33

𝑅 − 1
𝑅 {

)
1
 (2-27) 

 𝑅 = 1 +
𝑚3𝑐3
𝑚2𝑐2

 (2-28) 

 𝑈 =
Φ
𝑅  (2-29) 

 Φ =
�̇�𝑐3𝜏O
𝑚2𝑐2

 (2-30) 

where 𝑚2 and  𝑚3 are the masses of MCM and the HTF at each stage, respectively; �̇� = �̇�3	is the 

HTF  mass flow rate;  The specific heat of the MCM (𝑐2) is taken to be that of Gd.  

In the SS model, with the assumption of constant magnetic entropy change for our MCM 

(∆𝑆! = 5.4	𝐽. 𝑘𝑔(). 𝐾() , see Figure 6), we have: 
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d∆T
dT =

∆𝑇
𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2-31) 

 ∆T(x) = q
∆𝑇
𝑇 r𝑇$ (2-32) 

 ∆𝑆!(𝑇) ≅ −𝑐+(𝑇)
∆𝑇(𝑇)
𝑇  (2-33) 

where ∆𝑇 is the temperature span at each stage. Based on Equations (2-31) to (2-33), we could 

obtain ∆&
&

 at each stage with the specific heat of the MCM at that stage and the constant magnetic 

entropy change ( ∆𝑆!). Again, we used the ∆𝑆! of our MCM but used the specific heat of Gd as 

that of the MCM. 

2.5 Simulation and optimization process 

To simplify the calculation, several assumptions for both the TD and SS models were 

made: 

i) The thermophysical properties of MCM, He, and H2 at each stage are kept constant; 

ii) The entropy change (∆𝑆!) and adiabatic temperature change (∆TQR) associated with the 

MC effects are the same at all temperature within each stage. 

iii) We do not consider energy loss in heat exchangers between He and H2 (i.e., ideal heat 

exchangers). 

iv) We do not consider the latent heat associated with the H2 condensation from gas to 

liquid. 
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A key performance metric is the COP of a stage or the entire system, which is calculated 

as the ratio between the cooling power (𝑄*) and the total work input (𝑊;I;), namely,  

𝐶𝑂𝑃 = 𝑄*/𝑊;I;      (2-34) 

𝑊;I; has two components: magnetic work (𝑊!) and the pumping power to drive the HTF (𝑊S). 

In the SS model, 𝑄*  and  𝑊! are directly calculated (equation 2-24 & 2-25). In the TD model, 𝑄*  

is defined as the net enthalpy flow from the cold end and 𝑊! is calculated as 𝑊! = 𝑊;I; −𝑊S 

and 𝑊;I; = 𝑄+ − 𝑄* , where the rejected heat (𝑄-) is defined as the net enthalpy flow to the hot 

end, and 𝑊S is calculated by: 

𝑊S = ∆𝑃 '̇
:

                    (2-35) 

where the pressure drop (Δ𝑃) is calculated by using Darcy’s law: 

∆S
T
= 𝜌𝑓 U!

1%#
                                                              (2-36) 

where the friction factor  𝑓 = 8𝐴 (9𝜀𝑅𝑒3 + 4𝐵 (3𝜀1))⁄⁄  (Ergun and Orning, 1949) with A 

=180 and B =1.8 (Kaviany, 1995) for a packed sphere particle bed. 

We seek to optimize key design parameters to achieve the best system metrics for cooling 

H2 from 80 K to 20 K with a capacity of 300 kg/day. The simulation processes for both the SS 

and TD models start with the specification of the temperature span which also specifies the 𝑄, 

for each stage. Then the calculation starts from the last stage (e.g., 14th stage in Figure 5(a)) that 

cools the H2 from 20K + Δ𝑇 to 20 K. Several parameters are systematically varied to examine 

their effects on stage-level COP and 𝑊;I; for the specified 𝑄, in the stage.  These parameters 

include the cycling frequency, flow rate of the HTF, mass of the MCM, volume of the magnetic 

field, and geometric parameters (e.g., L, 𝑑., 𝜀, and 𝑑-) of the bed in this stage.  After the 
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optimization of the last stage, the calculation then moves to the preceding stage. These 

parameters are then determined for each of the previous stages by iteration, until reaching the 

first stage. Finally, the stage and system level parameters and metrics are recorded for various 

designs. Note that there is no single metrics that defines the best design, because one has to 

synergistically consider COP, MCM mass, and magnetic field volume.  In some cases, a high 

COP will require excessively large MCM mass and magnetic field volume, which will lead to 

high cost. Therefore, we are aiming to obtain a high COP (i.e., over 50 % of Carnot COP) with 

reasonably small MCM mass and magnetic volume.   

Due to its simplicity, the SS model is mainly used to obtain system-level metrics such as 

𝑄, , 𝐶𝑂𝑃, total mass of MCM, and the volume of the magnetic field, by optimizing the 

parameters such as temperature span per stage, cycling frequency, flow channel aspect ratio (AR 

is defined as the length divided by the diameter), and 𝑑- in the regenerator bed. However, since 

the SS model assumes perfect heat transfer between the MCM and HTF, it would not capture the 

effect of varying 𝑑- (or 𝑑. and 𝜀) on heat transfer and the associated impact on system 

performance. Therefore, the TD model is used to examine the effect of these parameters on the 

performance of a single stage. In addition, the TD model can also work within a larger range of 

temperature span per stage (up to 20 K). 

3 RESULTS AND DISCUSSION 

3.1 Model validation 

3.1.1 TD model validation 

The reference 1D AMR model was used by (Petersen et al., 2008) ,which used MATLAB 

code developed by the Madison Solar Energy Laboratory at University of Wisconsin(SEL, 
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2007). For our model validation, we used the same material input parameters such as the 

properties of Gd, MCM mass, fluid channel geometry, and the same HTF (water instead of He) 

blow time). The parameters are shown in Table 2. Nevertheless, there are some difference 

between our model and that of the ref.(Petersen et al., 2008; SEL, 2007). First, we assumed 

constant properties of water (the HTF) at room temperature, instead of the temperature-

dependent property of water in reference Second, we used a cylindrical regenerator bed instead 

of the circular geometry used in reference. Finally, we used an ODE solver in the MATLAB 

solve the governing equations instead of the direct numeric method in reference  

From results shown in Table 3, we could find that the difference for the cooling capacity 

and the heat rejection is less than 2%. However, for the pumping power, the difference could be 

up to 2.2%. We believe the larger difference in the pumping power is originated from the 

different thermophysical properties of the HTF (constant properties in our model and 

temperature-dependent properties in reference). Nevertheless, as the cooling performance is the 

main result we focused on, the result from model does show good agreement with that of Refs 

(Petersen et al., 2008; SEL, 2007).  

Figure 10 further shows the temperature evolution at different locations of the 

regenerators in our model and in the reference. These results from our model and from the 

reference are very close. There are some small differences especially during the dwell time, due 

to the different thermophysical properties used. However, these differences did not contribute to 

the cooling performance of the regenerators, as shown in the Table 3.  
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Table 2. (a) Input parameters from reference and our validated model; (b) constant water 
properties at room temperature (SEL, 2007). 

 Reference Our validation model 

MCM volume in m3 (per 

regenerator bed) 
2.4 × 10(V 2.4 × 10(V 

Regenerator bed numbers 6 6 

HTF 
Water (temperature-dependent 

properties) 

Constant property at room 

temperature 

Porosity 0.36 0.36 

Flow channel structure Packed sphere particle Packed sphere particle 

Particle size (mm) 0.5 0.5 

Delay time (s) 
15
360 𝜏 0.04𝜏 

Dwell ratio 1/3 1/3 

Length of each regenerator 

bed (m) 
0.06 0.06 

Operation period  (s) 0.5 0.5 

HTF mass flow rate amplitude 

(kg/s) 
0.03 0.03 

Pump Efficiency 1 1 

Motor efficiency 1 1 
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Table 3.Results from our validation model and from the Refs. (Petersen et al., 2008; SEL, 2007) 

 Reference Validated model Difference 

Cooling Power (W) 206.29 203.42 1.4% 

Reject Heat (W) 232.17 235.62 1.5% 

Pump Power (W) 6.32 6.18 2.2% 

 
Figure 10.Comparison of the temperature profiles when the system reaches the stable state at 

different regenerator bed locations (The solid lines are from (Petersen et al., 2008; SEL, 
2007)and the dashed lines are from our results). 

3.1.2 SS model validation 

As previously mentioned, we used the steady-state model to obtain the performance of 

the multi-stage system. Since this model is simplified with several assumptions, it is necessary to 

be validated. This is done by comparing the results from a single stage from the SS model 

against those from the TD model.  Figure 11 shows representative results (COP, MCM Mass, 
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mass flow rate of He, and magnetic volume) from both models with three different temperature 

spans: Δ𝑇 = 4, 10 and 20 K for the last stage (i.e., cooling of H2 from 24, 30, 40 K, respectively, 

to 20 K). When Δ𝑇 is small (e.g., 4 K and 10 K), the differences between the two models under 

the same condition are small for all the key metrics: all less than 6% for COP, MCM mass, and 

magnetic volume, and less than 20% for the He mass flow rate. When the operation temperature 

span Δ𝑇 is large (e.g., 20 K), the difference between the SS and TD models is larger because the 

SS model neglects the heat transfer effect. Since the main metrics of interest in this work are 

COP, MCM mass, and magnetic volume, the SS model can be considered validated and 

adequate. Thus, we can use the SS model to estimate the system-level metrics when the 

temperature span per stage is small. However, the SS model is not sufficiently accurate when the 

temperature span per stage is large. In this case, the TD model is employed for the calculations. 

Further, we compare SS and TD model with more stage as shown in Table 4. Using same 

geometry and MCM mass for both SS and TD model, the results from SS model will show 

around 10% higher COP than TD model. According to SS model, we didn’t consider about heat 

transfer between MCM and HTF, but in TD model, we introduced heat transfer between MCM 

and HTF in the governing equation. Hence a little bit higher COP prediction by SS model than 

TD model is reasonable 
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Figure 11.Comparison of results on COP, MCM mass, mass flow rate of He, and magnetic 
volume from the steady-state (SS) and time-dependent (TD) models, for temperature spans of 4, 

10, 20 K, respectively 

Table 4.Compare SS and TD model at low temperature range with the same cycling frequency of 
10Hz 

 

Temperature 

span at each 

stage (K) 

Stage numbers 
Fraction of 

Carnot COP (%) 
MCM mass (kg) 

SS 
3 7 

57 84.73 

TD 48 84.73 

SS 
4 5 

63 63.60 

TD 53 63.60 

SS 
5 4 

71 62.08 

TD 60 63.99 

 

3.2 MCM particle size effect 

Figure 12 shows the representative results of temporal evolution and spatial profile of 

temperature. In this simulation, the cycling time of the regenerator is 0.1 sec (i.e., the cycling 
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frequency is 10 Hz). Two different hydraulic diameters (𝑑.), 0.3 and 0.5 mm, are examined to 

show the effect of particle size on convection heat transfer. In our optimized design shown later, 

the diameter of the MCM particles is in the range of 0.2 to 0.5 mm. Figure 3(a) and (b) show the 

temporal temperature change of the hot end, cold end, and the middle MC regenerator when 𝑑.= 

0.3 and 0.5 mm, respectively, while Figure 10(c) and (d) show the spatial temperature profile of 

the MCM (solid line) and the HTF (dash line) at the end of the cycle  (t = 0.1 s) when 𝑑.= 0.3 

and 0.5 mm, respectively. As expected, the temperature changes show the four steps in a MC 

cycle, where the starting point at t = 0 is corresponding to point ‘b’ in the T-s diagram shown in 

Figure 8(b). The first two steps are the magnetization and heat rejection to the heat sink, which 

are corresponding to b-c and c-d in Figure 8(b). In these steps, the MCM has higher temperature 

than the HTF and the heat is transferred from the MCM to the HTF. In the last two steps, i.e., 

magnetization and heat absorption from the cold end, heat is transferred from the HTF to the 

MCM. By comparing the results of the two 𝑑. values, it is evident that smaller 𝑑. would lead to 

smaller temperature difference between the HTF and MCM due to the higher convection heat 

transfer coefficient, thereby leading to larger overall temperature span along the regenerator 

(Figure 3(c & d)).  In our optimized design shown later, 𝑑- is generally smaller than 0.5 mm and 

thus the temperature difference between the HTF and the MCM is small. However, smaller 𝑑. is 

also accompanied with higher pumping power, thus an optimization process is needed to 

consider this tradeoff. 

In both the SS and TD models, we assumed the regenerator beds are made of packed 

spheres of MCM. In this type structure, the porosity (𝜀) and particle size (𝑑.) could affect 

hydraulic diameters (𝑑-), which in turn influences pumping power (Δ𝑃), convection heat transfer 

coefficient (ℎ), and consequently the system performance. To examine the particle size effect, we 
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varied  𝑑. from 0.1 to 0.5 mm, while keeping all of the other working conditions the same for 

the last stage with a temperature span of 3 K: 𝑇* = 20𝐾, 𝑇+ = 23𝐾, cycling frequency is 10 Hz, 

magnetic volume is 0.0035 m3, MCM mass is 1.77 kg, and 𝜀 = 0.36. From Figure 12, it is evident 

that there is a maximum COP when the particle size is about 0.3 mm, beyond which the COP 

drop slowly. This corresponds well with the pumping power, which decreases sharply when 𝑑- 

increases from 0.1 to 0.3 mm, but remains relatively constant when 𝑑- is greater than 0.3 mm. 

The reason for this behavior is when the particle size increases, the hydraulic diameter for the 

flow in the regenerator also increases, hence the pump power is reduced. In the meantime, the 

convection heat transfer coefficient (ℎ) decreases significantly when 𝑑. becomes too large 

(Note: ℎ = 𝑁𝑢%#𝑘3/𝑑-), which leads to larger temperature difference within the MCM and 

hence lower COP for the same temperature span of the HTF. Therefore, the optimal particle size 

is identified as 0.3 mm under the specified conditions (i.e., 10 Hz frequency, last stage from 23 

to 20 K). The optimal particle sizes would vary for other conditions such as different stages or 

different cycling frequencies.  
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Figure 12.Temperature evolution and profile obtained from the time-dependent model by solving 

Equations (1) and (3). (a,b), Temporal evolution of the temperature in the hot end, cold end, and 

the middle segment of the MC regenerators with MCM particles (𝑑.) of (a) 0.3 mm and (b) 0.5 

mm. Solid and dash lines represent the MCM and the HTF, respectively.  (c,d), Spatial 

temperature profile in the regenerator for the MCM (solid line) and the HTF (dash line) for (c) 

𝑑.= 0.3 mm and (d) 𝑑.= 0.5 mm. 



 

 35 

 

Figure 13.Effect of the particle size on COP (shown as fraction of Carnot COP, left y-axis) and 
pumping power (right y-axis), calculated from the time-dependent (TD) model for the overall 

temperature window of 20 K to 23 K. 

3.3 Effect of cycling frequency 

Figure 13 illustrates the effect of the cycling frequency. Cycling time is the time it takes 

to complete a regenerative cycle which include both magnetization and magnetization or 

completing a full cycle (aàbàcàdàa) shown in Figure 8(b).  It plays a significant role in the 

system performance, because a shorter time (higher frequency) would mean the more frequent 

use of the same MCM mass and thus higher cooling power for the same mass, or smaller mass 

and higher COP for the same cooling power. This is clearly shown in Figure 13: when the 

cycling frequency increases, the COP increases and the MCM mass decreases. However, there 
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exists an upper limit of the operation frequency, which is dictated both intrinsically by the 

thermal diffusion time into the MCM and the HTF and practically by how fast one can move the 

regenerator bed in and out of the magnetic field. The diffusion time scale is discussed in section 

2.2, when assessing the justification of the 1D heat transfer model. We chose a relatively high 

frequency of 10 Hz, which is considered practically feasible while the associated cycling time is 

longer than the thermal diffusion time into the MCM and HTF, as analyzed in section 2.2.  

 

Figure 14.Effect of the cycling frequency on COP (solid lines, left y-axis) and MCM mass 
(dashed lines, right y-axis) for temperature spans of 4 K (diamond) and 10 K (rectangular), 

respectively. Here the COP is shown as the fraction of Carnot COP in order to directly compare 
the results from different temperature span values, all the data in Figure come from SS model. 

3.4 System level design 

With the optimal design parameters for each stage obtained from the preceding sections, 

the system-level metrics can be obtained for both per-stage temperature span of 4 K (15 stages 

total) and 20 K (3 stages total), using both the steady-state (SS) and time-dependent (TD) model. 
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Again, the design of each stage is optimized under the respective operational conditions. Table 5 

shows the results of the SS and TD models for optimal design of several multi-stage systems 

under different conditions in terms of cycling frequency and temperature span. The systems are 

designed to cool down gaseous H2 from 80 to 20 K at a rate of 300 kg/day, indented for a small-

scale H2 refilling state. As mentioned before, the results show the positive effects of increasing 

the cycling frequency (consistent with Figure 13): it leads to higher COP as well as lower MCM 

mass, magnetic volume, and He flow rate. It is shown that with a temperature span of 5 K and 

cycling frequency of 10 Hz (case 2), the system achieves the maximum COP of 0.26, or 76.9% 

of the Carnot COP, with a MCM mass of 2393 kg and a magnetic volume of 0.606 m3. And with 

a temperature span of 10K and cycling frequency of 10 Hz (case 5), the system achieves the 

minimum MCM mass of 1643 kg, with a COP of 0.24, or 71.8% of the Carnot COP. These 

results show the it is feasible to achieve highly efficient H2 liquefication at a small scale (300 

kg/day) using a permanent magnet based multi-stage MC system. The required MCM mass and 

magnetic volume are both practically feasible.  
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Table 5. Selected results of the entire systems for cooling of H2 from 80 to 20 K at a rate of 300 
kg/day, with different temperature spans and cycling frequencies, obtained from the steady-state 

(SS) and temperature-dependent (TD) models. 

Input Parameters Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Model SS SS TD SS TD TD 

Temperature Span at each stage Δ𝑇 

(K) 
4 5 5 10 10 20 

Cycling Frequency (Hz) 10 10 10 10 10 10 

Number of stages 15 12 12 6 6 3 

Results 

Total volume of magnetic field (mA) 0.624 0.609 0.609 0.400 0.416 0.446 

Total Mass of MCM (kg) 2465 2415 2393 1582 1643 1762 

Mass flow rate of HTF (kg s-1) 3.33 3.20 2.86 2.45 2.64 2.65 

COP of system 0.23 0.26 0.26 0.27 0.24 0.23 

Fraction of Carnot COP 68.4% 77.8% 76.9% 81.2% 71.8% 67.5% 

 

3.5 Temperature span and number of heat exchangers 

The processes to yield optimal designs of the system shown above did not consider the 

cost and energy loss of the heat exchangers, which are required for every single stage.  For 

example, for case 2 shown in Table 5, twelve heat exchangers would be needed. In practical 

systems, fewer heat exchangers would be desirable to reduce the cost and heat loss. To assess the 

possibility of reducing the number of stages and hence the number of heat exchangers, we 

examine the related metrics for different temperature spans ranging up to 20 K for an overall 

cooling window from 40 to 20 K, using the TD model. The cycling frequency is kept at 10 Hz 
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for this simulation. As shown in Table 5, when the temperature span is increased from 5 to 20 K, 

the required number of stages decrease significantly, from twelve to three, to cool H2 from 80 to 

20 K. However, the COP generally decreases and MCM mass decreases with increasing 

temperature span.  Therefore, one needs to consider the impact of temperature span on both the 

performance (e.g., COP) and cost (e.g., MCM mass and number of stage and heat exchangers). 

Since this work does not explicitly calculate the cost, we could not quantitatively determine the 

optimal temperature span that could lead to the best performance and cost metrics. Nevertheless, 

the results suggest that a larger temperature span such as 20 K could still be beneficial because of 

the greatly reduced number of heat exchangers, even this is at the expenses of the COP. For 

example, with a temperature span of 20 K, we modeled the overall system performance from 80 

to 20 K, shown as case 6 in Table 5. Compared to case 2, case 6 will have the COP decreased by 

11.5 % (from 0.26 to 0.23) and MCM mass decreased by 27%, but the number of heat 

exchangers reduced from eleven to three.  

We further studied total number of stages effect on our system level performance as 

shown in Figure 14. The COP decreases as total stages number decreasing from 12 to 3, and the 

total MCM mass decrease from 3 stages to 6 stages, then spike from 6 stages to 12 stages. If we 

keep increasing total number of stages, we could decrease total MCM mass and keep higher COP 

as shown in Figure 14(a). But in reality, if we include heat exchanger in each stage, the total 

COP could be affected a lot due to heat exchange loss for each stage between HTF and 

hydrogen. Hence, using 3 stages system with 20K temperature span at each stage could be more 

realistic one who can be applied into the experimental or industries in the future. 

We also used SS model to simulated system performance (case 1, case 2, case 4) as 

shown in the Table 1. And compared SS model and TD model, SS model predicted overrated 
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system performance (higher COP or lower MCM mass), but the difference is acceptable, which 

is around 10%. If we keep increasing stage number from 12 to 15, or decreasing temperature at 

each stage, such that from 5 K to 4 K, the system performance decreased again as shown in case 

1 and case 2 in Table 5.  

 

Figure 15.Effect of total number of stage (from 20K-80K TD model) on system performance: (a) 
COP and MCM mass; (b) HTF mass flow rate and total magnetic volume 

4 CONCLUSIONS 

In this work, we modeled the performance of a MC refrigeration cycle using 1-Tesla 

permanent magnets for hydrogen liquefaction, with the objective of cooling hydrogen from 78 to 

20 K. From our modeling work, we find that the systems could operate at > 50% of the Carnot 

COP with a multi-stage system, with the highest efficiency being 76.9% and 67.5% of the Carnot 

COP for temperature spans of 5 and 20 K respectively and a cycling frequency of 10 Hz. Key 

design parameters, including the MCM particle size, porosity, geometry of the regenerator bed, 

MCM mass, magnetic volume, and He flow rate are also identified from the model. Our time-

dependent model also suggests the possibility of increasing the temperature span up to 20 K per 

stage and thus reducing the number of heat exchangers, albeit with a small penalty on the COP. 

Therefore, our results demonstrate the feasibility of a small to medium scale hydrogen 
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liquification system using permanent magnet-based MC refrigeration. This study can form the 

basis of a more comprehensive technoeconomic analysis and eventual experimental realization 

of such systems.  

All the chapter in this thesis, in full, is reprint of the material which has been submitted to 

the International Journal of Refrigeration, Modeling of Hydrogen Liquefaction using Active 

Mangnetocaloric Cycles with permanent magnets, Tianshi Feng, Renkun Chen, Robin V. 

Ihnfeldt, and currently under revision. The thesis author was the primary author of this paper. 
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