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Abstract: A liquid nitrogen cooling circulating unit is a necessary condition for the stable operation of
a cryogenic oscillator, which can provide a stable working environment for the oscillator. In this paper,
according to the user’s functional requirements and performance parameters, a closed cooling system
with supercooled liquid nitrogen as the medium was designed using SOLIDWORKS 2021 software,
which can provide a suitable working environment for the cryogenic oscillator. Combined with the
system heat load analysis, theoretical calculation for and the design of the coil heat exchanger, one of
the core pieces of equipment of the unit, were carried out. The performance of the designed nitrogen
exhaust heater was studied using FLUENT 2021 software, and the velocity field and temperature field
of the nitrogen exhaust heater were analyzed. The results show that the outlet temperature of the
nitrogen exhaust heating device can reach up to 310 K, and the outlet flow rate of the heating device
is 0.01528 kg/s. The experiments on the liquid nitrogen circulating unit using the simulated load
equipment show that the refrigeration power of the unit can reach a design index of 600 W, and the
temperature of the liquid nitrogen at the liquid outlet of the unit can reach 77.8 K. The experiments
also show that the unit meets the design requirements.

Keywords: cryogenic oscillators; subcooled liquid nitrogen; coiled heat exchangers; nitrogen
exhaust heaters

1. Introduction

Liquid nitrogen, as a chemically stable refrigerant, can be converted into supercooled
liquid nitrogen at temperatures below the saturation temperature at saturation pressure.
Liquid nitrogen circulation units, which are based on using supercooled liquid nitrogen
as the circulating fluid, have been widely used in monochromators, low-temperature
oscillators, superconducting cables, high-temperature superconducting motors, and com-
posite material research due to their excellent cooling effect, controllable flow, and stable
pressure [1-5].

In recent years, scholars have conducted a large amount of research on supercooled
liquid nitrogen cooling. They found that superconducting materials would enter a su-
perconducting state under the temperature zone of liquid nitrogen, the resistivity of the
current would disappear, and almost lossless power transmission could be achieved. Super-
conducting cables made with superconducting materials are capable of transmitting three
to five times more power than conventional cables, and the low-temperature environment
provided by a cooling system is a key factor in the proper operation of high-temperature
superconducting cables [6]. High-temperature superconducting cable cooling systems
mainly use liquid nitrogen as the cooling medium. The use of supercooled liquid nitrogen
to cool the inverter equipment significantly improves the efficiency and power density of
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power conversion systems [7]. In addition, the use of cooling equipment to cool electronic
devices allows for a higher power density, higher efficiency, and better performance in a
variety of applications [8-10].

A low-temperature environment is required for the operation of permanent magnet
oscillators. The use of a liquid nitrogen cooling system to provide a low-temperature
environment can increase the peak magnetic field of permanent magnets by 30 to 50 per-
cent, allowing for higher-brightness X-ray synchrotron light and improving the radiation
resistance of the oscillator [11]. As one of the most commonly used cooling methods in
the world, the liquid nitrogen cooling method has been validated through multiple ex-
periments at the European Synchrotron Radiation Source (ESRF) and France Soleil [12,13].
In 2017, Liu L. and other scholars proposed a design scheme for a supercooled liquid
nitrogen cooling system and analyzed and calculated the total resistance of the system [14].
Subsequently, Xiang Z. and other scholars studied the impact of the pressure stability on
the operation of the supercooled liquid nitrogen cooling system [15]. Wang S. and other
scholars proposed a design scheme for the liquid nitrogen cooling system and researched
the dynamic heat load under working conditions [16]. A reliable liquid nitrogen cooling
system is essential for the proper operation of a cryogenic oscillator.

Based on the existing research, a liquid nitrogen cooling circulation unit was designed,
the thermodynamic performance of the unit was studied, and the relationship between the
refrigeration power and the circulation flow was obtained by changing the circulation flow
of the unit. This paper provides a theoretical basis for the subsequent research on liquid
nitrogen cooling circulation units.

2. System Design

The process of the liquid nitrogen cooling cycle unit is shown in Figure 1. The unit
mainly consists of a tank body, a liquid nitrogen pump, a high-pressure buffer tank, an
exhaust heating wire, a heat exchange coil, and various valves. During operation, the
vibration of the liquid in the cycle must be small enough, and larger vibrations may have
irreversible effects on the cryogenic oscillator equipment. It is known from the physical
properties of the liquid that when the pressure changes, the boiling point will also change.
As the cooling carrier, the liquid nitrogen in the closed cycle must maintain a temperature
below boiling point to prevent boiling and generate vibration. The unit adjusts the pressure
of the pressure setting unit (a closed-loop pressure control unit composed of a high-pressure
buffer tank, a liquid level gauge, a heater, a pressure relief valve, etc.) hanging at the inlet
of the liquid nitrogen pump in the circulation pipeline according to the cooling capacity
required by the monochromator and the total heat leakage of the closed-loop circuit. The
pressure at the inlet of the liquid nitrogen pump is maintained above the supercooling
pressure, where the liquid nitrogen does not vaporize. In the experiment, the pressure in
the cycle is controlled using the pressure setting unit at the pump inlet and maintained at
2~10 bar.

The outlet of the liquid nitrogen pump is connected to a coil-type heat exchanger
device. As one of the core components of the unit, the coil-type heat exchanger is immersed
in a normal-pressure liquid nitrogen storage tank. Through convective heat exchange, the
high-pressure liquid nitrogen in the tube is supercooled to 77 K and then transported to the
user’s monochromator cooling interface through the liquid nitrogen output pipeline. After
the supercooled liquid nitrogen absorbs the heat generated by the user end, the temperature
rises, and it flows back to the unit through the liquid nitrogen return pipeline to complete
the closed cycle.

According to the design indicators, the liquid nitrogen circulation unit needs to control
the temperature of the monochromator crystal at 77~85 K. The specific requirements are
shown in Table 1.
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Figure 1. Liquid nitrogen cooling circulation unit flow chart.
Table 1. Key parameters of liquid nitrogen cycle units.
No. Parameter Name Design Requirements
1 Operating temperature 5~35°C
2 Pump operating frequency 20~80 Hz
3 Closed-loop pressure 2~10 bar
4 Pressure stability <1 mbar (rms) (at 5 bar)
5 Liquid nitrogen storage capacity >200 L
6 Cooling power 600 W
7 Flow rate 0~10 L/min
8 Outlet temperature 77K

2.1. System Heat Load

To ensure that the liquid nitrogen circulation unit establishes stable subcooled liquid
nitrogen circulation, it is necessary to calculate the heat loss and radiation heat loss of the
components in the unit that are under low-temperature conditions, including high-pressure
buffer tanks, pipelines, valves, and other components, while considering the heat load of
equipment such as the monochromator. The internal components of the liquid nitrogen
circulation unit are mainly made of stainless steel, and the radiation heat transfer can be
simplified according to the gray body. The following formula can be used to calculate the
heat loss:

o(T{ —Ty)
F+-

Q @
where Q is heat loss; T is the external environment temperature; T5 is the temperature in the
circulation tube; 9 is the emissivity of the pipe wall; and ¢ is the Stefan-Boltzmann constant.
The emissivity of the pipe wall d; = d, = 0.5; the external environment temperature
Ty is 300 K; the temperature inside the circulation pipe T, is 77 K.
The total heat loss of the liquid nitrogen circulation unit was calculated to be approxi-
mately 500 W.
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2.2. Coil and Tube Heat Exchanger Design

To achieve the supercooling state of liquid nitrogen in the cycle, it is first necessary to
pressurize the cycle to 2~3 bar using the high-pressure buffer tank connected at the inlet of
the liquid nitrogen pump. As the pressure increases, the boiling point of liquid nitrogen
also rises. After the liquid nitrogen passes through the coil-type heat exchanger, the excess
heat of the high-pressure liquid nitrogen in the cycle is transferred to the normal-pressure
77 K saturated liquid nitrogen in the unit tank to achieve a supercooled state. According to
the design usage requirements, the maximum flow rate of liquid nitrogen is 10 L/min, the
working pressure of liquid nitrogen is adjustable between 2 and 10 bar, and the pressure
fluctuation during operation is less than 1 mbar. Copper is chosen as the material for the
heat exchanger. The three-dimensional structure of the coil-type heat exchanger is shown
in Figure 2.

Figure 2. Schematic diagram of the three-dimensional structure of coil and tube heat exchanger.

To meet the maximum cooling demand at the user end, the heat exchanger coil of the
unit is selected and calculated according to the expected heat exchange value of 2500 W.
The design of the heat exchanger mainly confirms the length of the coil. The high-pressure,
supercooled liquid nitrogen in the heat exchanger exchanges heat with the inner wall of
the tube through convective heat exchange. The normal-pressure liquid nitrogen in the
normal-pressure storage tank inside the unit exchanges heat with the outer wall of the
tube through boiling heat exchange. The maximum flow rate of liquid nitrogen in the
high-pressure circuit is 10 L/min, so the design basis is that when the pipe flow rate is
10 L/min, the heat exchange can reach 2500 W.

We selected a copper pipe with an outer diameter of 18 mm and a wall thickness of
1.5 mm; the calculated flow rate is 0.94 m/s. The physical properties of liquid nitrogen are as
follows: i = 0.0004 Pa s, p = 751.1 kg/m?®, C,, = 2130 ]/ (kg - K), A = 0.1152 W/ (m - K).
Substituting the above data into the formula:

pvd
Re = — (2)
I3
_ G
Pr = e 3

where Re is the Reynolds number; Pr is the Prandtl number; p is the fluid density; y is the
dynamic viscosity; Cp is the constant pressure ratio; A is the thermal conductivity; and v is
the rate.

We substitute Re and Pr into the formula for the convective heat transfer coefficient

inside the coil [17]:
082 .1 i\’
hy = 0.027Re"8 2 Pr3 |1+ 103( =L (4)
dq R
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where Iy is the convective heat transfer coefficient; R the middle diameter of the heat
exchanger coil; and d; the inner diameter of the coil.

The calculation formula for the other parameters required by the subcooled heat
exchanger is as follows:

Q = mCy(Ty — Ty) 6)
T, = 112 ©)
g1 = (Ta — Tw) 7)
A= ﬁ ®)

L- = ©)

where m is mass; T}, neutral temperature; A, area; and L, length.

The coil heat exchanger is immersed in a liquid nitrogen bath at a normal pressure of
77 K. Due to the low temperature difference, the heat exchange method between the outer
wall of the heat exchanger and the liquid nitrogen at normal pressure is transition boiling

heat exchange [18,19].
Gr= 8P Asz (10)
H
Nu = 0.04(Pr - Gr)*® (11)
Nu-A
hy = D (12)

where Nu is the Nusselt number; Gr is the Grawshaw number; h,, the coefficient of
convection heat transfer outside the tube; and D, characteristic length.

The heat exchange area outside the tube is the same as the heat exchange area inside
the tube, and the heat exchange amount is also the same.

Q=041 =qpA; (13)

After calculation, the heat flux density of forced convection heat transfer is 5222.04 W-m—2,
the heat exchange area is 0.479 m?, and the coil length is 10.17 m.

2.3. Exhaust Heating Device Design
2.3.1. Heating Power

The liquid nitrogen cooling cycle unit mainly uses the evaporation of liquid nitrogen
from the cryogenic storage tank to absorb the heat generated by the coil heat exchanger.
The generation of nitrogen gas will cause the pressure in the tank to rise sharply. To
maintain pressure stability in the tank, it is necessary to promptly discharge the generated
low-temperature nitrogen gas. To prevent the gasified low-temperature nitrogen from
condensing the water vapor in the air and clogging the exhaust piping during the discharge
process, it is necessary to heat the generated low-temperature nitrogen.

The nitrogen exhaust heater as a whole adopts an internal winding resistance wire
structure. The nitrogen is divided into 10 regions within the exhaust pipe through a perfo-
rated circular plate, with a resistance wire wound in each region. The perforated circular
baffle is fixed by suspending a threaded rod from the top. The structure of the perforated
circular baffle not only causes the nitrogen to recirculate within the pipe, enhancing heat
exchange, but it can also better zone the temperature, increasing the heat exchange area
of the nitrogen. A temperature measurement hole is reserved at the outlet of the exhaust
pipe, and the exhaust temperature is measured using a temperature sensor. According
to the temperature feedback signal, the output power of the silicon-controlled rectifier is
adjusted, thereby adjusting the outlet temperature of the nitrogen, realizing intelligent
temperature control regulation of the nitrogen discharge device. The silicon-controlled
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rectifier is installed on the outer pipe of the nitrogen discharge heating device, close to
the outlet position. The nitrogen exhaust heater is connected to the top cover of the liquid
nitrogen circulation unit by threads.

The overall heat leakage of the unit is about 500 W, so the total heat absorbed by the
vaporization of liquid nitrogen Q; = 2500 W + 500 W = 3000 W. After determining the
overall heat load of the liquid nitrogen circulation unit, the evaporation rate of the liquid
nitrogen is determined using Formula (14).

Q1 = mAHv (14)
The calculated mass of nitrogen gas produced per second is m = 15.28 g.
Q = cmAT (15)

Knowing the generation rate of nitrogen gas in the tank, the required heating power
Q> =3961.9 W is calculated. Considering the heating power value of the device and the
working environment temperature of the heating wire, a nickel-chromium heating wire
suitable for low-temperature heating is selected in the design, and the surface is coated
with insulating material. The technical parameters and specifications of the heating wire
are shown in Table 2.

Table 2. Physical parameters of nickel-chromium heating wire.

Name Technical Specifications and Parameters of Nickel-Chromium Heaters
Resistance value 33.2 Ohms/meter (4.2 K)
33.4 Ohms/meter (77 K)
34 Ohms/meter (305 K)
Long 100 (30.5 m) Reel.
Insulating material Polyimide, allowable operating temperature: 493 K
Rating Maximum operating temperature: 425 K. Maximum current: 2.0 A

Referring to the technical specifications and parameters of the resistance wire material
in Table 2, the working current is determined to be 2.0 A. According to Joule’s law, the
resistance value R is calculated, and the required length of the resistance wire L = 29.7 m
is calculated based on the resistance value per unit length. To ensure that the working
current of the nitrogen gas exhaust heating device can still be maintained at 2.0 A under the
condition of a 220 V total voltage power supply, 9 resistance wires with a length of 3.3 m
are installed in the nitrogen gas exhaust device in parallel.

2.3.2. Nitrogen Exhaust Heater Structure

The nitrogen discharge heating device that was designed had a pipe length of 420 mm,
an inner pipe diameter of 60 mm, and an outer pipe diameter of 66 mm. A vacuum insula-
tion structure was adopted between the outer pipe and the inner pipe that could effectively
insulate the low-temperature nitrogen inside, prevent a large amount of condensation
water from appearing on the outer pipe wall, and leave a vacuum extraction interface,
which could be vacuumed regularly to maintain a good insulation effect. To ensure that the
outlet temperature of the low-temperature nitrogen after being heated by the resistance
wire was above the ambient dew point temperature, a perforated circular baffle structure
was designed inside the pipe, which not only increased the flow resistance of the nitrogen
discharge but also increased the heat exchange time and increased the heat exchange area
of the nitrogen. The hole at the center of the circle was used to install the silk rod to fix its
position; at the same time, according to the winding arrangement of the resistance wire
and the mass flow rate of the nitrogen discharge q = 15.28 g/s, it was determined that the
inner diameter of the nitrogen exhaust heater pipe was 60 mm and the outer diameter was
66 mm. The overall structure of the nitrogen discharge heating device is shown in Figure 3.
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Figure 3. (a) Front view of the nitrogen gas exhaust heater, (b) cross-sectional view of the nitrogen
gas exhaust heater.

2.3.3. Model Building and Meshing

Geometry was used to model the geometry of the nitrogen discharge heating unit and to
name the inlet and outlet of the nitrogen exhaust unit. ANSYS mesh software was used to mesh
the nitrogen discharge heating device, and the boundary expansion layer was set at the pipe
wall. To ensure the accuracy and economy of the calculation, mesh irrelevance verification and
mesh quality checks are essential steps. Three different sizes of meshes were divided, and the
numbers of meshes were 1.5 million, 1.7 million, and 2.1 million, respectively. By comparing
and analyzing the calculation results, it can be seen that when the number of grids is 1.7 million
or 2.1 million, the difference between the calculation results is small enough, and from the
point of view of computational economy, finally, the simulation chooses to participate in the
calculation with a grid of 1.7 million; similarly, the quality of the mesh has a great impact
on the calculation accuracy and stability, which mainly include the distribution of the nodes,
smoothness, skewness, and so on. Therefore, after generating the mesh, it is necessary to check
the quality of the mesh, and the results show that the overall quality of the mesh was above 0.5,
which meets the requirements of the calculation, and the calculation mesh is shown in Figure 4.

(b)

Figure 4. (a) Nitrogen exhaust heater outlet cross-section grid, (b) nitrogen exhaust heater piping
profile grid.
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2.3.4. FLUENT Parameter Settings

For the inlet and outlet of the flow, Fluent provides ten types of boundary units:
velocity inlet, pressure inlet, mass inlet, pressure outlet, pressure far field, mass outlet, air
inlet, air fan, air outlet, and exhaust fan.

Based on the pipe diameter, the inlet speed of the nitrogen discharge was calculated,
and the inlet boundary type was set as a velocity inlet. The heated nitrogen was directly
discharged into the atmospheric environment, so the outlet boundary type was set as a free
jet. In this simulation, the operating pressure was set at 1.01325 x 10° Pa. Considering that
the interlayer between the inner and outer pipes of this device would be vacuumed for
insulation, the heat transfer was minimal and could be ignored; therefore, in this simulation,
the boundary type of the inner pipe wall was set as an adiabatic wall.

A standard turbulence model was chosen for the flow. The model predicts the free
shear flow propagation rate to be like a wake, mixing the flow, flat plate disturbances,
cylindrical bypasses, and radioactive jets, and hence is suitable for both wall-bound and
free shear flows. The discrete equation had been set to a first-order format, and the SIMPLE
algorithm was chosen in the segregated solver.

The temperature distribution of the central cross-section of the nitrogen gas discharge
heating device is shown in Figure 5. From the figure, it can be seen that the temperature
near the outlet of the nitrogen gas exhaust device is 310 K, which is significantly higher
than the environmental dew point temperature, indicating that the heating wire’s electric
power and structural design can meet the conditions. Secondly, the electric heating power
can be automatically adjusted according to the temperature feedback. In actual operation,
the outlet temperature value can be set to be 1~2 °C higher than the environmental dew
point temperature to reduce the energy consumption of the device.

ANSYS
2020R1

]7.700e+01

0 0100 0.200 (m)
- = |
0.050 0.150

Figure 5. Temperature distribution cloud diagram of the central cross-section of the nitrogen gas
discharge heater.

The change in magnitude of the internal nitrogen gas flow velocity of the nitrogen gas
exhaust heating device in the Z-axis direction is shown in Figure 6. From the figure, it can
be seen that the inlet speed of nitrogen gas is 5 m/s. After it enters the exhaust heating
device, under the action of electric heating and pressurization and the obstruction of the
baffle, the exhaust speed of nitrogen gas will fluctuate and increase, reaching a peak at the
outlet with an average outlet speed of 16 m/s.
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Figure 6. Average velocity of nitrogen gas in the nitrogen gas discharge heater along the Z-axis direction.

Using the CFD-Post 2021 software, the outlet mass flow rate of the nitrogen discharge
heating device was calculated to be q = 0.01528 kg/s, which was the same as the calculated
nitrogen flow rate. Therefore, the mass flow rate met the design requirements.

2.4. Design of Mechanical Structures

The mechanical structure design of the liquid nitrogen circulation unit is shown in
Figure 7. The tank is approximately 1.5 m high and has a diameter of approximately 0.8 m.
The main force components of the liquid nitrogen circulation unit include the vacuum
chamber, upper cover plate, liquid nitrogen storage tank, and high-pressure buffer tank.
To facilitate later processing and save production costs, standard elliptical heads were
selected for the vacuum chamber and liquid nitrogen storage tank while meeting the design
requirements. The liquid nitrogen storage tank and the vacuum chamber are connected by
welding flanges, and O-ring fluorine rubber sealing rings are used between the two flanges
and between the flange and the cover plate. The interlayer between the vacuum chamber
and the liquid nitrogen storage tank is maintained using an external molecular pump unit
connected through the KF25 interface opened on the side wall of the chamber. External
measuring and control components such as the switches/regulating valves, liquid level
gauges, flow meters, and pressure and temperature sensors, as well as the liquid nitrogen
output, return, and supply pipelines, are all connected to the unit through the upper cover
plate to control the opening and closing of the internal loop of the unit to provide subcooled
single-phase liquid nitrogen and purging and vacuuming functions for the load and to
monitor the liquid nitrogen level, pipeline pressure, and flow rate in real time. Therefore,
the upper cover plate will open the corresponding threaded holes or passages according to
the requirements (connected to the cover plate by welding) and ensure sufficient strength
to support the gravity load of the above components.

Figure 7. Structural design of liquid nitrogen circulation unit.
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3. Experimental Testing of the Liquid Nitrogen Circulation Unit

To study whether the cooling capacity of the liquid nitrogen circulation unit met the
design requirements, a simulated load device was set up for the experiment. Figure 8
shows the experimental site. In the experiment, the simulated load was set to 600 W.
The temperature of the liquid nitrogen at the load inlet and the temperature of the liquid
nitrogen after absorbing the load heat were confirmed using thermometers T1 and T2 on
the liquid nitrogen output pipeline and the return pipeline. The Rosemount 3051 pressure
transmitter was chosen to confirm the circulation flow rate of the unit.

Figure 8. Experimental site.

The liquid nitrogen import and export temperatures during the operation of the liquid
nitrogen cooling cycle unit are shown in Figure 9. As can be seen from the figure, under a
certain circulating flow rate, the temperature of the liquid supply of the unit is maintained
within a certain range, the temperature fluctuation is small, and the temperature of the
liquid supply is stable. The temperature difference between the output temperature of
liquid nitrogen and the return temperature of liquid nitrogen during normal operation is
about 5 K, which meets the design requirements.

84 [~m—T1 Temperate
|—@— T2 Temperate
ok ./.”‘\o—o\./o—o

82 |

T1 (K)

79

78 |

77 L L L L L
0 3 6 9 12 15

Time (min)

Figure 9. Liquid nitrogen supply and return temperatures of liquid nitrogen for normal operation of
liquid nitrogen cooling circulating units.

The liquid nitrogen supply port temperature and the refrigeration power of the liquid
nitrogen cooling cycle unit under different circulating flow rates are shown in Figure 10.
As can be seen from the figure, the refrigeration power of the liquid nitrogen cooling cycle
unit is related to the circulating flow rate. When the circulating flow rate of the unit is
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increased, the temperature of the outlet liquid nitrogen rises slightly, but the heat exchange
volume increases significantly. This is because the convective heat transfer coefficient in the
tube increases with the flow rate. When the circulation flow rate reaches a maximum of
10 L/min, the refrigeration power of the unit can reach 800 W.

83 T T T T T T T T T T T ] 850
= 800
—®— T1 Temperature 1.
—B— Heat Transfer Power| ./ 7] 750
821 / 1 700
: u 4650 ~
) / 1600 B
81 - u 1 < —
) 4550 B
2 — 1002
2 / ] 500 Q?
& —450
o 80 ® ] 5
) 1400 G
5 4350 8
& 1 =
— 79 | - 300 =
= 4250 &
200
78 - e———e——————0 1150
o—° 1 100
450
77 L + 1 " 1 L 1 . 1 R 1 ] 0
5 6 7 8 9 10
Flow (L/min)

Figure 10. Liquid supply temperature and cooling power at different circulating flow rates.

4. Conclusions

This article designs a liquid nitrogen cooling circulation unit device for low-temperature
oscillators. By applying theoretical knowledge of heat transfer and engineering thermody-
namics, the heat exchange area of the coil heat exchanger was calculated, and the structural
parameters of the coil were confirmed. ANSYS was used to simulate and analyze the
nitrogen exhaust heating device, determining its performance, stability, and reliability. The
nitrogen exhaust heating device, through the combination of a multi-layer partition internal
structure and automatic control of the exhaust outlet temperature, not only achieved effi-
cient heating of the exhaust in a limited volume but also realized automatic control of the
exhaust temperature. According to the simulation results, the temperature field, velocity
field, and mass flow rate of the device were obtained. Through the software’s calculation of
the mass flow rate of the nitrogen exhaust heating device outlet q = 0.01528 kg/s, it could
be seen that the outlet temperature and nitrogen outlet flow of the device could meet the
design requirements. It could be used in intelligent liquid nitrogen circulation units with a
compact structure, high heating efficiency, and strong environmental adaptability.

After the system was assembled, thermodynamic performance studies were conducted
on the unit using simulated load equipment. The experiment showed that the unit’s liquid
supply temperature was stable, the maximum refrigeration power could reach 800 W, and
all the indicators met the design requirements. Its structure was compact, and the cooling
was efficient. At the same time, this design could also provide certain references and
engineering experience for the development of other cooling devices.
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