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Abstract. This paper proposes a transient thermal analysis model for a nitrogen-cooled cryogenic system used in superconducting
electromagnetic suspension magnets. First, the structural parameters of the nitrogen cryogenic system and the internal high-
temperature superconducting magnet are detailed. Subsequently, temperature change simulations during the system's cooling
process using a cryocooler, as well as during the cooling and nitrogen-insulation process, were conducted using COMSOL software.
Finally, simulations of the temperature variations during the system's offline operation were performed. This study provides
valuable references for the design and optimization of nitrogen-cooled cryogenic systems.
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1. Introduction

Superconducting electromagnetic suspension boasts advantages such as high operating speed, large suspension gaps, and high
safety factors, making it a promising candidate for ultra-high-speed rail transport [1]. Traditional liquid helium cooling systems
are complex in structure, operationally cumbersome, and expensive, with poor cooling uniformity when using cryocoolers.
Adopting nitrogen cooling can effectively address these issues. Additionally, nitrogen undergoes a solid-solid phase transition at
35.6K, with a significant latent heat of transition, greatly increasing its heat capacity and enabling the absorption of substantial
heat at low temperatures. By integrating nitrogen insulation and closed-loop operation technologies, high-temperature
superconducting maglev trains can potentially achieve an operational model of charging and cooling at stations and closed-loop
operation away from stations, thus eliminating the need for onboard cryocoolers and power supplies, significantly reducing the
train's weight [2].

The Institute of Electrical Engineering of the Chinese Academy of Sciences plans to construct a high-overload electromagnetic
suspension test line to provide a low-cost online testing environment for some extreme propulsion experiments [3,4]. In this paper,
a transient thermal analysis model of the nitrogen cryogenic system is proposed. This model can calculate the temperature
distribution during the cooling process and offline operation, providing reference and guidance for the design and optimization of
nitrogen cryogenic systems.

2. Cryogenic system structure

The electromagnetic parameters of the magnet depend on the suspension and propulsion requirements of the electromagnetic
suspension system. According to the project requirements, the magnet needs to generate a magnetic field of up to 5.0 T. The
parameters of the track coils are shown in Table 1. To provide a stable low-temperature environment required for the long-term
operation of the high-temperature superconducting magnet in the onboard cryogenic system for superconducting electromagnetic
suspension trains, a cryogenic system capable of withstanding ton-level electromagnetic forces and having good insulation
performance is typically required. Considering the project's application scenarios and design requirements, a magnet cryogenic
system, as shown in Figure 1, was designed. Its main components include an outer Dewar, nitrogen chamber, cryocooler, binary
current leads, aviation plug, various support rods, and inlet/outlet pipes.
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Table 1. Track Coil Parameters

Tape
Material REBCO/Stainless Steel
Width 3mm
Thickness 0.1/0.03 mm
Winding Pre-tension 15/15N
Magnet
Insulation Method Metal Insulation
Number of Double Pancakes 4
Number of Turns 2880
Length of Straight Section 205 mm
Inner Radius of Arc Section 90 mm
Required Length of Tape 3200 m
Operating Temperature 20-30K
Cryogenic System
Cryocooler Model RDK-500B
Cryocooler Power 40/80 W @20/30 K
RDK-5008B Current lead

cryocooler LN, tube

Support —1

HTS coil —_|
— SN, chamber

Quter dewar

—

Figure 1. Schematic Diagram of Magnet Cryogenic System

The nitrogen-cooled cryogenic system operates with refrigeration provided by a cryocooler and insulation maintained by
nitrogen. An RKD-500B unit, installed on the Dewar flange (with accompanying compressor F70-H), supplies cooling capacity
to the entire magnet system. The cooling power curve is depicted in Figure 2, with approximately 40 W at 20 K and around 80 W
at 30 K. Inlet and outlet liquid nitrogen pipes are mounted on the Dewar flange to replenish nitrogen in the nitrogen chamber.
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RDK-500B Load Map (Atctual Test Result)
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Figure 2. Refrigeration Power Curve
3. Low temperature system cooling simulation

Firstly, to verify whether the cryocooler meets the operational requirements of the prototype, a model of the nitrogen-cooled
cryogenic system was established using COMSOL finite element software to simulate the cooling process. The power curve of the
cryocooler was imported into COMSOL, assuming no liquid nitrogen input, and the temperature changes of the cold head and coil
during the cooling process starting from ambient temperature are shown in Figure 3. After 22 hours of cooling, the temperature
stabilizes with the cold head reaching a minimum of 18.5 K and the coil dropping to a minimum of 25.0 K. This meets the design
requirements for operating temperatures, demonstrating that the cryocooler can satisfy the prototype's needs.
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Figure 3. illustrates the average temperature variations of the cold head and coils during the prototype cooling process without
liquid nitrogen injection.

Figure 4 shows the steady-state temperature distribution of the prototype after 36 hours of cooling. The temperature distribution
is uniform in the nitrogen reservoir and superconducting switch, whereas the double cone support device exhibits temperature
gradients due to its connection to the room temperature end. For further improvements during the later stages of construction,
efforts are aimed at enhancing the cryogenic system's heat conduction structure. Additionally, a heat sink will be installed on the
double cone support device to further enhance the heat conduction efficiency of the cryogenic system and reduce heat leakage.
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Figure 4. depicts the steady-state temperature distribution of the prototype under conditions without liquid nitrogen injection.

Subsequently, simulations were conducted with pre-injected liquid nitrogen into the nitrogen reservoir, stabilizing the entire
system at 77 K. The cryogenic system begins cooling from 77 K onwards. Assuming the nitrogen container maintains a fixed
temperature of 77 K, all components inside the container are initially assumed to be at this temperature. The external convection
heat transfer condition is set to 5 W/(m2 - K), with ambient temperature at room temperature. There is always a thermal contact
resistance between two contacting surfaces. The thermal contact resistance between nitrogen and its container is set to 0.08 K-
m2/W, between the heat conduction strap and nitrogen to 0.1 K-m2/W, and between the coil and nitrogen to 0.1 K-m2/W. The
nitrogen container radiates heat at 8 W/m2. The nitrogen undergoes phase change at 63 K with 25.845 KJ/KG and at 35 K with 8
KJ/KG. To avoid additional coupling of electrical modules and enhance computational efficiency, a 2W magnet excitation loss is
introduced in the coil as a generalized heat source, thereby avoiding multi-physics coupling calculations [7].

In finite element simulations calculating the temperature rise time of nitrogen, significant increases in heat capacity occur
around 35.6 K due to solid-solid phase transitions. Therefore, phase transition studies generally employ two methods: equivalent
heat capacity and enthalpy methods. The equivalent heat capacity method defines the latent heat of materials as a large specific
heat capacity within the temperature range where phase transitions occur simultaneously. The enthalpy method uses enthalpy as a
dependent function, which is then incorporated into the heat transfer differential equation to solve the temperature field. Given the
complexity of obtaining an enthalpy function from experimental data, the equivalent heat capacity method is more convenient and
effective for phase transition calculations when the enthalpy function is unavailable.

During material phase transitions, latent heat is absorbed or released, making phase transition problems a nonlinear transient
heat transfer problem. According to the law of energy conservation, the differential form of the phase change heat transfer equation

can be expressed as:
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Here, ¢ is the volumetric heat generation rate, p is density, L is latent heat, C, is specific heat, and f is the phase change
rate [5].
Assuming f1 is linearly distributed within the phase change region, f1 can be expressed as:
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Here, Tsand T; are the starting and ending temperatures of the phase change. Simplifying the above equations yields:
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In the equation, represents the sensible heat capacity, defined as:
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Here, Csand C:denote the solid-state and liquid-state heat capacities of the phase-change material, respectively [6].
Under the condition of pre-injected liquid nitrogen for pre-cooling, the average temperature changes of the cold head and coils
during the prototype cooling process are illustrated in Figure 5. After 8 hours of cooling, the prototype's temperatures stabilize,
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with the cold head reaching a minimum of 16.0 K and the coils dropping to a minimum of 24.0 K. Figure 6 depicts the steady-
state temperature distribution of the prototype after 25 hours of cooling, meeting the design requirements for operational
temperatures.
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Figure 5. Average temperature variations of the cold head and coils during the prototype cooling process with liquid nitrogen
injection.
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Figure 6. Steady-state temperature distribution of the prototype under conditions with liquid nitrogen injection.

4. Offline operation simulation of the cryogenic system

According to the practical application requirements of the cryogenic nitrogen-cooling system, the magnet may face conditions
where it operates offline. Assuming the cryogenic system stabilizes at its lowest temperature with liquid nitrogen injection (as
shown in Figure 6) and the magnet is magnetized to the target current for closed-loop operation, the refrigeration unit's cold head
is then disconnected to achieve offline operation. Under these conditions, the system's boundary conditions are set similarly to
those during the cooling process, but additional considerations are made for the heat generated during coil operation [8,9,10].
During offline operation, the average temperatures of the cold head and coils are depicted in Figure 7. In this scenario, the prototype
reaches approximately 36 K after about 1 hour and approximately 45 K after about 2 hours. Figure 8 shows the steady-state
temperature distribution of the prototype after 2 hours of offline operation. Simulation assessments confirm that the offline
operation of the cryogenic system meets the designed operational duration requirements.



22 | Advances in Engineering Innovation | Vol 9 | 31 July 2024

1 12 A . 2
El (h) [

Figure 7. Average temperature variations of the cold head and coils during the prototype operation in offline conditions.
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Figure 8. Steady-state temperature distribution of the prototype after 2 hours of offline operation.
5. Conclusion

In this study, we have completed the design and simulation of the nitrogen-cooling system for high-temperature superconducting
magnets. Through simulation verification, we successfully lowered the average coil temperature to below 30 K. The study analyzed
three operating conditions: refrigeration unit cooling, nitrogen cooling, and offline operation. The magnet operated in a closed
loop at 25-40 K, meeting application requirements. The established model serves as a reference and guide for the design and
optimization of cryogenic nitrogen-cooling systems."
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