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This paper presents experimental results and numerical evaluation of a Vuilleumier (VM) type pulse tube
cryocooler. The cryocooler consists of three main subsystems: a thermal compressor, a low temperature
pulse tube cryocooler, and a Stirling type precooler. The thermal compressor, similar to that in a
Vuilleumier cryocooler, is used to drive the low temperature stage pulse tube cryocooler. The Stirling
type precooler is used to establish a temperature difference for the thermal compressor to generate pres-
sure wave. A lowest no-load temperature of 15.1 K is obtained with a pressure ratio of 1.18, a working
frequency of 3 Hz and an average pressure of 2.45 MPa. Numerical simulations have been performed
to help the understanding of the system performance. With given experimental conditions, the simula-
tion predicts a lowest temperature in reasonable agreement with the experimental result. Analyses show
that there is a large discrepancy in the pre-cooling power between experiments and calculation, which
requires further investigation.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Cryocoolers working around 4 K or below have significant
applications in various fields, such as space exploration, physics,
medical science, and many more. G-M cryocooler or G-M type
pulse tube cryocooler (PTC), which operates at frequencies of 1–
2 Hz, has been widely used in the liquid helium temperature
region. These cryocoolers can provide a lowest temperature of
about 2 K [1] with He-4 as the working substance and the record
no-load temperature of G-M type PTC is 1.3 K [2] using He-3 in
the second stage. Cooling power ranging from several tens of
mW to several Watt can be provided at 4.2 K [3–5]. However, the
employment of oil-lubricated compressor and the rotary valve
bring about intrinsic losses and inherent inefficiency in the cry-
ocooler, limiting the relative Carnot efficiency of these cryocoolers
to about 0.5–1.5%. Stirling type PTCs have the advantages of com-
pactness, light weight, long life and low vibrations. These charac-
teristics make them attractive for liquid helium temperature
applications. Lockheed Martin’s Advanced Technology Center,
Technical of Physics and Chemistry of Chinese Academy of Sciences
and Zhejiang University have developed multi-stage Stirling type
PTCs to obtain liquid helium temperature [6–8]. However, it is
challenging to design an efficient system due to high regenerator
losses associated with a high operating frequency of typically
30–60 Hz.

Vuilleumier (VM) cryocooler is one kind of Stirling type cry-
ocooler driven by a thermal compressor, which normally work at
low frequency. The thermal compressor generates pressure wave
by making use of the temperature difference and a displacer.
Because of the potential advantages of compactness, low vibrations
and long lifetime, it serves as another option for obtaining liquid
helium temperature. In 2001, Dai et al. [9][10] adopted a modified
thermal compressor to obtain liquid helium temperature. Both
sides of the moving displacer are at room temperature and a new
concept named ‘‘work transfer tube’’ is introduced therein. Liquid
nitrogen provided the cold sink for the thermal compressor. A low-
est temperature of 3.5 K was obtained with an extra precooling
stage at 20 K. Most recently, Pan et al. has designed a novel VM-
PT cryocooler capable of obtaining liquid helium temperature
[11,12,13]. The first stage is a traditional VM cryocooler with two
displacers at warm end and cold end respectively; the second stage
is a coaxial pulse tube cryocooler, which is gas-coupled at the cold
end of the VM cryocooler. For these systems, liquid nitrogen is used
for the thermal compressor, which is not convenient. Meanwhile,
the cryogenic temperature for the thermal compressor is also fixed
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at around 77 K, which may not be optimum for this kind of
configuration.

This paper presents our recent research on a similar system but
with significant modifications. One modification is that Stirling
type precoolers are used to replace liquid nitrogen, and another
is that linear motor is used to drive a cryogenic displacer for the
thermal compressor. Using a Stirling type precooler brings more
flexibility in selecting the working temperatures of the thermal
compressor as well as easy maneuvering. With these changes,
the system has the potential of compactness as well as high effi-
ciency. Preliminary findings have been reported in an earlier paper,
see Zhao et al. [14]. After a few modifications, including addition of
a radiation shield, the lowest temperature obtained is about 15 K.
In this paper, we will describe the system components of this cry-
ocooler, followed by experimental results and numerical analyses.
2. Experimental setup

Fig. 1 shows a schematic of the VM type PTC. The cryocooler
consists of three subsystems: labeled as A, B, C respectively. A is
the precooler and consists of two Stirling type PTCs driven by a
common compressor; B is thermal compressor; C is low tempera-
ture stage PTC, which is driven by the thermal compressor.

In the cryocooler, thermal compressor utilizes temperature
difference between the ambient and the precooler temperature
to generate an oscillating pressure wave through the back and
forth movement of the displacer. Helium gas absorbs heat from
the ambient heat exchanger and releases heat to the cold heat
exchanger. The precooler is thermally linked with the cold end
Fig. 1. Schematic of the VM type pulse tube cryocooler. Subsystem A: Precooler (Stirling
head is illustrated for conciseness). Subsystem B: Thermal Compressor. Subsystem C: L
Radiation shield; 5. Regenerator Ⅰ; 6. Cold head; 7. Connection tube; 8. Flow straighten
Displacer; 13. Regenerator Ⅱ; 14. Ambient HXⅠ; 15. Reserivor; 16. Orifice valve Vori; 17.
heat exchanger of the thermal compressor, and provides the
required cooling power. Low temperature stage PTC operates by
making use of the pressure wave that the thermal compressor pro-
duces to reach a lower temperature at its cold-head.
2.1. Geometric configuration

The main components of the thermal compressor are the
displacer, regenerator Ⅱ, cold head and ambient heat exchanger
Ⅱ. The displacer is made of fabroil and is 74.8 mm in diameter,
159 mm in length, with a maximum nominal displacement ampli-
tude of 7 mm, and is driven by a linear motor. The displacement is
controlled by varying the input voltage to the linear motor. The
regenerator is located inside the displacer with dimensions of
150 mm in length and 40 mm in diameter, and is filled with 680
disks of 60 mesh stainless steel screen.

The main components of the low temperature stage PTC mainly
consist of regeneratorⅠ, cold-head and the pulse tube, utilizing the
pressure wave provided by the thermal compressor. The orifice and
the double-inlet are used at the pulse tube hot end to regulate the
phase difference between the pressure wave and mass flow inside
the regenerator. Two dual-opposed valves (V1 and V2) are used as
double-inlet for finer adjustment of the opening as well as to sup-
press DC flow. The adjustable range of the valve is from 0 to 18
turns and the maximum flow coefficient of the value (Cv) is
0.024. Regulating valve (V3) and check valve are used to create
an artificial DC flow. The check valve only allows gas to flow from
the reservoir towards the regenerator. During the initial stage of
the system operation, a strong artificial DC flow could be used to
type PTC, two cold-heads T2 and T7, driven by a common compressor, only one cold-
ow temperature stage PTC. 1. Rod; 2. Linear motor; 3. Cold-heads of precooler; 4.
er; 9. Pulse tube; 10. Cold head for thermal compressor; 11. Thermal bridge; 12.
Valve V1; 18. Valve V2; 19.Ambient HXII; 20. Check valve; 21. Regulating valve V3.
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carry the cooling power from the precooler to cool the regenerator
I of low temperature satge PTC, accelerating the cool-down rate of
the low temperature stage PTC. At a certain time in the following
batch of experiments, the DC flow will be completely shut off.
The other main parameters of the VM type PTC are shown in
Table 1.

For the precooler subsystem, since it is not the main research
focus in this paper, the performance is briefly described here. A
4 kW pressure wave generator is used to drive the two PTCs as
the precooler. With a pressure ratio of 1.2 and an input acoustic
power of 2 kW, a single PTC can reach a lowest no-load tempera-
ture of 52 K and provide cooling capacity of about 52.5 W @
77 K. The cooling power versus cold head temperature curve has
a slope of about 2.1 W/K, which will be used to estimate the cool-
ing power consumed by the thermal compressor.
0 2 4 6 8 10
Time/ h

Fig. 2. The cool-down curves of the cryocooler measured at various locations.
2.2. Instrumentation

The whole system is placed inside a vacuum chamber. To
reduce the radiation losses, external walls of the low temperature
components were all wrapped with multilayer insulation material.
A radiation shield, anchored to the thermal bridge, was also
installed enclosing main components of the low temperature
PTC. Eight Pt100 platinum resistance thermometers (T1-T8, as
shown in Fig. 1) are attached to the cold head of the precooler
and the thermal bridge. T2 and T7 indicate temperature measure-
ment of the cold head of the precooler. T3 and T5 indicate the tem-
perature of the thermal compressor cold end. Temperatures of the
cold ends of the Regenerator Ⅰ(T9) and pulse tube (T10) for the VM
type PTC are monitored by CernoxTM thermometers. The ther-
mometer is able to accurately measure temperature below 20 K.
T11 and T12 represent the temperatures at 1/3 and 2/3 of the pulse
tube axial length, respectively. A pressure gauge is used to measure
the pressure inside the space before the ambient heat exchanger of
thermal compressor.
3. Experimental results

For the experiments, the working gas is helium-4 with an aver-
age pressure of 2.45 MPa, and the operating frequency of the dis-
placer is 3 Hz. The maximum displacement amplitude of the
displacer is limited to 6.3 mm, lower than the nominal value of
7 mm, to avoid collision. Two possible reasons are attributed to
the slight drift from the balanced rest position and the quality of
the assembly process.

The experiments generally begin by operating the precooler.
The thermal compressor is started when the precooler tempera-
tures, represented by T3 and T5, get below about 75 K. Fig. 2 shows
typical cool-down curves at each temperature location. Red arrow
in the figure points to the time when the thermal compressor oper-
ation begins. It takes about 7 h from the start of operation of the
precooler, for the cold head to reach lowest temperature. Table 2.
Table 1
Main structure parameters of VM type pulse tube cryocooler.

Subsystem Components Param

Thermal compressor Ambient HX Diame
Cold heat exchanger Diame

Low temperature stage PTC Regenerator Ⅰ Inner d
HoCu2

Cold heat exchanger Inner d
Pulse tube Inner d
Reservoir Volum
shows the measured temperatures at steady states without any
cooling load on the lower stage.

Fig. 3 shows the dependence of lowest temperature on valve
opening setting. In these experiments, double inlet V1 is set a
smaller value, varying in small steps (usually at a step of 0.25 turn
each time), while V2 is adjusted with a more coarse step. Although
in previous research on pulse tube coolers, it was suggested to
adjust V1 and V2 synchronously to suppress DC flow, there was
not an apparent DC flow in our system. From Fig. 4, the axial distri-
bution of temperature along the pulse tube in experiment seems to
be reasonable without a large change of temperature gradient as
ordinarily observed with an apparent DC flow. Moreover, the fact
that lowest no-load temperature kept stable in the experiment also
reduces our doubt on a possible DC flow.

As can be observed in Fig. 3, the lowest no-load temperature
depends on the opening of the orifice and the double-inlet valve.
When the opening of the orifice is 1.25 turns, the no-load temper-
ature did not vary much with the opening of the double-inlet. A
lowest no-load temperature of 15.1 K is obtained with Vori equal
to 1.25 turns, double-inlet V1 equal to 3 turns and V2 of 13 turns.
At this setting, the pressure ratio inside the thermal compressor
ambient space is 1.18 with a temperature of 300 K at the ambient
end and 88 K at the cold end. This measured pressure ratio is lower
compared to our numerical prediction of 1.21 and the precooling
power is larger than the design values. We will discuss in detail
in the following section.

To evaluate static losses of the thermal compressor, tempera-
ture distribution on the thermal bridge and cold heads (T1–T8)
were observed before the start of the thermal compressor, which
are shown in Table 3. The cold end of the thermal compressor is
71.3 K, corresponding to 62.4 K at the cold heads of the precooler,
which indicates a total cooling power of about 44 W@62.4 K
according to the cooling power slope. However, a rough estimation
of the static conduction loss and radiation loss gives a number
eters

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

iameter 15 mm, length 210 mm, wall thickness 0.2 mm, 0.15–0.3 mm diameter
is filled in with porosity of 0.39
iameter 15 mm, length 8 mm, slot type HX
iameter 8 mm, length 380 mm, wall thickness 0.15 mm
e 1 L



Table 2
The measured temperatures in the steady state operation without external heat load. All temperatures are shown in K.

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

81.4 72.5 88 85.4 88.1 76.8 72.3 83.5 15.1 20.5 58 203.4
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Fig. 3. The dependence of lowest temperature on valve openings, experiment.
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below 18W. We are still trying to figure out the source of this dis-
crepancy and also thinking about improvement of radiation shield.

With thermal compressor in operation and at the lowest no-
load temperature, the cold end of the thermal compressor rises
to 88 K, corresponding to 72.4 K at the cold heads of the precooler,
which leads to an estimated cooling power of 86 W. If we assume
that static losses in the last paragraph keep unchanged, added
cooling power of 42 W is for the energy conversion process inside
the thermal compressor, which also exceeds the value of about
19 W predicted by numerical calculation to be introduced later.
Table 3
Temperatures T1–T8 when the displacer of the thermal compressor is not in operation. A

T1 T2 T3 T4

65 62.8 71.4 67.4
To understand the characteristics of the system, the following
section resorts to numerical simulations to further understand
and improve the system performance due to limited experimental
measurement means.
4. Numerical simulation and discussion

The numerical simulation of the thermal compressor and low
temperature stage PTC is based on Sage 10 code. The software pro-
vides a series of modules for different system components, such as
heat exchangers and canisters. Experimental operating conditions
of 2.45 MPa average pressure and 3 Hz working frequency are used
in the model. Ambient temperature of the thermal compressor is
set at 300 K. The calculated results are shown in Figs. 5-9. As it is
relatively difficult to match the opening valve values used in the
program with practical valves, these results are obtained when
the lowest no-load temperature is reached with optimized valve
opening setting.

Fig. 5 shows the dependence of optimized lowest no-load tem-
perature on the pressure ratio. The displacer displacement ampli-
tude is varied to generate different pressure ratios. It turns out
that the pressure ratio changing within limited scale has a little
influence on the no-load temperature. At a pressure ratio of 1.18,
the one in the experiment, calculated lowest temperature is
16.5 K, which is close to the experimental value. With displacer
displacement amplitude increasing to 6.3 mm, a pressure ratio of
1.21 is obtained and the no-load temperature drops to 15.8 K.
Under this condition, Figs. 6 and 7 show the phase difference
between pressure wave and mass flow and the axial distribution
of acoustic power, respectively.

The axial distribution of phase difference between pressure
wave and mass flow rate for the low temperature stage PTC is
shown in Fig. 6. In the graph, the axial position begins at regener-
ator I ambient end and goes to the cold heat exchanger, connecting
tube, pulse tube, and finally the ambient HX I. The phase differ-
ences at ambient end of the regenerator I, cold end of pulse tube
and ambient end of pulse tube is approximately -56�, -20� and
above 65�, respectively. The in-phase relationship, which is
expected at some location inside the regenerator for a high effi-
ciency operation, is not achieved. The reason is that there is a large
phase difference variation inside the pulse tube, which causes the
pressure wave to lag behind mass flow rate at the cold end. There-
fore the pulse tube volume should be optimized.

Fig. 7 shows the axial distribution of the acoustic power across
the low temperature stage PTC. Through regenerator I, the acoustic
power decreases from about 3.6 W at the ambient end to only
0.8 W at the cold end. The consumption of acoustic power is
mainly for two reasons: one is necessity of pumping heat from
low temperature sink; the other is due to viscous losses and imper-
fect heat transfer losses.

Fig. 8 shows the relationship between required pre-cooling
power for the thermal compressor as a function of temperature.
ll temperatures are shown in K.

T5 T6 T7 T8

71.3 62.7 62 66.5
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Required cooling power increases with the decrease of the cold end
temperature. Meanwhile, as compared with experiments, there is a
large discrepancy between numeric prediction and experimental
values. This discrepancy can be mainly attributed to following rea-
sons: (1) Low temperature components and radiation shield were
not wrapped with sufficient multilayer insulation material and
radiation loss is under-estimated in calculation. (2) Sage simula-
tion is based on a quasi-one-dimensional simulation model and
use empirical formulas in calculating flow losses as well as heat
transfer. It may also under-estimate the losses.

Fig. 9 shows the influence of cold temperature of the thermal
compressor on the lowest no-load temperature and pressure ratio.
As the thermal compressor cold end temperature changes from
90 K to 75 K, pressure ratio increases from 1.19 to 1.25 and the
no-load temperature changes from 17 K to 12 K. Considering the
limited effect of pressure ratio on lowest temperature, major rea-
son for this decrease is that gas exiting the Regenerator I is pre-
cooled to a lower temperature.
5. Conclusion

In this paper, a VM type pulse tube cryocooler is investigated.
With a working frequency of 3 Hz of the displacer, an average pres-
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sure of 2.45 MPa and the displacer displacement amplitude of
6.3 mm, a lowest no-load temperature of 15.1 K is obtained, which
is close to the numerical result of 16.5 K with a pressure ratio of
1.18.

Based on the numerical calculation, the in-phase relationship
between pressure wave and mass flow, which is expected for a
high efficiency operation, is not achieved inside the regenerator
in the current design. It turns out that pressure ratio has a rela-
tively weak influence on lowest temperature, however, cold end
temperature of the thermal compressor influences the no-load
temperature significantly. These results give us design guidelines
to improve the system performance. Meanwhile, reasons underly-
ing the discrepancy between numerically predicted pre-cooling
power and experimental values require further investigation.

Although the configuration is aimed at obtaining temperature
around 4 K, which is the reason why we choose HoCu2 as the
regenerative material for the pulse tube cooler, present system
only reaches 15.1 K and needs improvement. As the optimization
goes on, some calculations have shown that modification of regen-
erators of the thermal compressor as well as pulse tube cooler,
including geometrical dimensions and packing materials, will
allow approaching liquid helium temperature.
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