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Development of Pulse Tube Cryocoolers  
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ABSTRACT 

Numerical simulation is an effective tool to analyze the internal operating process of pulse 
tube (PT) cryocoolers, which has contributed to the innovation and improvement of PT 
cryocoolers.  This paper reviews major contributions of numerical simulation, such as (1) 
revealing and confirming the concept of “gas piston” in the pulse tube; (2) analyzing the phase-
shifting mechanism of an orifice PT cryocooler; (3) the invention of a double-inlet PT cryocooler 
and analyzing functions of the double-inlet; (4) discovering and analyzing “DC flow” effects in 
PT cryocoolers; (5) revealing unique features of 4 K regenerators and analyzing the enthalpy 
losses of 4 K regenerators for the intercept cooling; and (6) assisting inventions of new phase 
shifters for PT cryocoolers by analyzing their phase-shifting mechanism. 

INTRODUCTION 
 
Developments of PT cryocoolers have gone through a few milestones in the past 58 years.  

The first basic PT cryocooler was invented in 1964 by Gifford and Longsworth [1]. It had then 
been buried for nearly two decades because of its poor cooling performance. The invention of an 
orifice PT cryocooler by Mikulin et al. in 1984 [2] ignited the worldwide development of PT 
cryocoolers.  

 The orifice PT cryocooler employs an orifice and gas reservoir to perform as a phase shifter 
for mass flow and pressure. It can operate as a traditional cryocooler such as GM, Stirling, and 
Solvay cryocooler. 

The working mechanism of orifice PT cryocoolers is more complicated than traditional 
cryocoolers.  There were many questions concerning the operation of the orifice PT cryocooler at 
the beginning.   

Numerical simulation (also called nodal analysis, numerical analysis, or numerical 
modeling) of Stirling engines was pioneered by Finkelstein in 1975 [3]. D. Gedeon outlined the 
techniques of Stirling engine simulation in use at Sunpower of Athen, Ohio in 1978 [4]. The 
numerical simulation program was initially available for general use on a contract basis. Later 
on, the program was developed and named as “Sage” program, a commercial software program, 
which is widely used for PT cryocoolers.    

The numerical simulation can effectively reveal the internal process of cryocoolers from 
engineering aspects.  Numerical simulation of a PT cryocooler was first started at Xian Jiaotong 
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University.  Owning to the Numerical Heat Transfer Class offered at Xian Jiaotong University in 
the late 1980s [5], students in the cryogenic group led by Prof. Peiyi Wu had opportunities to 
take the class and grasp the skills of numerical simulation.  Three researchers of PT cryocooler, 
who graduated from the cryogenics group at Xian Jiaotong University, Dr. Shaowei Zhu, Dr. 
Chao Wang, and Dr. Mingyao Xu, have performed substantial numerical simulations during their 
development and benefited from the results of numerical analysis.  

Numerical simulation reveals the internal working process, which helps to understand the 
operation of the cryocooler, guides the system design, and contributes to the innovation of PT 
cryocoolers.  This paper reviews the major contributions of the numerical simulations for the PT 
cryocoolers.  

    
 
NUMERICAL SIMULATION 
 

Numerical simulation is completed by defining a physical model with boundary conditions; 
giving governing equations, performing domain discretization and equation discretization; 
solving energy equations, and writing a computer program to simulate the cryocooler operation. 

The governing equations for simulation are given as follows: 
     

Energy equation for gas 
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where m is mass, u internal energy, m
.

 mass flow rate, t time, h enthalpy, x distance, T gas 
temperature, Tw temperature of solid, P gas pressure,  heat transfer coefficient, A heat transfer 
area, and V volume. 
 
    Continuity equation for gas flow 
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where m. in is mass flow rate at the inlet and m
.

out mass flow rate at the outlet of a given volume. 
 
    Momentum equation for gas flow 
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where fg is coefficient of friction, d hydraulic diameter, and v gas velocity. 
 
    Energy equation for regenerative materials 
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where Cw is specific heat of regenerative materials. 
     Gas state equation 

     

where f is function.  The equation (4) can represent ideal gas or real gas. 

h f T P or T f h P ( , ) ( , )                                                                         (5) 

  
 
MAJOR CONTRIBUTIONS OF NUMERICAL ANALYSIS 
 

1. Concept of “Gas Piston” and Function of Phase Shifting in Orifice PT Cryocooler 
 A numerical simulation of orifice PT cryocooler was first performed by Wu and Zhu [6] in 

1989 at Xian Jiaotong University.  It demonstrated the internal working process of an orifice PT 
cryocooler.  It revealed and confirmed a concept of “gas displacer” in the pulse tube where a 
portion of gas (the gas displacer) never leaves the pulse tube (see Figure 1).  The “gas displacer” 
is a very useful concept for understanding the operation of PT cryocoolers and comparing with 
traditional cryocoolers.   

The gross refrigeration power (time average enthalpy flow in the pulse tube), assuming an 
ideal gas, is given by 

 〈𝐻𝐻�̇�〉 = (𝑐𝑝
�
) ∫ �̇�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�

�               or           〈𝐻𝐻�̇�〉 = (𝑐𝑐𝑝 ∗
�𝑝
��
) ∫ 𝑝𝑝𝑚𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚�

�                               (6) 

         
where A  is the cross area of the pulse tube, R gas constant, p gas pressure, and u gas p
velocity.  

Figure 2 shows the simulation results for the dynamic pressure and gas velocity in the pulse 
tube with three orifice openings.  The results show a phase-shifting mechanism in the orifice PT 
cryocooler for optimum cooling performance. 

 
 

 
Figure 1.  Traces of three particales in a cycle. θ is angle in a cycle; x/L is relative position in a pulse 

tube. 

 

  
(a)                                                                       (b) 

 
Figure 2. Dynamic gas velocity and pressure at the hot end of a pulse tube with three orifice 

openings.  Orifice opening: A:0.0371; B: 0.0643; C:0.0742.  (a) dynamic gas velocity; (b) dynamic 
pressure.  
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2. Invention and Function of the Second Orifice in PT cryocooler  

 
     The numerical analysis, performed by Zhu et al in the same group at Xian Jiaotong 
University, found a larger gas mass flow rate through a regenerator in an orifice PT cryocooler 
(larger than that in Stirling cryocooler) and a portion of it has no refrigeration effect.  A second 
orifice was proposed for the orifice PT cryocooler and led to an important invention, called 
“double-inlet PT cryocooler” [7].  
    Numerical simulation, with a step piston for the second inlet, was performed and showed 
significant improvement in the PT cryocooler performance.  The numerical simulation at that 
time did not include the momentum equation (flow resistance) and could not analyze the function 
of the second orifice during the invention since the gas flow through the second orifice is driven 
by the pressure difference across it. 
     Later on, a numerical modeling including the momentum equation (flow resistance) was 
accomplished by Wang et al in the same group to simulate the double-inlet PT cryocooler [8], 
which revealed phase-shifting mechanisms and efficiency improvement by adding the second 
orifice in the double-inlet PT cryocooler (see Figure 3).    
     Table 1. shows variations of cooling capacity and power input with four openings of the 
second orifice.  The second orifice reduces the power input and increases the cooling capacity by 
obtaining a better phase-shifting for the orifice PT cryocooler.  

 
 

 
(a)                                                         (b) 

 Figure 3. Dynamic mass flow rate and dynamic temperature in a cycle at the cold end of the pulse tube.  
Second orifice opening: 1. A=0.0; 2. A=0.0314; 3. A=0.196; 4. A=0.385.  (a) mass flow rate; (b) 
temperature. 
 
 

Table 1. Performances of a double-inlet PT cryocooler by numerical simulation 

 

 
 

 
 

 
 

 
 

 
 

Note: Av is the second orifice opening; Q cooling capacity; W power input; rc pressure ratio in 
compressor; rp pressure ration in pulse tube; ŋ efficiency. 

 
 
3. Reveal DC gas flow Effect in PT Cryocoolers. 

 
     The second orifice connection in a double-inlet PT cryocooler builds a closed-loop for 
possible circulation gas flow (so-called DC flow), which is shown in figure 4.  Gedeon [9] first 
analyzed the possible DC flow in a Stirling cryocooler and a double-inlet PT cryocooler using 
“Sage” software in 1997.  The DC gas flows were discovered in numerical simulations and the 
results indicated the root of the problems are in-phase density and velocity fluctuations in the 
flow-resistive elements of the closed loop which tend to produce a DC pressure gradient. 
      Figures 5 (a) and (b) show the large impacts of a small amount of DC flow on the 
temperature profiles in the regenerator and pulse tube.   
 

 
 
 

 
Figure 4. Possible DC flow in a double-inlet PT cryocooler 

  

 

 

 
Figure 5a. Temperature profiles in regenerator for various values of DC flow as a fraction of the AC flow 
amplitude. DC/AC is ratio of the DC gas flow and AC oscillating flow.  
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In Table 1, Av is the second orifice opening, Q is cooling capacity, W is power input, rc is the
pressure ratio in the compressor, rp is the pressure ratio in the pulse tube, and ã is efficiency.

 

 

 
 

 
 

 
 

 
3. Reveal DC gas flow Effect in PT Cryocoolers. 

 
     The second orifice connection in a double-inlet PT cryocooler builds a closed-loop for 
possible circulation gas flow (so-called DC flow), which is shown in figure 4.  Gedeon [9] first 
analyzed the possible DC flow in a Stirling cryocooler and a double-inlet PT cryocooler using 
“Sage” software in 1997.  The DC gas flows were discovered in numerical simulations and the 
results indicated the root of the problems are in-phase density and velocity fluctuations in the 
flow-resistive elements of the closed loop which tend to produce a DC pressure gradient. 
      Figures 5 (a) and (b) show the large impacts of a small amount of DC flow on the 
temperature profiles in the regenerator and pulse tube.   
 

 
 
 

 
Figure 4. Possible DC flow in a double-inlet PT cryocooler 

  

 

 

 
Figure 5a. Temperature profiles in regenerator for various values of DC flow as a fraction of the AC flow 
amplitude. DC/AC is ratio of the DC gas flow and AC oscillating flow.  

 



 
 
 
 

 

 
     Figure 5b. Temperature profiles in pulse tube for various values of DC flow as a fraction of the AC 
flow amplitude. DC/AC is ratio of the DC gas flow and AC oscillating flow.  
 
 

Table 2. Calculated effects of DC flow on the cooler performance in a single-stage PT cryocooler. Q
cooling power; Qh  : heat transfer in hot heat exchanger; Hr , Hp , Hd : enthalpy flow through regenerator, 
pulse tube and double-inlet valve; |  |m1 , |  |mc  : time-averaged mass flow rate at the hot and cold end of 
regenerator. 

 


 |
m DC

|m AC  


 |
mDC

|m1  
Qc  

(W) 
Hr  

(W) 
Hp  

(W) 

Hd  
(W) 

Qh  
(W) 

 - 11.3 % -0.0052   11.8   13.8   25.6   -12.1     13.2 
 - 8.5 % -0.0038   14.3   10.8   25.1   - 9.3     15.7 
 - 5.9 % -0.0026   17.04   15.51   24.8   - 6.4     18.4 
 -3.3% * -0.0013   19.2   5.4   24.6   - 3.5     21.1 
 - 0.61% -0.00022   19.4   4.8   24.2    - 0.6     23.6 
+ 0.47% +0.00016   19.2   4.7   23.9   + 0.6      24.5 
+ 2.2 % +0.0007   19.0   4.5    23.5    + 1.8     25.3 
+ 5.2% +0.0015   18.1   4.2   22.3   + 4.8     27.1 

* Obtained from the same flow coefficients for two directions of the double-inlet valve. 

 

    Wang et al. performed numerical simulations and experimental tests on DC flow effects in a 
GM-type single-stage PT cryocooler [10] and a 4 K two-stage PT cryocooler [11].  Numerical 
analyses help to understand the DC flow effect at different temperature regions.  The simulation 
results in Tables 2 and 3 clearly indicate how the DC flow reduces  the cooling performance  and

 impacts energy flow in a single-stage 80 K cryocooler. 
    The 4 K pulse tube stage has unique features and it performs differently with various values of 
DC gas flow when compared to a single-stage 80 K cryocooler due to a large intrinsic enthalpy 
loss.  Table 3 shows a small negative DC flow from the hot end of the pulse tube to the inlet of 
the regenerator improves the cooling performance of the 4 K stage by increasing the enthalpy in 
the pulse tube and dissipating the hot end gas energy through the double-inlet loop.     

4. Reveal Unique Features of 4 K PT Cryocoolers.  
Numerical simulation for a 4 K PT cryocooler was first performed by Wang [12,13].  It 

reveals some unique features of the 4 K regenerator and pulse tube, such as a temperature plateau 
near the cold end of the regenerator, large temperature swings in the middle of the regenerator, 

 

 

 
        

 

and increased mass flow at the cold end of the regenerator, etc. (see Figures 6 and 7).  The 
numerical simulation helped understand the unique working mechanism and entailed the 
successful development of the first two-stage 4 K PT cryocooler at Giessen University [14]. 

Figure 6 shows the temperature profiles of a 4 K regenerator in a cycle.  Figure 7 shows 
dynamic pressures at the cold and warm ends of the regenerator in a cycle.  The average mass 
flow rate at the cold end of the regenerator is larger than that at the warm end.  This behavior is 
different from that in an 80 K regenerator which has a larger mass rate at the warm end. 

 

 

 

Figure 6. Temperature profiles of a 4 K                          Figure 7. Dynamic pressures at the cold and   
regenerator in a cycle                                                       warm ends of the regenerator in a cycle  
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Intrinsic enthalpy loss of the 2nd regenerator in a 4K cryocooler is generated by the real gas 
property. This portion of enthalpy losses could provide the intercept cooling from the 2nd stage 
regenerator.  The intercept cooling has been widely adapted in cryogen-free sub-4K systems, in 
particular for all continuous flow type systems such as cryogen-free He-3 cryostats and dilution 
refrigerators where more efficient helium (including He-3) condensation rate is crucial for their 
performance.  It is also used for precooling helium-4 to be liquefied in lab-scale helium 
liquefiers. 

A numerical model had been built for analyzing the effects of the intercept cooling as shown 
in Figure 8, in which a distributed heat load is applied along with the entire 2nd  stage regenerator.  
The numerical simulation, which considers the real gas property, heat transfer, and properties of 
regenerator materials, was conducted to analyze the impact of the intercept cooling on energy 
flows in the 4 K stage [15].  

       

Table 3. Calculated effects of DC flow on the performance of the 4 K cryocooler. 



Qc : cooling power; 
Hr , Hp , Hd : enthalpy flow through regenerator, pulse tube and double-inlet valve; |  |m1 , |  |mc  : time-

averaged mass flow rate at the hot and cold end of regenerator.  


 |

m DC
|m AC  


 |

mDC
|m1  

Qc  
(W) 

Hr  
(W) 

Hp  
(W) 

Hd  
(W) 

|  |m1  
(g/s) 

|  |mc  
(g/s) 

 - 2.6 % -0.0005   0.13   15.50   15.63   - 6.50     7.24   9.46 
 - 5.2 % * -0.0010   0.66   15.22   15.88   - 12.03     6.88   9.08 
 - 7.8 % -0.0015   1.04   15.51   16.55   - 16.96     6.78   9.00 
 - 10.4 %  -0.0020   1.27   15.73   17.01   - 21.88     6.64   8.82 
 - 13.3 % -0.0026   1.36   16.04   17.40   - 26.81     6.31   8.42 

* Obtained from the same flow coefficients for two directions of the double-inlet valve. 
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     Figure 5b. Temperature profiles in pulse tube for various values of DC flow as a fraction of the AC 
flow amplitude. DC/AC is ratio of the DC gas flow and AC oscillating flow.  
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regenerator.  The intercept cooling has been widely adapted in cryogen-free sub-4K systems, in 
particular for all continuous flow type systems such as cryogen-free He-3 cryostats and dilution 
refrigerators where more efficient helium (including He-3) condensation rate is crucial for their 
performance.  It is also used for precooling helium-4 to be liquefied in lab-scale helium 
liquefiers. 

A numerical model had been built for analyzing the effects of the intercept cooling as shown 
in Figure 8, in which a distributed heat load is applied along with the entire 2nd  stage regenerator.  
The numerical simulation, which considers the real gas property, heat transfer, and properties of 
regenerator materials, was conducted to analyze the impact of the intercept cooling on energy 
flows in the 4 K stage [15].  

       

Table 3. Calculated effects of DC flow on the performance of the 4 K cryocooler. 



Qc : cooling power; 
Hr , Hp , Hd : enthalpy flow through regenerator, pulse tube and double-inlet valve; |  |m1 , |  |mc  : time-

averaged mass flow rate at the hot and cold end of regenerator.  


 |

m DC
|m AC  


 |

mDC
|m1  

Qc  
(W) 

Hr  
(W) 

Hp  
(W) 

Hd  
(W) 

|  |m1  
(g/s) 

|  |mc  
(g/s) 

 - 2.6 % -0.0005   0.13   15.50   15.63   - 6.50     7.24   9.46 
 - 5.2 % * -0.0010   0.66   15.22   15.88   - 12.03     6.88   9.08 
 - 7.8 % -0.0015   1.04   15.51   16.55   - 16.96     6.78   9.00 
 - 10.4 %  -0.0020   1.27   15.73   17.01   - 21.88     6.64   8.82 
 - 13.3 % -0.0026   1.36   16.04   17.40   - 26.81     6.31   8.42 

* Obtained from the same flow coefficients for two directions of the double-inlet valve. 
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 Figure 8.  Energy flows in the 2nd stage of PT cryocooler with a heat load on the regenerator. Qc is intercept cooling, 
Q1 first stage cooling capacity, Q2 second stage cooling capacity, 〈𝐻𝐻�̇〉 enthalpy in the first stage regenerator, 〈𝐻𝐻��̇ 〉 
and 〈𝐻𝐻��̇ 〉 enthalpy flows at the two ends of the regenerator.  

 
  Table 4. Calculated energy flow in the 2nd stage of a 4K PT cryocooler 

 〈𝐻𝐻��̇ 〉  
(W) 

〈𝐻𝐻��̇ 〉  
(W) 

〈𝐻𝐻�̇�〉  
(W) 

Q2 at 4.2K 
 (W) 

Qc=0 15.94 15.93 16.54 0.60 
(0.57*) 

Qc=2.0
4 W 

14.14 16.17 16.54 0.37 

*Experimental data  
 

 

  
 5. Analysis of New Phase shifters 

 Numerical simulation has been used to analyze, verify and design a new phase shifter for PT 
cryocoolers. An active buffer type PT cryocooler was proposed and analyzed with the numerical 
simulations by Zhu et al [16,17].  The numerical analysis revealed the working mechanism, 
verified the feasibility of the concept, and optimized the structure parameters for the 
experimental test. 

Figure 9 shows the concept of the active buffer type PT cryocooler.  The phase shifter at the 
warm end of the pulse tube consists of a number of the valves and buffer volumes. 

Figure 10 shows the equivalent PV work in the pulse tube with three valve-timings obtained 
from the numerical simulation.  The ideal PV works in the pulse tube can be achieved with 
proper valve timing.   

Figure 11 shows experimental results of the equivalent PV works in the pulse tube of the 
active buffer type PT cryocooler, which is similar to that obtained from the numerical simulation.     

Numerical simulations have been performed on new phase-shifters, such as inertance tube 
phase-shifter and piston phase-shifter, etc. The numerical analysis performed by Zhu et al. 
revealed the working mechanism of the inertance tube from the engineering point of view, and 
assisted researchers to understand and optimize the inertance tube [18,19].  There are more 
contributions of the numerical simulation in the development of the PT cryocoolers, but this 
paper is not able to review all of them.  

     The numerical simulation results are given in table 4.  The applied heat load of 2.04 W total 
results in slight increase of the enthalpy losses 〈𝐻𝐻��̇ 〉 at the cold end of the regenerator by 
0.24 W, which is the loss of cooling capacity at 4.2 K. The increased losses might be caused by 
the real regenerator operation and the higher intercept cooling capacity than the intrinsic 
enthalpy loss.  The enthalpy flow at the inlet of the regenerator 〈𝐻𝐻��̇ 〉 is reduced by 1.8 W, which 
indicates the intrinsic enthalpy loss has been used for the intercept cooling.   The intercept 
cooling reduces the 4 K cooling capacity by ~12% of the intercept cooling load applied on the 
regenerator.  This percentage can vary with different 1st stage temperatures and other factors. 

 
Figure 9.  Concept of active buffer PT cryocooler 
 

 

Figure 10. variations of equivalent PV work with           Figure 11. Equivalent PV work with 2 or 3  
three valve timings (from numerical simulation)            buffers (from experimental test). 2B, two buffers; 
                                                                                         3B, three buffers.  

CONCLUSIONS 

Numerical simulation plays important role in the development of PT cryocoolers by 
revealing working mechanisms, helping to understand the internal processes and loss 
mechanisms, optimizing the structure parameters as well as assisting innovations of PT 
cryocoolers. 
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ABSTRACT

Stirling pulse tube cryocoolers (SPTCs) incorporate a warm end displacer into a pulse tube 
cryocooler.  Previous studies have demonstrated that an active displacer integrated into an SPTC 
yields good performance and better efficiencies than pulse tube cryocoolers with inertance tubes. 
Using an active displacer that is driven by a motor requires a second phase from the power elec-
tronics. This results in an increased complexity of the design due to the extra motor and electrical 
feedthrough; hence it is preferable to have a passively driven displacer. This study presents the ex-
perimental testing and validation of a passively driven displacer integrated within a coaxial Stirling 
pulse tube cryocooler. The pressure and harmonic driving forces of the displacer are analyzed and a 
validation of the displacer operation is presented with the theoretically modelled passive displacer.

INTRODUCTION

Stirling pulse tube cryocoolers (SPTCs) provide active cooling for detectors and other electronic 
devices to cryogenic temperatures. They are compact and efficient, making them a favorable cryo-
cooler solution for spaceflight missions. The SPTC efficiency and performance is governed by the 
intricate interplay between the mass flow and pressure pulse throughout the pulse tube, which can be 
controlled by orifices, inertance tubes, and displacers at the warm end [1]. SPTCs employing active 
displacers have been reported to reach higher efficiencies than other phase control methods, due to 
their ability to recover expansion (PV) power at the warm end back into the system [2]. However, 
the use of an active displacer results in a more complex design in order to integrate the second motor 
and introduces a second phase from the power electronics into the system [3]. Hence, removing the 
second motor requirement and being able to run the displacer passively is preferable [4]. 

A coaxial SPTC with a passive warm end displacer has been built and tested. Inputs from the 
coaxial configuration SPTC with an active displacer were utilized as starting baselines for the design 
of the passive displacer SPTC, where the additional motor was removed and a harmonic design 
was completed for the displacer [5]. This paper reports on the experimental build and testing of 
the passive displacer operation and validation of its activity with the designed components and full 
assembly. The flexure springs for use in the displacer were stiffness tested and fatigue tested and 
the fully assembled displacer was run in clamped and dynamic tests to investigate the pressure and 
harmonic forces driving the system.

PT & STIRLING MODELING & EXPERIMENTS180




