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Abstract

Active magnetic regenerators (AMR) with second order magnetocaloric

materials operating below the Curie temperature have a unique property

where the magnetized specific heat is lower than the demagnetized specific

heat. The associated thermal mass imbalance allows a fraction of heat trans-

fer fluid in the cold heat exchanger to bypass the magnetized regenerator.

This cold bypassed fluid can precool a process stream as it returns to the hot

side, thereby increasing the efficiency of liquefaction and reducing the cost

of liquid cryogens. In the present work, the net cooling power of an active

magnetic regenerative liquefier is investigated as a function of the bypass flow

fraction. Experiments are performed at a fixed temperature span yielding

a 30% improvement in net cooling power, affirming the potential of bypass

flow in active magnetic regenerative liquefiers.
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liquefaction, bypass flow

Nomenclature

Roman

B magnetic flux density [T]

c specific heat [J kg−1 K−1]

h enthalpy [J kg−1]

HTF heat transfer fluid subsystem

m mass [kg]

ṁ mass flow rate [kg s−1]

Q̇ cooling capacity [W]

P Pressure [Pa]

T temperature [K]

Greek

βbypass bypass flow fraction [-]

Φ utilization [-]

σ regenerator symmetry [-]

τblow period of regenerative blow [s]

2



  

Subscripts and Superscripts

ad adiabatic

bypass bypass stream

C cold reservoir or cold side

d displaced

f fluid

H hot reservoir or high field

L low field

p constant pressure

s solid

span regenerator temperature span
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1. Introduction

Liquid cryogens are an excellent method of storage, transport, and deliv-

ery of industrial gases and cryofuels such as LNG and LH2. Existing gas-cycle

liquefaction plants with metric tons per day capacity for LNG are primarily

based on the mixed refrigerant or reverse turbo-Brayton cycles. Similarly,

existing LH2 plants are primarily based on the LN2 precooled Claude cycle.

These plants have efficiency figures of merit (FOM) in the range of 20-35%

[1, 2]. A number of systems have recently been proposed with simulated

exergetic efficiencies exceeding 50% [3, 4, 5, 6], however these have not been

demonstrated to date. The energy consumption of present liquefaction plants

is a significant cost component in the price of cryogens, and techniques such

as active magnetic regenerative liquefaction with the potential to increase

FOMs to much higher values, e.g., 60% [7], are of great interest.

In an active magnetic regenerative liquefier (AMRL)[8], one or more fer-

romagnetic refrigerants with sequentially lower Curie temperatures below

room temperature are layered into compact, porous, high-performance re-

generators. When these regenerators are cycled through high to low applied

magnetic fields with a sequence of reversing heat transfer fluid, the different

magnetic layers execute cascaded magnetic Brayton cycles producing tem-

perature spans several times the adiabatic temperature change (∆Tad) of each

refrigerant. In addition, features such as the use of environmentally benign

solid refrigerants rather than gaseous refrigerants, use of superconducting

(SC) magnets to change refrigerant entropy instead of gas compressors and

use of highly effective thermal regenerators combine to offer efficient, compact

and environmentally friendly designs. For cryogenic liquefiers with external
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process streams that must be cooled and eventually liquefied, an AMRL has

a unique thermodynamic feature of bypass fluid flow that has the potential

to improve the FOM over conventional gas-cycle liquefiers.

The concept of bypass fluid flow in an AMRL originates from a ferromag-

netic refrigerant’s thermomagnetic properties below its Curie temperature

[9, 10, 11, 12]. Fig. 1 shows the heat capacity of gadolinium as a function of

temperature and applied magnetic induction near its Curie temperature of

293 K. Over the 30-40 K span below the Curie temperature, the magnetic

heat capacity is approximately 10 % larger when demagnetized than when

magnetized to 6 T. If the symmetry (σ) of a thermal regenerator is defined

as the ratio of low to high field specific heat:

σ =
cs(T,BL)

cs(T + ∆Tad, BH)
(1)

the symmetry changes from σ > 1 to σ < 1 at the Curie temperature. This

has important implications for the selection of operating temperatures for an

AMRL stage or layer.

An AMRL stage or layer operating below the magnetic ordering temper-

ature (e.g. TH= 285 K and TC= 260 K for a Curie temperature of 293 K as

indicated in Fig. 1) can exploit this feature as the low field thermal mass (mc)

is greater than the high field thermal mass (σ > 1). Consider the utilization

(Φ), defined as the ratio of fluid to solid thermal mass:

Φ =
mdcp

mscs(T,B)
(2)

where md is the displaced fluid mass in a regenerative blow and cs is a

function of temperature and field. This difference in solid thermal mass
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Figure 1: Specific heat of gadolinium as a function of temperature and applied field, gener-

ated with molecular mean field theory (MFT). Similar behaviour is observed in cryogenic

refrigerants [9, 11].

allows more heat transfer fluid to be displaced in the low-field blow (hot-

to-cold) than the high-field blow (cold-to-hot). The resulting flow imbalance

allows several percent of the cold heat transfer fluid to bypass the magnetized

regenerator. With a perfect heat exchanger, this bypassed fluid can cool a

process stream initially at TH to the cold temperature of the stage before

returning to the heat transfer fluid subsystem, illustrated in Fig. 2. This

minimizes the large irreversible entropy production from heat transfer across

excessive temperature approaches in discrete process HEXs [13] found in

most conventional gas-cycle liquefiers.
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Figure 2: Simplified schematic illustrating how bypass flow can precool a process stream

at an instance when the right regenerator is magnetized and the left regenerator is demag-

netized (clockwise flow)[14].

DeGregoria et al. [15, 16] first recognized thermal mass differences in mag-

netic refrigerants could improve AMRL efficiency by creating a bypass stream

of cold heat transfer gas. The authors analyzed and designed an AMRL op-

erating between 77 K (LN2) and 20 K (LH2). The design consisted of two

reciprocating superconducting magnets around dual, stationary regenerators

and had an estimated combined FOM of 0.25 using bypass flow to precool

the hydrogen process stream. This design was not built and tested, but

was well described in the final report to the Department of Energy (DOE)

[17, 18]. The use of bypass fluid flow in magnetic liquefier designs was further

described by Barclay and Brook (2002) [19], who suggested that magnetic

refrigerants should be selected to optimize thermal mass differences, and by

Barclay et al. [14, 20].
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In the present work, the impact of bypass flow was investigated using an

AMRL with a high-field superconducting solenoid. The heat absorption and

rejection temperatures were fixed with an iterative experimental process and

the impact of bypass flow on the net cooling power was measured as a function

of the bypass flow fraction. Experiments were repeated on a regenerator of

reduced size to explore the impact of increased utilization. Finally, results are

discussed and pathways for further performance improvements are identified.

2. Methods

2.1. AMR test apparatus

The impact of bypass fluid flow on cooling power was investigated with

the AMR test apparatus described by Barclay et al. (2016) [20] and Holladay

et al. (2017) [21]. A 4 K, conduction cooled, persistent-mode superconducting

(SC) solenoid [22] was used to generate the magnetic field for two regenerators

mounted axially opposite to each other onto a common cold heat exchanger

(CHEX). Cylindrical regenerators were constructed from packed spherical

particles with a mean diameter of 225 µm that were epoxied into a monolithic

structure with an approximate porosity of 0.37. Regenerators were moved in

and out of the magnetic field with a LabVIEW-controlled reciprocating drive

actuator, and a second actuator controlled a double-acting piston to displace

heat transfer fluid. The piston and regenerators were driven out of phase

with equal displacement times of 1 second, yielding a trapezoidal waveform

with a fixed operating frequency of 0.25 Hz.

In addition to a double-acting piston, the heat transfer fluid (HTF) sub-

system contained two brazed-plate counterflow heat exchangers with a tem-
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perature controlled recirculator allowing the heat rejection temperature (TH)

to be controlled in experiments. In the experiments described here, the sys-

tem was charged with 14.65 bar absolute (212.5 psia) of helium, and the

pressure drop of the dual regenerators caused an oscillation between 13.8

and 15.5 bar (200-225 psia). The piston had a pressure rating of 17.25 bar,

and had a maximum displacement volume of 2520 cm3 at a stroke of 20 cm.

A simplified process flow diagram of the HTF and regenerator subsystems

are shown in Fig. 3 at an instance when the left magnetic regenerator (Reg 1)

is magnetized and the right magnetic regenerator (Reg 2) is demagnetized.

Thin-film heaters emulate an external load in the CHEX, increasing the tem-

perature of the heat transfer fluid flowing from the demagnetized regenerator

into the magnetized regenerator. After a fluid blow, the regenerator assem-

bly is displaced inside the stationary SC magnet so that the left regenerator

is demagnetized and the right regenerator is magnetized.

Fig. 3 shows an additional line from the CHEX where a small percentage

of cold heat transfer fluid (ṁbypass) flows to the HTF subsystem at TH. The

bypass line originates between two sets of heaters, resulting in an initial

bypass temperature of Tbypass = (T 1
C + T 2

C)/2. The mass flow rate (ṁbypass)

and pressure (Pbypass) of the bypass flow were measured with an ALICAT MS-

500SLPM-D-500PSIA/CM flowmeter, and a needle valve varied the bypass

mass flow rate. If the bypassed fluid cools a counterflowing process stream

from TH to Tbypass in a perfect heat exchanger, the additional cooling power

is determined by:

Q̇bypass = ṁbypass

(
h(TH, Pbypass) − h(Tbypass, Pbypass)

)
(3)
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Figure 3: Simplified process flow diagram of experimental apparatus at an instance when

the left regenerator (AMR 1) is magnetized and the right regenerator (AMR 2) is de-

magnetized (counter-clockwise flow). Check valves force unidirectional flow through hot

heat exchangers. Bypass flow originates in CHEX and is terminated in displacer suction.

Needle valve controls bypass flow rate, and ALICAT measures flow rate and pressure of

bypass stream. Thermocouple locations are denoted by gray nodes.

where the flow rate, temperatures and pressures are functions of time and

the enthalpies are obtained from NIST Refprop. The total cooling power
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is then calculated as the sum of the load into the CHEX, Q̇heater, and the

bypass cooling power, Q̇bypass:

Q̇net = Q̇bypass + Q̇heater (4)

It should be emphasized that Eq. 4 applies to process streams starting

from TH.

2.2. Procedure

To investigate bypass flow, two experiments were performed with a fixed

hot side temperature (TH) of 285 K, frequency of 0.25 Hz and a magnetic

field variation from 0.6 to 3.3 T as summarized in Table 1. Once the no-load

temperature span developed, the external heater was iteratively adjusted

until TC reached a fixed value of 260 K for experiment one (Tspan=25 K).

This temperature span represents the operation of an individual layer, and

in a cryogenic liquefier, layers are cascaded into multimaterial regenerators

spanning the process operating temperatures as shown in Fig. 6.

Upon reaching steady state, the cooling power supplied from the heaters

with no bypass flow was measured and used as a benchmark to evaluate

bypass flow performance. The bypass needle valve was then opened to allow

a small mass flow rate of bypass fluid and the external heater was again

adjusted until TC returned to 260 K. This process was repeated for several

bypass mass flow rates which was used to form a curve of Q̇net, Q̇heater and

Q̇bypass as a function of the percent bypass flow, βbypass, defined as:

βbypass =

∫ τblow
0

ṁbypass(t)dt∫ τblow
0

ṁnetdt
(%) (5)
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where ṁnet(t) is the total mass flow rate displaced by the piston, ṁbypass(t)

is the bypass mass flow rate and τblow is the period of a regenerative fluid

blow as shown in Fig. 3.

In experiment one, two identical 1.05 kg gadolinium regenerators (2.1

kg total) were constructed with a diameter and length of 63.5 mm. The

maximum piston stroke of 20 cm was used, resulting in a net helium mass

flow rate of 6 g/s and a utilization of Φ=0.1 evaluated at the peak zero-field

specific heat. While low utilizations can yield highly effective regenerators

and large temperature spans, specific cooling powers are reduced with low

displaced fluid volumes [23, 24]

A second experiment was performed to investigate the impact of βbypass

on performance with a larger utilization and to replicate trends from experi-

ment one. As the pressure and stroke constraints of the displacer prevented

further increases in displaced fluid volume, the utilization was increased by

constructing a second set of regenerators with a reduced mass of 0.215 kg

(0.43 kg total). Due to the decreased regenerator mass, the fixed cold side

temperature was increased to TC = 265 K.

The new regenerators had the same 1:1 aspect ratio as experiment one

with a reduced diameter of 38.1 mm. Additionally, one regenerator was

packed with Gd and the cold half of the second regenerator was packed with

Gd0.74Tb0.26 with a Curie temperature of 274 K. The rare-earth alloy was

introduced to increase the thermal mass imbalance, theoretically allowing

more fluid to be diverted. The reduced regenerator diameter increased the

superficial fluid velocity, requiring a decrease in piston stroke from 20 cm to

15 cm to keep the pressure drop in the same range as experiment one. The
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resulting utilization for experiment two was Φ=0.36, as summarized in Table

1.

Table 1: Summary of two experiments.

Parameter Exp. 1 Exp. 2

TH[K] 285 285

TC[K] 260 265

f [Hz] 0.25 0.25

BH [T] 3.3 3.3

BL [T] 0.6 0.6

ms [kg] 2.1 0.43

Φ [-] 0.1 0.36

Composition Gd Gd-Gd0.74Tb0.26

The iterative experimental process was performed with a tolerance of 1 K,

introducing uncertainty in the measured temperature spans. Temperatures

were measured with 36 gauge E-type thermocouples and recorded with a

LabVIEW CompactDAQ with an approximate uncertainty of 0.5 K. The

temperatures reported are averaged over one cycle. The bypass flow meter

(ṁbypass) had an uncertainty of 0.025 g/s, preventing experiments with very

small bypass fractions (e.g. βbypass < 1%). The net flow rate (ṁnet), on the

other hand, was precisely controlled by the displacement of the piston.

3. Results

The results from experiment 1 are shown in Fig. 4. With no external load

(Q̇heater=0) or fluid bypass (βbypass = 0), a cold side temperature of TC= 218

K was produced; yielding a temperature span of Tspan = 67 K. The heater

was then iteratively adjusted until the cold side temperature reached 260 K
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with 40 W of applied external load. Fig. 4 shows the impact of βbypass on

Q̇net, Q̇heater and Q̇bypass, where the net cooling power was increased by 15%

with a bypass flow percentage of 1.75 %. This small percentage of bypass

flow effectively increased the net cooling power using the cold sensible energy

in the bypass stream.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
bypass [%]

0

10

20

30

40

50

Q
 [W

]

Qheater

Qbypass

Qnet

Figure 4: Cooling power vs. βbypass at a fixed TC= 260 K with dual 1.05 kg gadolinium

regenerators (Exp. 1).

The results from experiment 2 are shown in Fig. 5. With the reduced

regenerator mass of 0.215 kg, a cold side temperature of TC = 220 K was

produced (Tspan = 65 K). Following the procedure above, the cooling power

was increased by 30 % with βbypass=2.2 %.
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Figure 5: Cooling power vs. βbypass at a fixed TC= 265 K with 0.215 kg Gd and Gd-

Gd0.74Tb0.26 regenerators (Exp. 2).
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4. Discussion

The two experiments show similar trends in heater, bypass and net cool-

ing power as a function of βbypass. Considering Eq. 4, the optimal βbypass

balanced the loss in heater power with the gain in bypass cooling power, and

the improved net cooling capacity was purely a result of the bypassed fluid

enthalpy. In both experiments, the net cooling power increased with βbypass

to an optimal value in the range of 1.5-2.5%. Further increases in βbypass

rapidly decreased the heater power for the parameters of these experiments.

As the potential for bypass flow increases with thermal mass imbalance,

the optimal βbypass is projected to increase with magnetic field change. The

0.6 T low field strength can be reduced using flux return structures or by

increasing the distance between regenerators. Large magnetization gradients

as the 1.05 kg regenerators moved in and out of the magnetic field required

a reduced magnetic field of 3.3 T to avoid a magnet quench. Passive force

balancing is an area of ongoing investigation and shows promise for increasing

the magnetic flux density to the design limit of 7 T [22].

Although the regenerator composition and temperature span was varied

between experiments, increasing the utilization from 0.1 to 0.36 was shown

to increase the benefits of bypass fluid flow. In addition to increasing the

field strength, future works should explore the performance improvements

of bypass fluid flow with larger utilizations. One method of increasing the

utilization in AMRL’s is to use liquid propane as a heat transfer fluid [7].

Furthermore, it is worth noting that the regenerator with 0.215 kg of magne-

tocaloric material was able to produce a nearly identical no-load temperature

span as the 1.05 kg regenerator.
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Fig. 6 illustrates how the room temperature experiments pertain to a

cryogenic liquefier, where four ferromagnetic refrigerants are combined into

a multimaterial regenerator spanning the process operating temperatures of

a natural gas liquefier or the first stage of a hydrogen liquefier [7, 25, 26,

27, 28, 29]. The spatial variation of low field specific heat (blue dashed

line) and high field specific heat (red solid line) is shown for Gd0.27Ho0.73,

Gd0.32Dy0.68, Gd0.3Tb0.7 and Gd with Curie temperatures of 173, 213, 253

and 293 K, respectively [21, 22].

120 160 200 240 280
200

300

Cs

L1 L2 L3 L4

Figure 6: Illustration of how Fig. 2 is modified for cryogenic operation with TC=120 K

and TH=280 K. Low field (0.05 T) and high field (6 T) specific heat are shown with blue

dashed and red solid lines, respectively, for rare-earth alloys with Curie temperatures of

173, 213, 253 and 293 K.

The iterative experimental procedure required to fix the cold side temper-

ature limited the parameter space that could be explored. Numerical AMR

modeling tools hold promise in this regard [30, 31, 28, 32], as the imposed

boundary conditions of a fixed temperature span eliminate this iterative pro-

cedure. Numerical experiments are being performed that explore the coupled

regenerator composition (i.e. Curie temperature distribution), fluid bypass

and system integration (i.e. heat exchanger effectiveness and pinch point)
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design problems with temperature spans pertaining to natural gas and hy-

drogen liquefaction.

5. Conclusions

While researchers have been aware of thermally unbalanced passive re-

generators for decades, bypass fluid flow remains largely uninvestigated in

open literature. For active magnetic regenerative liquefiers, bypass fluid flow

is especially promising as the cold fluid can be used to precool a process

stream. In the present work, the net cooling power was investigated as a

function of the bypass flow percentage (βbypass) at a fixed temperature span.

Experiments were performed with two different utilizations yielding a 15%

and 30% improvement in net cooling power. This affirms the potential of

bypass cooling power in AMRL’s, and the performance improvements are

projected to increase with the magnetic field variation and utilization.
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Highlights (for review) 

 
 The theory and motivation of bypass flow in an AMRL is presented 

 A state-of-the-art AMRL is modified for bypass flow experiments 

 Cooling power is increased by 30% with a 2.2 % bypass flow fraction  

 

 

 

 


