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ABSTRACT
A passive mechanical device for phase shifting was developed for a miniature Pulse Tube In-

Line cryocooler developed earlier at the Rechler Cryogenic Laboratory, Technion-Israel Institute 

and a mechanical analogy, and by simulations using a commercial numerical solver for pulse tube 

without changes. Simulation results were compared with those from the theoretical model. A pro-

was due to the limitations in the precision manufacturing and assembling of the passive mechani-
cal phase shifter. 

the passive piston high frequency movement (at about 100 Hz) that had to be contact-less. It was 

INTRODUCTION

A present worldwide trend focuses on the miniaturization of regenerative cryocoolers. It is evi-
dent that the pulse tube cryocooler is one of the best candidates for miniaturization.  Downscaling 
the mechanical dimensions without a change in the operating parameters becomes problematic, as 
internal heat losses become dominant in the device. The method proposed to counteract these heat 

One of the smallest pulse tube cryocoolers constructed to-date was designed at the Rechler Cryo-
genic Laboratory, Technion-Israel Institute of Technology by Sobol et al. [1]. An inertance tube and 
a reservoir were used for phase shifting in the cryocooler. This miniature pulse  tube cryocooler achieved 
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limitation using the inertance tube. In miniature devices, the impedance created by the inertance 
tube has a large resistive component, which limits its ability to produce the required phase shift.

A possible solution for increasing the phase shift in the pulse tube cryocoolers was proposed 
by Matsubara et al. [2]. The concept was to use a passive mechanical device instead of an inertance 
tube and a reservoir. Theoretically, any desired phase shift could be produced by such a passive 
mechanical device and it could be miniaturized without deterioration of its performance, in contrast 
to the inertance tube.

In 2012 Lewis, Bradley and Radebaugh from NIST [3] developed and tested a miniature pulse 
tube with actively controlled piston installed at the hot end of the cryocooler instead of the inertance 

controlled piston was better than that of the same cryocooler with the inertance tube. The improve-

-

length is 12 mm. The proposed design of the mechanical phase shifter is a passive piston supported 

in a precise clearance gap (20 μm) between piston and cylinder. These design parameters were 
obtained using phasor theory and compared to the simulation of the pulse tube cryocooler with the 
proposed mechanism for phase shifting by commercial software Sage®. Final optimization of the 
design parameters was performed by Sage®.

the passive piston displacement at high frequencies. For this purpose, a contact-less displacement 
measurement system was designed, manufactured and implemented.

THEORETICAL ANALYSIS

Phasor Analysis for the Pulse Tube Cryocooler with Passive Piston
Phasor analysis is a common theoretical tool for investigation of different parameters in regen-

erative cryocoolers. Using such analysis eliminates time dependence from the equations which are 
transformed from the time-dependent space to the vector space and only phases and amplitudes of 

-

Figure 1

-

   (1)

where: pV is the volume of the passive piston; 0pV  is the ‘dead’ volume; _p ampV  is the swept, or stroke 

volume, and _ 2p ampV  is the amplitude of the swept volume.
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   (2)

where pm aP  is the mean pressure, hT  is the ‘hot’ temperature, V  is the volumetric 
P

Or,

   (3)

where cT  is the ‘cold’ temperature.
The phasor analysis indicates the following:  the optimum performance in the regenerator can 

-
sure in the regenerator. In the conventional Stirling cryocooler the same phasor arrangement would 

Therefore, from Figure 1, in order to obtain the optimal phase shift in the regenerator the fol-
lowing should hold simultaneously:
 

MECHANICAL ANALOGY
The solution obtained from the phasor analysis performed in the previous section does not in-

clude mechanical parameters that are necessary for the design of the passive piston. The proposed 
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Figure 1. Schematic diagram for a Pulse Tube cryocooler equipped with a Passive Piston -  in Vector 
space. 
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C19_018 method for obtaining these design parameters is a mass-spring-damper analogy of the pulse tube 
cryocooler. The results from applying this method can be used together with results from the phasor 
analysis. The displacement of the gas acted upon by the compressor is represented by cpx  and that 
of the gas acted upon by the passive piston is represented by ppx  (which is assumed to be the same 

stiffness ptk and negligible mass. The passive piston is represented as a mass, ppM ; spring stiffness, 
bk ppc . The compressor 

cpA  and the passive piston 
ppA . The pulse tube volume is represented as ptV  and the passive 

piston volume as bV . A schematic mass-spring-damper model of the pulse tube cryocooler with a 
passive piston is shown at Figure 2.

The oscillation of gas in the pulse tube cryocooler can be described using this method by a 
second order ordinary differential equation (ODE):
 

where the ratio pp cpA A

 

where 1x  is the amplitude of the compressor piston displacement.
Initial conditions of the passive piston displacement and velocity are:

   (7)

   (8)

where
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where: gm  is the density of the gas.
Therefore,

   (10)
Or,

   (11)
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Figure 2. Schematic mass-spring-damper model of pulse tube cryocooler with a passive piston.
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The pressure of the piston on the gas, pP , can be found from the following:
   (12)

  

In Figure 1
-

sary to shift the phase in equation (12) to be consistent with the discussion in the previous Section.
Therefore,

   (13)

 

where, 
pm in pp

 

This result can now be substituted into the results from the previous section. In conclusion, 
the following should hold simultaneously for the optimal performance of the pulse tube cryocooler 
with passive piston:
 
and
   (17)

  

  
  

, , ,G H M N  by Matlab® software. In the following 
section these results would be compared with the numerical solution from Sage® software that is 

PULSE TUBE CRYOCOOLER DESIGN IN SAGE® 

Overview
For the Stirling-based cycle cryocoolers the most commercial software for analysis is Sage®, 

tool for cryocooler design. The software employs theoretical models and empirical correlations in 
calculations of different parameters. The assembly has a modular form where each component of 
the system is organized logically inyo a hierarchical tree structure.  In Figure 3 the root level editing 

 
based on the model of the earlier design developed by Sobol et al. [1]. 
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Optimization
 Available parameters for optimization are limited because the present design of the Passive 

Piston Pulse Tube cryocooler is based on the already designed and manufactured Inertance Tube 
Pulse Tube cryocooler [1]. Most parameters such as dimensions, frequency, compressor piston 
displacement, mesh properties, frequency and temperatures of the previous design had to remain 
unchanged. The parameters available for optimization are passive piston physical parameters which 

optimized parameters were found. Due to the manufacturing restrictions, the values of parameters 
found in the optimization process were rounded off to acceptable values. 

Simulation Results  
The results from the Sage® optimization were compared to the results from the theoretical 

-

piston mass values.

also calculated and its graph was shown for the analytical solution from theoretical analysis, as well 
as for the Sage® solution. It is necessary to discuss the difference between the graph of analytical 
solution and of Sage® solution. Both solutions have a linear behavior. Also, it is quite simple to 

of these two functions is quite different. The reason for such behavior is that the analytical model 
neglects the compressibility and the helium gas stiffness; therefore, the calculated spring stiffness in 
the case of the analytical solution also contains in it the real gas stiffness. In contrast, in the Sage® 

or optimized. Thus, the value of spring stiffness from the analytical solution is greater than the one 

Figure 3.
cryocooler.
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summarized Table 1. 

EXPERIMENTAL SETUP
The parameters to be measured are the temperature,  pressure and the passive piston displace-

-
lations were measured at the interface between the compressor and aftercooler, buffer tube and hot 

Piston Displacement Measurement System

without the physical contact of any mechanical part with the oscillating piston. The values of the 
displacement have to be measured at the same times as the pressure values at different cryocooler 
points. Using values of the passive piston displacement, the velocity of the passive piston can be 

For piston displacement measurement an optical system was used. The operating principle 
of the system is as follows: a laser beam passes through the glass at the rear side of the cylinder 

which depend on the location of the laser beam impingement. A schematic concept of the piston 

collected by a data acquisition program.

Figure 4. Spring stiffness vs. piston mass. 

Table 1. Final parameters for Passive Piston model.

Piston Mass   Spring Stiffness
-3
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In order to eliminate the convection heat transfer at the cold end it is convenient to perform the 

passive piston displacement could only be measured without the vacuum chamber.

RESULTS

compressor near the design point of 100 Hz.  The target pressure ratio was 1.3 (as set in the design). 

to produce vacuum in the vacuum chamber a Varian® vacuum system was used.

Passive Piston Displacement Measurement Results
As mentioned before, due to design restrictions, the passive piston displacement measurement 

was performed without the vacuum chamber. Figure 7 shows the variation of pressure, piston dis-
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Figure 6. Schematic of piston displacement measurement.

Figure 5.
system.
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placement, and piston velocity at the inlet to the passive piston at frequency of 120 Hz. The phase 
shift at the boundary of the passive piston between piston velocity and pressure oscillation, which 

Cryocooler Performance Measurement
As mentioned earlier, in order to decrease heat transfer by convection at the cold end, the 

measured at several frequencies around the design point. The results are shown in Figure 8. The 

aftercooler inlet was measured at the same frequencies (see Figure 8). The pressure ratio at high 
frequencies decreased from the design point of 1.3 to 1.2. 

CONCLUSIONS
The present research has proved the viability of the concept of using a passive mechanical 

-
tween analytical and numerical solution by the Sage® software. However, the temperatures at the 

in [1]. Also, the pressure ratio was lower than the design value. This was due to manufacturing and 
assembly inaccuracies that added parasitic friction between piston and cylinder. However, the phase 
shift between piston velocity and pressure oscillation that was measured at the inlet to the passive 
piston demonstrated the feasibility of the concept.

Passive piston displacement contactless measurement system was proposed and used in the 

Figure 8. Results of the experiment in vacuum chamber.

Figure 7. Pressure at the inlet to the passive piston, passive piston displacement and velocity at fre-
quency of 120 [Hz].
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measure small displacement values at high frequencies, due to the high accuracy of the PSD. The 
results of measurements helped to understand gas behavior in the pulse tube cryocooler operating 
at high frequencies.
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