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ABSTRACT

A compressor for acryocooler demands less vibration, high reliability, miniaturization, and low cost. The
piston and the cylinder are arranged to be non-contacts in order to improve reliability in the developed
compressor. The moving element including the piston is supported with flexure bearings on one side of this
piston, and miniaturization and low cost have been realized. A clearance seal constituted with the piston and the
cylinder is maintained by optimizing rigidity of flexure bearings and the distance between flexure bearings. The
flexure bearings were designed by using nonlinear structural analysis. The life-time of the compressor was
estimated to be more than 50000 hours by this result. Specifications of the compressor are compression capacity
of 65W, dia._92mm, 190mm length, 6.5kg weight, efficiency of 65%.

INTRODUCTION

This compressor was developed for use with a small Stirling type pul se tube cryocooler. Because there are no
moving parts except for the compressor, a pulse tube cryocooler can obtain less vibration and high reliability. For
these reason, pulse tube cryocoolers are expected to be used for commercial and satellite applications. In recent
years, the needs of super-conducting devices used in base stations for mobile radio communication have risen. We
have developed Stirling cryocoolers for artificia satellites, having a cooling capacity of 1.4W @ 70K and alife-
time of more than 50,000 hours. This high reliability expertise has been applied to the pulse tube cryocooler
developed at thistime. This pulse tube cryocooler has cooling capacity of 2.5W @ 70K, and in-line configuration,
and consumption power of 120W. Main specifications are shown in table 1.In addition, a photograph of the pulse
tube cryocooler is shown in figure 1, and the cooling capacity of this cryocooler is shown in figure 2. This pulse
tube cryocooler was developed for mass production. Accordingly, the compressor for a cryocooler demands less
vibration, high reliability, miniaturization, and low cost.

COMPONENTS
A compressor for a cryocooler demands less vibration, high reliability, miniaturization, and low cost. Some
devices were added to the compressor structure in order to satisfy these requirements. Structural features of a
developed compressor are described below. The structure of this compressor is shown in figure 3.

Piston Arrangement
This compressor has two facing pistonsin order to eliminate inertial force and reduce generated vibrations.

Support of Moving Element

The moving element including a spiral part for a current-feeder, a piston and a coil is supported on one side
of apiston by two units of flexure bearings. Support of moving element at both sides of a linear motor part has
been adopted in conventional compressors. However, assembly of a moving element is easy in the mode that we




adopted thistime (in which a moving element is supported on one side of a piston) and the dimension in the axial
direction of a compressor can be reduced. The moving element produced experimentally is shown in figure 4.

Flexure Bearings

Oxford type geometry is used for the flexure bearings. Each flexure bearings unit is composed of a couple of
spiral flexure parts. Two flexure bearings are used per piston, and these flexure bearings are mounted on the
piston, on the side opposite the piston face. A titanium-copper alloy, for which blanking is easy to perform, is
used for the flexure bearings. In addition, the same titanium-copper alloy is used in the spiral part for a current-
feeder. The flexure bearings were designed on the basis of fatigue characteristics of titanium-copper alloy shown
infigureb.

Clearance Seal

The piston isinserted in a cylinder with a gap of 30-50 micrometers, and it is maintained by flexure bearings.
A piston and cylinder have a structure that does not come in contact due to the rigidity of flexure bearingsin the
radial direction. In addition, this compressor is miniaturized, by using the yoke of alinear motor as a cylinder.

Pressure Vessel

To reduce the size and weight of a compressor, ayoke of alinear motor is used as a pressure vessel. The
yoke and pressure vessels (a flat head) are welded at both sides, and this welding completely penetrates the joint
for improved reliability.

Other Components

To achieve low cost, components of this compressor are produced with processes such as blanking or
injection molding. In addition, materials having low levels of out gas were used in the components, so that the
helium gas refrigerant would not be contaminated.

RELIABILITY
In acompressor of a pulse tube cryocooler, the factors affecting the life and reliability are fatigue of flexure
bearings, contamination of helium gas and external leaks. Therefore, we performed reliability assessment with
regard to these factors.

Reliability of Flexure Bearings

Reliability in this compressor is influenced by the flexure bearings and the spiral part for a current-feeder.
Non-linear structural analysis (that considered large deformation and stress stiffness) by the finite element
method (FEM) was used for this fatigue design. We also carried out a comparison of analysis results with
measurements of the manufactured flexure bearings model. A stress analysis example of flexure bearings by FEM
is shown in figure 6. In addition, measured val ue was compared with analytic value of spring property. The result
is shown in figure 8. Agreement between the measured values and analysis results was within a deviation error
8%. Accordingly, we understood that the design of flexure bearings was possible by using nonlinear structural
analysis. Titanium-copper aloy having a high fatigue limit was used for the flexure bearings and spiral part for a
current-feeder. Safety factor for the fatigue limit of titanium-copper alloy (cf. figure 5) is the same asthat of a
cryocooler developed for satellite applications. As for the spiral part for a current-feeder, since alarger factor of
safety is adopted than for flexure bearings, reliability must be improved further. The moving element, including a
spiral part for a current-feeder, a piston and, a coil, is supported on one side of a piston by two units of flexure
bearings. If rigidity of the flexure bearings is weak, deflection of the piston becomes large, and the piston will
touch the cylinder. The deflection of a piston was designed using nonlinear structural analysis so that reliability
deteriorated due to this contact. An example is shown in figure 8. Furthermore, resonance will cause a piston to
touch a cylinder when the natural frequency of a moving element is close to the operating frequency. Therefore,




modal analysis of a moving element was also performed. The results are compared to measured valuesin table 2.
In addition, the result of measured deflection of a piston is shown in figure 9. The x-axis is the number of cycles,
and the y-axisis the percentage of a measured value for a specific piston deflection. The piston deflection of an
engineering model developed this time satisfied the design specifications, and a piston and a cylinder were able to
be sealed with a non-contact arrangement and with a minute differential gap. Performance tests were repeat 10°
times, and the deflection of a piston did not change after thistest. Thistest is currently ongoing.

Rdliability of Refrigerant

Cooling capacity decreases when the helium gas refrigerant of this cryocooler becomes contaminated. There
are 12 kinds of partsthat contribute to contamination of the helium gasin a compressor. Thus, we examined the
relationship between pollution level and cooling capacity. The combination of materials, cleaning approach, and
outgassing condition were changed, contaminated gas was made, and an accel eration test that applied a theorem of
Arrhenius was performed. Base on those results, the relationship between environment temperature and
generation of contaminated gas was understood. In addition, test using this contaminated gas, clarified the relation
between gas pollution level and cooling capacity. The relationship between gas pollution level and cooling
capacity is shown in figure 10. The y-axisisthe ratio of the cooling capacity when having used a contaminated
refrigerant. If the contamination level of helium gas becomes large, the cooling capacity deteriorates. Therefore,
we chose the component materials, cleaning approach, and outgassing condition such that the drop in cooling
capacity did not exceed10%.

Reliability of Outside Leak

In aseal preventing outside leakage of the helium gas refrigerant of a cryocooler, there is a flange bonded
part (separable parts for simplicity and easiness of assembling and adjusting) and a permanently bonded part. The
metal seal that used soft metal with the results with a conventional cryocooler was used in the flange bonded part,
and an electron beam welding method was utilized at the permanent bonded part, thereby improving reliability.

LOW COST

It isimportant that the cryocooler be low cost for mass production. Because the compressor is the most
expensive part of the cryocooler, improvement of a compressor became necessary. Therefore several measures
were applied to the devel oped compressor. The main measures are listed below. Asthe result, alow cost
compressor was successfully developed.

1) Application of blanking to flexure bearings, and spiral part for a current-feeder.

2) Injection molding of bobbin with aresin

3) Unidirectional assembly of a moving element

4) Dual-use of cylinder with yoke.

5) Dual-use of pressure vessel with yoke

CONCLUSIONS
A compressor having small size, low cost and high reliability was successfully developed for a pulse tube
cryocooler. The specifications of the compressor are compression capacity of 65W, 92mm outer diameter, 190mm
length, 6.5kg weight, efficiency of 65%, and a life-time not less than 50,000 hours. Main specifications of the
compressor are shown in table 3. By improving motor efficiency, and reducing eddy current loss, we will
miniaturize the compressor in the future.
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Figure 2: Load Linesfor the Miniature Pulse Tube Cryocooler.
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Figure 3. Structure of Compressor.
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Figure5: Life Curve of Titanium-Copper Alloy.
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Figure 7: Spring Curve of Flexure Bearing.
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Figure 8: Displacement Analysis of Moving Elements.
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Table 1. Specifications of Miniature Pulse Tube Cryocooler.

Coolng Capacity 2.56W at 70K
Ekctrical hput Power 120W
0 perathg Frequency 50Hz
Ambient Tem perature 25°C
Wejght 8.5kg
Table2: Result of Modal Analysis.
Mode Analysis Valie M easurem ents
1 19.4Hz 16.5H 7
2 138.3Hz 104.8Hz
3 140.4Hz 123Hz
Table 3: Specifications of the Compressor.
C om pressbn work 65W
Ekctrical hput Power 120W
0 perathg Frequency 50H z
Life Tine 50,000h
D in ensbns D #.92*%L190m m
W eight 6.5kg

Motor Efficiency 65%
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