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Abstract

As an important component of the Stirling-type pulse tube cryocooler (SPTC), an efficient
phase shifter can significantly improve the cooling capacity. This paper combines the
advantages of the cold inertance tube and reservoir (ITR) and the active warm displacer
(AWD) in an 8 K Stirling-type pulse tube cryocooler. Through numerical simulation
methods, the influence of structural parameters of the cold ITR and operating parameters
of AWD on acoustic power and impedance was studied. The results indicate that the
length and diameter of the inertance tube, as well as the displacement and phase of
the AWD, will affect the distribution of PV power inside the middle heat exchanger.
The impedance distribution inside the pulse tubes of the higher-temperature section and
the lower-temperature section changes in opposite directions. Through experiment, the
effectiveness of the cold ITR and the adjustment function of the AWD were verified. A
cooling capacity of 74 mW at 8 K can be obtained with the electric power of 177.5 W and
a precooling capacity of 9.1 W/70 K. The AWD has a significant adjustment effect on
T1 and T2, reaching the lowest no-load temperature at 2.13 mm and 48°, respectively, with
a minimum no-load temperature of 5.13 K.

Keywords: pulse tube cryocooler; 8 K; active warm displacer; cold inertance tube and reservoir

1. Introduction

Long life low-temperature cryocooler technology, as an important technology, is widely
used in aerospace, quantum, superconductivity, medical, and other fields [1,2]. In response
to the development of space infrared detection technology, space applications have put
forward a demand for larger cooling capacity and small mechanical cryocoolers [3,4].
Especially with the proposal and development of terahertz detection, cryocooler requires
lower cooling temperature. The temperature range of 8 K, as an important application,
has gradually attracted attention [5,6]. Stirling-type pulse tube cryocooler (SPTC) are
the preferred solution for space exploration due to their advantages of high efficiency,
compactness, and high reliability [7,8]. How to obtain the lowest temperature below 8 K
through multi-stage SPTC and promote its application has become a difficult issue and
focus of research [9].

In order to achieve lower temperature and higher efficiency in multi-stage SPTC,
research on phase adjustment shifter is needed. The phase adjustment component is the
key to the operation and optimization of the SPTC. According to the enthalpy flow phase
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modulation theory proposed by Radebaugh, the phase adjustment component can adjust
the phase relationship between the pressure wave and the mass flow inside the cold finger,
thereby improving the efficiency of the cryocooler [10]. At present, the inertance tube
and reservoir (ITR) are mainly used for phase adjustment in space applications [11,12].
But for multi-stage SPTC, their phase adjustment ability is significantly reduced at low
temperatures due to low frequency and high viscosity [13].

Therefore, in multi-stage SPTC, the lower-temperature section often adopts the cold
ITR as a phase shifter. A low-temperature environment can reduce the viscosity coef-
ficient of ITR and increase its phase adjustment range. In 2008, NGAS developed a
three-stage SPTC for cooling silicon-based infrared detectors. The SPTC adopts cold
ITR on the third stage and reaches a minimum temperature of 6.372 K, which can achieve
251.3 mW@10.085 K at 371 W input power. Ultimately applied to the James Webb Space
Telescope [14]. This proves the phase adjustment ability and application reliability of
the cold ITR. Subsequently, Zhejiang University [15,16], the Technical Institute of Physics
and Chemistry CAS [17,18], and Shanghai Institute of Technical Physics of the Chinese
Academy of Sciences [19] all conducted experimental prototype research using cooled ITR,
achieving good cooling effects.

In order to further improve the efficiency of SPTC, a method of piston phase shifter
named displacer has been proposed. Compared with the ITR, the displacer can im-
prove the phase adjustment ability and research a wider range of phase angles. In 1988,
Matsubara et al. first proposed using a piston in room temperature to replace ITR [20].
Subsequently, many SPTCs with displacers were developed and reported. In 2007, Zhu
Shaowei first proposed the passive displacer with work recovery [21]. The acoustic power
in hot end can be recovered, which can significantly reduce the acoustic power loss and
improve the efficiency of single-stage SPTC. In 2023, Pang Xiaomin used passive displacer
in two-stage SPTC and a cooling power of 1.8 W at 20 K was obtained with 220 W acoustic
power input [22]. When the cooling temperature further decreases, the design difficulty of
passive displacers becomes greater, so active warm displacers (AWDs) have been proposed.
Air Liquide has proposed a response plan to complete the X-IFU on ATHENA mission. A
two-stage SPTC with AWD was reported in 2014, which can achieve 0.3 W and 5 W cooling
capacity at 15 K and 100 K, under a total electric power of 300 W [23]. This also indirectly
confirms that the use of AWD in SPTC has great application prospects and potential.

At present, the AWD has shown better cooling performance in liquid hydrogen
temperature, while the cold ITR has shown good results in liquid helium temperature. This
paper combines the advantages of both and applies them to the multi-stage SPTC working
at 8 K, with the AWD used for the higher-temperature section and the cold ITR used for the
lower-temperature section. On this basis, the influence of the size of the cold ITR and the
operating parameters of the AWD on the internal PV power and impedance of the SPTC
was discussed through numerical simulation and verified through experiments. This article
has certain guiding significance for the selection and optimization of phase shifters in
low temperature.

2. Structure of the Developed SPTC

As shown in Figure 1, a gas-coupled structure with precooling is adopted for the
cold finger in 8 K cryocooler. After passing through the middle heat exchanger, a portion
of the working fluid gas in the cold finger enters Regenerator 2, while the other portion
enters Pulse tube 1. The cold finger adopts a fully coaxial configuration to enhance system
compactness. Pulse tube 1 employs an active warm displacer (AWD) as the phase shifter,
which not only improves phase adjustment capability in the higher-temperature section
but also facilitates investigation of gas distribution issues in the gas-coupled structure



Cryo 2025,1,12

3o0f11

through active control. Pulse tube 2 utilizes a cold inertance tube and reservoir (ITR) as the
phase shifter to minimize thermal conduction losses. The cold ITR is directly coupled with
the middle heat exchanger, operating at approximately 25 K (T;). The mid of the higher-
temperature cold finger incorporates precooling though a precooling heat exchanger, which
in this study is cooled to approximately 70 K (Tpre) by a laboratory-developed single-stage
and single-drive Stirling cryocooler, demonstrating superior cooling capacity in the liquid
nitrogen temperature range [24].
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Figure 1. Schematic of the 8 K cold finger of the SPTC.

After the initial research of the low-temperature regenerator by the research group [25],
the filling materials inside each section of the 8 K cold finger regenerator have also been
determined. The principle of selection is to improve the heat transfer capacity between
the working fluid gas and the materials inside the regenerator and reduce the losses of
heat exchange. Regenerator 11 is filled with stainless steel wire mesh with a mesh size
of 350# and a wire diameter of 0.023 mm, while Regenerator 12 is filled with spherical
magnetic material Er3Ni with an average particle size of 0.1 mm. Regenerator 2 is filled
with spherical magnetic material HoCu, with an average particle size of 0.08 mm inside.

All the heat exchangers including hot end, precooling, and middle and cold end,
adopt a slit structure. The structural parameters of the main components of the cold finger,
including the regenerator and pulse tube, have also been preliminarily determined, and the
detailed dimensions are shown in Table 1. The cold finger has sufficient cooling capacity at
8 K, so this paper will not calculate and explain the structural parameters of the cold finger.
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Table 1. The specific structural parameters of the cold finger.

Component (Cold Finger) Dimension
Outside diameter 30 mm
Regenerator 11 (REG 11) Length 48 mm
Outside diameter 30 mm
Regenerator 12 (REG 12) Length 45 mm
Outside diameter 19.7 mm
Regenerator 2 (REG 2) Length 39 mm
Inside diameter 11.5 mm
Pulse tube 1 (PT 1) Length 123.1 mm
Inside diameter 8.3 mm
Pulse tube 2 (PT 2) Length 48.4 mm

3. Simulation Analysis

In order to analyze the specific effects of the active and passive phase shifter, commer-
cial one-dimensional numerical simulation software was used to calculate and analyze the
8 K gas-coupled pulse tube cryocooler. A one-dimensional whole machine model has been
established. The numerical model obtains the axial distribution equation of pressure and
volume flow by the momentum equation; the continuity equation; the axial distribution
equation of temperature by the energy equation and the total-power equation. Based on
finite-difference methods, one-dimensional computational software is used to discretize
and iteratively calculate the differential equation to obtain the results. By specifying the
inlet pressure boundary and temperature at the hot end and cold end boundary, the per-
formance of the cryocooler can be simulated. The numerical model has been verified
experimentally and has proven to have good consistency [26]. The modeling method for
the important component AWD is similar to that of a driving piston, using constrained
piston and cylinder components placed at the hot end of the pulse tube to achieve active
phase adjustment by changing the amplitude and phase of the piston.

The equipment providing precooling has been simplified in the model. The single-
stage Stirling cryocooler operating in the liquid nitrogen temperature has been simplified
as a point heat source that can provide cooling capacity in the model. Due to the presence
of the cold ITR, the average pressure inside the cold finger will significantly reduce as the
operating temperature decreases. Therefore, in the calculation and analysis, the average
pressure of the cold finger in the low-temperature working state (i.e., when the temperatures
of each cold end are 70 K, 25 K, 8 K) is set to 1.65 MPa. The working frequency is 24 Hz.
The piston diameter of the compressor is 38 mm, and the maximum sweep volume is
18 cc. The piston diameter of the AWD is 18 mm, and the maximum scavenging volume is
6 cc. The cooling capacity obtained by the cold finger at T temperature in the middle heat
exchanger is Q, and the cooling capacity obtained at T, temperature in the cold head is Q.

3.1. Cold ITR

The lower-temperature section adopts the cold ITR as a phase shifter, and its structural
parameters have a significant impact on the performance of the cryocooler. In order to
obtain a wider range of impedance phase and amplitude, the 8 K cold finger adopts a
combination of dual segment inertance tubes in series. This paper takes the diameter of
inertance tube 2 (IT2: near the reservoir) and the length of inertance tube 1 (IT1: near the
PT2) as examples to analyze their effects on the flow and impedance of the cold finger of
the cryocooler.
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Figure 2 shows the influence of the diameter of IT2, and Figure 2a shows the effect
on the distribution of PV power inside the cold finger. The PV power ratio represents
the ratio of the inlet of REG2 to the outlet of REG12. As the diameter of the IT increases,
the PV power at the outlet of the compressor gradually increases. In the simulation, the
displacement of the main compressor is kept constant, so increasing the diameter of the
inertance tube is beneficial for improving the PV power conversion rate of the compressor.
The inlet PV power of REG2 and the outlet PV power of REG12 both increase with the
increase in the IT2 diameter, and the PV power ratio increases. At the same time, the cold
end PV power of PT1 continues to decrease. When the IT2 diameter increases to 3.5 mm,
the cold end PV power of PT1 is only 2.24 W. This indicates that increasing the IT2 diameter
will cause the PV power to shift towards the lower-temperature section, resulting in an
increase in Q, and a decrease in Q.
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Figure 2. The influence of the diameter of inertance tube 2: (a) the influence on PV power distribution;
(b) the influence on impedance.

Figure 2b shows the influence of the IT2 diameter on the hot end impedance of the
pulse tube. The impedance amplitude of PT1 continues to increase with the increase in
diameter, while the impedance amplitude of PT2 decreases. An increase in impedance
amplitude will reduce the mass flow inside the regenerator, thereby reducing heat transfer
losses. However, an excessively large impedance amplitude will decrease the PV power
at the cold end of the pulse tube, thereby reducing the cooling capacity. In addition, the
impedance phase of the PT hot end is also affected. As the diameter of the IT2 increases,
the impedance phase of the PT2 continues to increase and eventually becomes flat, while
the impedance phase of the PT1 shows a linear increase trend.

Figure 3 shows the influence of the length of IT1, and Figure 3a shows the effect on
the distribution of PV power inside the cold finger. As the length of the IT increases, the PV
power at the outlet of the compressor gradually decreases. At the same time, the inlet PV
power of REG2 and the outlet PV power of REG12 both decreases, and the PV power ratio
gradually decreases. The cold end PV power of PT1 increases with the length, which means
that the increase in the length of IT1 will bias the PV power towards the higher-temperature
section, resulting in an increase in Q; and a decrease in Q. In addition, due to the need for
the inertance tube to be coiled on the reservoir and thermally connected to the middle heat
exchanger, a long coiling length can increase heat loss, which is not beneficial to increasing
cooling capacity.
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Figure 3. The influence of the length of inertance tube 1: (a) the influence on PV power distribution;
(b) the influence on impedance.

Figure 3b shows the influence of the IT1 length on the hot end impedance of the pulse
tube. As the length increases, the impedance amplitude of the PT1 gradually decreases,
while the impedance amplitude of the PT2 continues to increase, with the largest change
amplitude. The IT1 length will significantly affect the cooling efficiency of the 8 K cold
end. However, the length has little effect on the impedance phase of PT2 hot end, while the
impedance phase of PT1 hot end increases linearly.

The calculation results indicate that the size of the cold ITR always has an oppo-
site effect on the distribution of PV power and the impedance amplitude and phase of
PT1 and PT2, indicating that it has a certain regulatory effect on Q; and Q. It is necessary
to comprehensively consider the impact on the first and second stage pulse tubes and select
the optimal size of the inertance tube. In this work, IT 1 length of 0.8 m and IT 2 diameter
of 2.5 mm were selected for experimental verification.

3.2. AWD

A similar analysis method is used to study the influence of AWD operating parameters,
mainly including displacement and phase of the piston. Figure 4 shows the influence of
the displacement of AWD, and Figure 4a shows the effect on the distribution of PV power
inside the cold finger. In the calculation, the displacement of the compressor piston remains
unchanged. The input PV power of the compressor increases with the increase in the
displacement of AWD. The useful PV power at the outlet of REG12 also increases, but the
part entering PT1 remains unchanged basically, resulting in an increase in the PV power
ratio. From Figure 4b, it can be seen that increasing the displacement will reduce the hot
end impedance amplitude of PT1 and PT2, which is beneficial for increasing the mass flow.
But it will cause a significant shift in the impedance phase of PT1 hot end, which may result
in large fluctuations in Ty and affect the cooling effect of the lower-temperature section.

Figure 5 shows the influence of piston motion phase on PV power and impedance.
Similar to the influence of displacement, as the phase increases, the PV power of the
compressor increases. However, the trend of adjusting the distribution of PV power and
impedance phase is opposite. The decrease in the proportion of PV power leads to a
decrease in the cooling capacity of the lower-temperature section. The impedance phase of
the PT1 decreases, while the impedance phase of the PT2 increases. The significant shift in
the impedance phase at the PT1 hot end can also result in a large change in Tj.



Cryo 2025,1,12

7 of 11

180 = T v T T T v 0.55 2.50 —r r T r r T r 80
—8—REG12 outlet P=1.65 MPa _ 245F
70 F —a—pTi coldend 24 He 7954 ~ 240 F <
160k 37 et 70K R I £ =7
150 | —*—PV Power Ratio ’-__.__-—l"":/ Jos2 g ‘2‘;2 : T ~
2 " * s °s 550 o 470 &
__a— / Gq B S 2208 -~ : 2
5 140F p—m V2 40.51 S 5 5k - «—PT1 hot end amplitude 3
5 5 5 B o e ——PT2 hot end amplitude A
z 1302 P * ” 10.50 g 2 210 — —PT1 hot end phase 165 8
= 7F Ce—0—0—C—0—0—0—0— 2 — —PT2 hot end phase g
> of e—e—e—e—o—* o 4049 £ £ 095} ) 3
= * &0 - {60 &
52 * 40.48 2 090F @ TN Tm-m=-a_ - =
*~ —v__'_v—v g - —_—— -
35F _* -V 4047 2 085k P=1.65MPa o
30F 27*“_'—!’, A—A—A—A—A— A A—A E =24 H: 1,-25K <455
25k 40.46 0.80 T. 70K T, 8K
20 ' 'l A A L L l_ 045 0.75 " L " A " A A 50
20 21 22 23 24 25 26 27 20 21 22 23 24 25 26 27
displacement of AWD (mm) displacement of AWD (mm)
(a) (b)
Figure 4. The influence of the displacement of AWD: (a) the influence on PV power distribution;
(b) the influence on impedance.
160 T T T T T T T 0.60 2.45 T T T T T T T 80
—@®—REG]12 outlet . 240F
I55F —A—PTI cold end P=l.65MPa 7 _>s5x 458 :
150 F —y—REG2 inlet f=24 Hz T-8K A 235F
—m—Compressor outlet 7, =70 K - -4 0.56 g 230k T1 h d litude | 75
145 F —%—PV Power Ratio @ T ~—PT1 hot end amp. ?tu e
.,.,.A...-l-l'-'-'.'. 4054 £ 225F ———PT2 hot end amplitude -
—_ 140 f - -....-l-l'l‘.'.'.'.'.. ” ° s 220F - = =PT1 hot end phase O\J
E 135 F 40.52 5 z 2.15 | T~ o — —PT2hot end phase 470 é
2 T2 -
5 “k B < P=1.65 MP - - =
£ 1302 ‘*~*.*_* 40.50 % 2 2102 24 1z ¢ T,=25K S~ 8
= 2(5) - o-.-o-o-o~o-o-o~o¢t-n;g::-o-o-o-o-o-o-o-o-o-o-o-o Joas £ g100b 7,.-70k 718K T s 2
] . g . 538
a O . 2 =%
5.5% o S Jo46 g 0.95F g
35 T 0oas  EOF 60
o VYVVVyyy- 4044 2 T}V === -
sob vvvvvv.v.x.xx:x:x:x:‘ - M#A:A.A?t* § 085F _ o o - ===~ 6
N R YYvyy J042 0.80F
20— . : L L ) M Pt 075 L— L L L . i wlss

48

50

52

54

56

58

60

phase of AWD (mm)

phase of AWD (mm)

(b)

of the phase of AWD: (a) the influence on PV power distribution; (b) the

(@)

Figure 5. The influence
influence on impedance.

4. Experimental Verification and Discussion
4.1. Experiment Setup

The physical image of the cold finger in this study is shown in Figure 6. The cold finger
gradually cools from room temperature to 70 K, 25 K, and 8 K through three regenerators.
The precooling heat exchanger is precooled through a single-stage Stirling cryocooler, and
the middle heat exchanger is a gas-coupling structure that achieves cooling effect through
gas distribution combined with active and passive phase shifter technology. The cold
finger connects the main compressor and AWD and controls their displacement output
through a signal controller. The input electrical power is read by a power meter. Cernox
temperature sensors are used to measure the temperature at the cold head and middle
heat exchanger, and the temperature of precooling heat exchanger is measured by a PT100.
The cooling capacity is measured using the thermal equilibrium method with a ceramic
heating element.
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Figure 6. The physical image of the cold finger.

4.2. Experiment Discussion

Preliminary experimental results show that a cooling capacity of 74 mW at 8 K can be
obtained with the electric power of 177.5 W and a precooling capacity of 9.1 W/70 K.
The temperature difference between the cold ITR and the middle heat exchanger
temperature (T1) is 3.64 K [27].

Due to the influence of experimental conditions, considering the convenience of the
experiment and the control variables, only the influence of the operating parameters of
AWD was verified. Figure 7 shows the comparison between simulated and experimental
values of the influence of AWD displacement. Ensure that the precooling temperature
remains constant. The calculation results show that the displacement of AWD can optimize
the no-load temperature of the cold finger within a certain range. When the displacement
reaches a certain value (calculated around 2.05 mm), both T; and T, will sharply increase,
which is consistent with the analysis results in Figure 4. In the experiment, both T1 and T,
decreased first and then increased with the displacement of AWD, but the displacement that
reached the optimal value was different. When the displacement is 2.13 mm, T, obtains the
lowest value of 5.16 K. The lowest value of T, 18.48 K, is obtained when the displacement
is 1.89 mm. Indicating that the displacement of AWD has a certain regulatory effect.
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Figure 7. The influence of AWD displacement in simulation and experiment.
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Figure 8 shows a comparison between simulated and experimental values of the
influence of AWD phase. The calculation results show that the optimal phase for the
middle heat exchanger and the cold end to reach the lowest temperature is not the same.
And the temperature of T; increases rapidly with the increase in phase, which is consistent
with the decrease in the PV power ratio in the simulation analysis at this time. In the
experiment, when the phase difference increased from 44° to 52°, T, first decreased and
then increased, while T; continued to decrease. Perhaps due to the small range of phase
difference variation in the experiment, there was no inflection point in T;. Although T,
continues to decrease, the phase distribution of the internal impedance of REG2 gradually
deviates from the optimal value. When the phase of AWD exceeds 48°, T, gradually
increases. The deviation in the optimal phase between simulation and experimental results
mainly comes from the impedance distribution changes caused by the differences between
the actual structure and theoretical calculations.
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Figure 8. The influence of AWD phase in simulation and experiment.
The results of this study were compared with similar works both domestically and
internationally, as shown in Table 2. The pulse tube in this article utilizes the advantages

of both active and passive phase adjustment structures. Relatively speaking, it has the
characteristics of a novel and compact structure and can achieve higher efficiency at 8 K.

Table 2. Comparison of structure and performance of multi-stage SPTC.

Organization Structural Style Phase Adjustment Input Power Cooling Capacity
LM-ATC Gas-coupled / 450 W 02We10K + 8.4 W@85 K
NGAS Gas-coupled and ITR 371 W 251.3 mW@10.085 K
Thermal-Coupled
Zhejiang University Thermal-Coupled ITR 950 W 25 mW@6 K
Technical Institute of Physics
and Chemistry CAS Thermal-Coupled ITR 300 W 22 mW@8 K
This work Gas-coupled and ITR + AWD 3495 W 74 mW@8 K

Thermal-Coupled

5. Conclusions

This paper introduces an 8 K Stirling-type pulse tube cryocooler that uses both active
and passive phase shifters. The cold finger adopts a gas-coupled structure with precooling
and can achieve a cooling capacity of 74 mW with the electric power of 177.5 W under
a precooling capacity of 9.1 W/70 K. Based on this, this paper studies the adjustment
function of the phase shifter of the 8 K cryocooler. The cold finger adopts the AWD at
the higher-temperature section and the cold ITR at the lower-temperature section. The
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influence on both PV power distribution and impedance was studied through simulation
calculation methods. The results indicate that the length and diameter of the inertance
tube as well as the displacement and phase of the AWD will affect the distribution of PV
power inside the middle heat exchanger. The impedance distribution inside the pulse
tubes of the higher-temperature section and the lower-temperature section changes in
opposite directions.

The effectiveness of the cold ITR and the adjustment function of the AWD were verified
through experiments. The experimental results show that the cooling effect of the cold
ITR is good. The AWD has a significant adjustment effect on T; and T, reaching the
lowest no-load temperature at 2.13 mm and 48°, respectively, with a minimum no-load
temperature of 5.13 K.
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