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ABSTRACT
This paper presents the latest experimental results on a cryogen-free Vuilleumier (VM) type 

pulse tube cryocooler (PTC), which is a new type of cryocooler driven by a thermal compressor. 
Stirling type pre-coolers instead of liquid nitrogen are used to provide the required cooling power 

improved with a higher output pressure ratio.  Utilizing the temperature difference between room 
temperature and cold end temperature of 70.3 K, a pressure wave with a pressure ratio of 1.25 
is generated. Lead and HoCu2
temperature stage regenerator, and the porosities are 0.4 and 0.36, respectively.  With the optimal 

an average pressure of 1.7 MPa, a frequency of 2.5 Hz and displacer displacement amplitude of 6 mm. 

pre-cooling temperature on the no-load temperature was investigated.

INTRODUCTION
The 4 K cryocoolers including the Gifford-McMahon (G-M) or G-M type PTCs, and Stirling 

type of cryocooler is still relatively low due to the employment of an oil-lubricated compressor and 

driven by a linear compressor has attracted great attention because of its  compactness, long life, and 
low vibration [2-4]. This type cryocooler normally operates at 30~60 Hz, which results in higher 

VM type PTC is an alternative to achieving liquid helium temperature. For this cryocooler, a 
thermal compressor utilizing a temperature difference to generate the pressure wave drives the low-
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and obtained a lowest no-load temperature of 3.5 K with an extra 20 K pre-cooling stage. Pan et 
al., [7-8] has built a novel VM-PT cryocooler coupled to a VM cryocooler with a coaxial PTC at 
the cold end, which achieved a lowest no-load temperature of 3.39 K by optimizing the operating 

-
sor, which is not convenient. 

-

paper presents the latest experimental progress on the VM type PTC. 

SYSTEM CONFIGURATION
Figure 1 shows the schematic of the VM type PTC. All structure parameters of the thermal 

dimensions are listed in Table 1. The system consists of the pre-cooler, the thermal compressor, and 
the low temperature stage PTC. For convenience, a linguistic description substitutes the structure 
of the pre-cooler in Figure 1. As a matter of fact, two Stirling type PTCs serve as the pre-cooler 
to provide the required cooling power for the thermal compressor. The cold-heads are thermally-
coupled with the cold end heat exchanger of the thermal compressor through a thermal bridge. 

-
perature difference between the ambient end and cold end temperature to generate a pressure wave 

Figure 1.  Schematic of the VM type PTC
1. Linear motor   2. Ambient HX I   3. Displacer   4. Regenerator I   5. Cold HX for thermal compres-

sor   6. Thermal bridge   7. Regenerator II (Lead)  8. Regenerator II (HoCu2)    9. Cold head    10. U-shape 
connection tube   11. Flow straightener   12. Pulse tube   13. Ambient HX II   14. Double-inlet Valve VDou   
15. Orifice valve VOri   16. Regulating valve V1   17. Check valve   18. Reservoir
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to provide power for the low temperature stage PTC.  Regenerator I is coaxially located in the 

and the porosity is 0.738.  The pressure wave in the thermal compressor is measured with a pres-
sure sensor in the warm cavity.

The low temperature stage PTC is composed of Regenerator II, cold head, U-shape connecting 

important component and layered structure spheres were used. In most experiments, 164 mm long lead 
section and 82 mm long HoCu2

Ori and VDou, 
respectively, were used as phase shifters to regulate the phase relationship in the pulse tube. Besides, 

Dou.
The whole system was placed inside a vacuum chamber. Figure 2 shows the pictures of the 

experimental setup. Multilayer thermal insulations were used to wrap with the thermal bridge, the 
cold end of the thermal compressor and the low temperature stage PTC. Furthermore, a radiation 
shield anchored to the cold end of the thermal compressor surrounded the low temperature stage 
PTC. The positions of the thermometers are shown in Figure 1. The CernoxTM thermometers with 
0.01 K accuracy were used to measure T9 and T10 (T9, referred to as lowest no-load temperature). 
T1~T8,

 
T11-T15

 
were

 
monitored

 
by

 
platinum

 
resistance

 
thermometers

 
with

 
an

 
accuracy

 
of

 
±0.1 K. 

Figure 2. The photo of the experimental setup: (a) cold head wrapped with multi-layer insulation   (b) 
cold head with radiation shield

Table 1. Main structure parameters of the system

Subsystem Components Parameters

Thermal compres-
sor

Diameter 40 mm, length 52 mm, gas gap width 1mm.
Diameter 18 mm, length 25 mm, gas gap width 0.5 mm.

Regenerator 
Displacer

Low temperature 
stage PTC

Regenerator II
Cold head
Pulse tube Inner diameter 12 mm, length 208 mm.
Reservoir Volume 1 L

                      (a)                                                                 (b)
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Figure 3. Dependence of the lowest no-load temperature on frequency

Figure 4.  The dependence of the lowest no-load temperature on average pressure

198

T13 was shown in Figure 2, representing the temperature of the radiation shield. T2 and T7 indicate 
temperature of the cold head of the pre-cooler. T3 and T5 indicate the temperature of the thermal 
compressor cold end. T15 represents the temperatures at 1/3 axial length of the Regenerator II from 
the cold end, T14, T11 and T12 represent the temperatures at 1/3 axial length, 2/3 axial length and 
warm end of the pulse tube, respectively.

EXPERIMENTAL RESULTS AND DISCUSSION
As mentioned in above section, different regenerative materials were packed with Regenerator 

II. In view of the previous work [11], the experiments packing lead and HoCu2 in low temperature 
stage regenerator were firstly further conducted. 

It is known that the clearance between the rod and the cylinder in the thermal compressor has 
significant influence on the pressure ratio[11]. So the clearance is decreased to 1e-5 m to improve 
the output pressure ratio of the thermal compressor. A lowest no-load temperature of 7.33 K was 
obtained with orifice at 2.25 turns and double-inlet at 17 turns and an improved pressure ratio of 
1.27. At this point, the working frequency was 3 Hz, average pressure was 1.68 MPa, and cold end 
of the thermal compressor is at 71 K. 

Figure 3 presents the influence of the frequency on the lowest no-load temperature. The optimal 
frequency was 2.5 Hz. A higher working frequency signifies a higher power density. Meanwhile, 
a higher working frequency may also lead to a larger pressure drop and heat transfer losses in the 
regenerators. Existence of an optimum frequency implies a trade-off among these factors.

Figure 4 shows the dependence of the lowest no-load temperature on the average pressure 
with a frequency of 2.5 Hz. With an increase in the average pressure from 1.33 MPa to 1.62 MPa, 
the lowest temperature decreases from 9.1 K to 6.88 K. As a matter of fact for the system, a larger 
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and it also changes the performance of Regenerator II, so there exists an optimal average pressure. 
Figure 5 shows the dependence of the lowest no-load temperature on the cold end temperature 

of thermal compressor (pre-cooling temperature) with a frequency of 2.5 Hz. As the pre-cooling 
temperature varies from 74 K to 69.5 K, the lowest no-load temperature decreases from 8.36 K to 
6.88 K. This could be explained as follows: on one hand, a lower pre-cooling temperature increases 

in Figure 5; on the other hand, the lower pre-cooling temperature means that the gas entering Re-

trend of change in experiment is consistence with that in the simulation referenced in Ref. [11].

may effect the system performance. Different installation modes for VDou were experimentally in-
vestigated, as presented in Figure 6. The previous experiments were conducted using mode (a), in 
which we found that V1

1

load temperature of 6.50 K was achieved with frequency of 3 Hz, displacement amplitude of the 
displacer of 6 mm, average pressure of 1.7 MPa, ambient and cold end temperature for thermal 
compressor of 293 K and 70.3 K separately, and a pressure ratio of 1.25.  At this point, the open-
ings of Vori, VDou and V1 were 2.5 turns, 16.5 turns and 4 turns, respectively. The mode (b) for VDou 
is adopted in the following experiments.

Considering the higher volumetric heat capacities from 30~80 K, Er0.5Pr0.5 spheres are selected 
-

tion results, lengths of Er0.5Pr0.5 section (diameter: 0.2 mm, porosity: about 0.4 ) and HoCu2 section 
(diameter: 0.2 mm, porosity: about 0.36 ) are 151 mm and 95 mm, respectively. With Vori 2.75 turns, 
VDou 17 turns and V1 3.5 turns, a lowest no-load temperature of 7.9 K was obtained. At this point, 

Figure 5.  The dependence of the lowest no-load temperature on pre-cooling temperature

Figure 6.  The diagram of VDou installation modes (the valve is right-angle regulating valve from 
XiongchuanTM)

CRYOGEN-FREE VM-TYPE PT COOLER OPERATING BELOW 10K  199



compressor is 69.5 K and the pressure ratio of the thermal compressor is 1.25.  In calculation, the 
performance with Er0.5Pr0.5 is better than with lead spheres. However, the result of the experiment 
is the opposite. Easy oxidization of Er0.5Pr0.5
should be performed. 

CONCLUSION
In this paper, some advances on VM type pulse tube cryocooler were presented. The dependence 

of lowest temperature on average pressure, frequency and cold end temperature of the thermal com-
pressor have been studied. It turned out that there exists an optimum average pressure and frequency 

of double-inlet valve on system performance was tested.  By optimizing parameters, a lowest no-
load temperature of 6.5 K was obtained with a frequency of 3 Hz, an average pressure of 1.7 MPa, 
ambient and cold end temperature for thermal compressor of 293 K and 70.3 K respectively. The 
experiments with different materials in the low temperature stage regenerator were also carried out.
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