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In this experimental study, the cooling performance was evaluated for the acoustic power W1, 

before the aftercooler (position 1 in Fig. 8). For comparison, the result of evaluating the acoustic 
power W2 at position 2 using the flow rate of U1 instead of U 2 and the cooling performance with 
respect to the acoustic power W2 were not much different from that shown in Fig. 9.

The cause of the difference in the cooling performance with and without a FS is considered to 
be the fluid loss and the conversion of the work flow into heat flow in the FS. This is because the 
thermal contact between the FS and the outer casing was poor, meaning that the FS might have 
functioned like a regenerator.

In terms of the fluid loss, the difference can be confirmed by correct measurement of W2 at 
position 2. If the flow rate and temperature according to the operating frequency can be measured, 
it is possible to determine whether work flow was converted to heat flow.

CONCLUSIONS
The steady flow in an aftercooler with a symmetrical multi-hole structure and a conventional 

copper screen was measured and evaluated as the performance of the heat exchanger. The sym-
metrical multi-hole aftercooler with a FS indicated the best overall performance in terms of the  
thermal resistance.

The cooling performance was assessed by incorporating each aftercooler separately into a 
PTC. The symmetrical multi-hole aftercooler without a FS had the best performance, contrary to 
the results for steady flow. Moreover, the factors that caused this difference were discussed. 

As a next step, we will investigate and clarify the experimental results with an analysis based 
on the thermoacoustic theory.
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ABSTRACT
A high cooling capacity coaxial pulse tube cryocooler (PTC) which works at 17 0 K  is presented 

in this paper. The outer diameter and the length of the regenerator of the designed cold finger are 
4 0 mm and 32 mm, respectively. As the cold finger structure is short and thick, the jet flow from 
the inertance tube can obviously affect the velocity field in the pulse tube, thus influencing the 
cooling performance of the cold finger. A two-dimensional axisymmetric CFD model was built 
using FLUENT software to prove the importance of the flow straightener on weakening the j et 
flow. In addition, experiments have been carried out to investigate the cooling performance of the 
manufactured PTC and study the influence of mesh number of the flow straightener on the cool-
ing capacity. The experimental results show that when a 100 #  copper wire mesh is applied in the 
hot-side flow straightener, the PTC achieves the best performance compared with using 80 # and 
120 #  copper mesh. With an electric power of 200 W added to the compressor, the PTC obtains a 
temperature of 59 K  with no heat load and a cooling power of 4 5 W at 17 0 K , and the system ef-
ficiency can reach 22.5%.

INTRODUCTION
In recent years, due to the advantages of small vibration, compact structure, high reliability, the 

coaxial pulse tube cryocooler (PTC) have been widely used in infrared detection, low temperature 
optics, superconducting technology, and other fields. The PTC can be specially designed according 
to the required temperature as well as the cooling capacity. In the field of low-temperature biomedi-
cal application, small-scale low-temperature refrigerator, infrared observation, the PTC working at 
medium temperature from 130 K  to 200 K  have received much attention. 

The research of PTC in medium temperature region is mainly divided into two directions:  one 
is to improve the cooling capacity as well as the efficiency of PTC;  the other is to realize the light-
weight of PTC by increasing the working frequency. Wang designed a PTC which provided a cooling 
power of 31 W at 160 K  with an input electric power of 200 W and was used for low temperature 
refrigeration[1]. Deng developed a 150 K -200 K  pulse tube cooler for infrared detector, which can 
achieve a cooling performance of 50 W and specified Carnot efficiency of 16% at 170 K with 230 W 
electrical power input [2]. Durand developed an efficient high capacity space microcooler which 
weighs only 900 g [3]. However, it could provide nearly 5 W of cooling at 150 K . Chassaing built a 150 
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C21_025 2K -200 K  miniature pulse tube cooler to cool infrared detectors for micro-satellite missions [4]. The 
cooling power is 1 W to 3 W with a total electric power less than 20 W. In the future, the research 
of PTC at medium temperature will still be focused on improving work efficiency and optimizing 
compact structures.

In order to further develop the application of PTCs in low-temperature refrigerator, a coaxial 
PTC working at the temperature range of 130 K -170 K  is designed in this paper. The structure 
of the cold finger was designed using SAG E [5] software based on the operation parameters of 
the compressor made by our lab. To analyze the influence of the hot-side flow straightener on the 
velocity field inside the pulse tube and the performance of the refrigerator, a two-dimensional axi-
symmetric model of the cold finger was established by using FLUENT [6] software. The cooling 
performance of the developed PTC was experimentally tested, and the influence of the copper mesh 
in the straightener on the performance of the refrigerator was analyzed.

DE SIGN OF P TC
For the purpose of medium operation temperature and large cooling capacity, a coaxial pulse 

tube cold finger was designed to be coupled with the compressor developed by our lab using Sage  
software [5]. The key parameters of the PTC are listed in Table 1. The maximum swept volume of the 
compressor is 10 cc. The gas reservoir and inertance tubes were chosen as the phase shifter. According 
to the numerical optimization results, the length and the outer diameter of the regenerator are 32 mm 
and 40 mm, respectively. The theoretical cooling performance of the PTC is shown in Fig. 1. It is 
indicated that the designed PTC obtains 50 W cooling capacity with an input PV power of 200 W.

Parameters Values

D iameter of piston 25 mm

Maximum swept volume of compressor 10 cc

Length of regenerator 32 mm

O uter diameter of regenerator 40 mm

Inner diameter of regenerator 20 mm
Inertance tubes Φ3 mm ×1 m+ Φ4 mm×1 m
Volume of gas reservoir 250 cc

Tab l e 1 . Main structural parameters of the PTC

Fig u re 1 .  Cooling performance of the PTC with an input PV power of 200W
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As the structure of the designed cold finger has the characteristics of short and thick, the influence 
of the jet flow from the inertance tube on the velocity field and temperature field of the pulse tube 
becomes more significant. The jet flow can enhance the mixing of cold and hot working fluids in the 
pulse tube and, as a result, increase the heat leakage at the cold end of the pulse tube. Therefore, the 
cooling performance can be greatly affected by the jet flow. However, Sage, as a one-dimensional 
design software, cannot accurately analyze the two-dimensional flow field and temperature field 
in the pulse tube, so the jet flow effect is not considered in the calculation. In order to analyze the 
influence of jet flow and hot-side flow straightener on the thermal performance of the PTC, it is 
necessary to analyze the flow field in the whole zone of the cold finger. 

ANALYSIS OF TH E  JE T FLOW
In order to analyze the influence of jet flow from the entrance of the inertance tube on the 

velocity field and temperature field in the pulse tube zone, a two-dimensional axisymmetric model 
was built using FLUENT [6] software, as shown in Figure 2. The modeled system included a cold 
finger, inertial tubes and a gas reservoir. The pressure boundary condition was adopted at the inlet 
of the heat exchanger at the hot side of the regenerator. The average pressure was 3.5 MPa, the 
fluctuation amplitude was 0.4 MPa, and the frequency was 50 Hz. 500 # stainless steel mesh was 
filled in the regenerator. Copper wire mesh is a common material to be stacked at the cold and hot 
ends of the pulse tube to perform the function of fluid diversion. When modeling, the cold end adopts 
80 # copper wire mesh, and the hot end uses 80 # or 100 # copper wire mesh as the guide wire 
mesh. The thickness of the hot flow straightener is 5 mm. The parameters of the two meshes are 
shown in Table 2 [7]. 

As shown in Figure 3, if the hot-side flow straightener is not used, the impact of the jet flow 
can lead to higher velocity in the pulse tube. The mixing of cold and hot fluids will result in the 
failure to establish a large temperature gradient in the pulse tube, especially for the designed short 
size pulse tube. However, when a 5 mm thickness flow straightener is adopted, the jet flow is ef-
fectively restrained. As shown in Figure 4, the flow velocity inside the straightener zone is lower 
and the flow field is more uniform. 

Fig u re 3 .  Influence of the jet flow on the velocity field inside the pulse tube without flow straightener

Fig u re 2 . Two-dimensional axisymmetric model of the coaxial PTC

Mesh 80 100 
Wire diameter /mm 0.15 0.18

Porosity 0.60 0.69
Viscous resistance /m-2 7.435×108 1.94×109

Inertial resistance /m-1 8.147×103 1.15×104

Tab l e 2 . Calculation parameters of the 80# /100# Cu mesh [7]
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Figure 5 shows the velocity distribution in the radial direction at the cold-end section, middle 
section and hot-end section of the pulse tube with 80 # or 100 # copper wire mesh flow straightener 
at the hot side of the pulse tube. It can be seen from the figure that compared with the middle and 
cold end of the pulse tube, the velocity at the hot end of the pulse tube is not uniform indicated by 
the higher velocity at the central point. I n addition, the velocity for the 100 #  case is lower than that 
of the 80 # case at the same location in the pulse tube zone. Therefore, it can be concluded from the 
calculation results that the 100 mesh is more effective than the 80 mesh in reducing the influence 
of jet flow on the pulse tube flow field.

Figure 6 shows the periodic variation of temperature field in the pulse tube with 100 # copper 
wire mesh. The temperature at the cold head is 170 K. I t can be seen that the stability of the tem-
perature field is determined by the stability of the flow field, especially when a large temperature 
gradient is established at a short distance. With a 100 mesh flow straightener, the flow field is more 
uniform and the refrigeration performance is better.

E X P E RIME NTAL RE SULTS
As shown in Figure 7, an ex perimental system was built to test the cooling performance of 

the developed cold finger. The input power of the compressor was 200 W, the charge pressure was 

Fig u re 4 . Effect of the hot-side flow straightener on the jet flow

Fig u re 5 . Velocity distribution in the pulse tube for 80/100 mesh straightener
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3.5 M Pa, the operation freq uency was 50 H z , and the rej ect temperature was 283 ±  1 K. Platinum 
resistance was used as the heater at the cold head, and PT100 column thermometer was used for 
temperature measurement. The length of the flow straightener was designed as 5 mm. Three kinds 
of copper wire mesh (80#, 100 #, 120 #) were chosen as the flow straightener filler. The cooling 
performance of the PTC is shown in Figure 8. I t is clearly seen that when using the 100 #  copper 
mesh at the hot side, the PTC achieves the highest cooling capacity compared with  80 # and 120 # copper 
mesh. The higher the mesh number, the better the diversion effect. However, the flow resistance also 
increases with the mesh number, which results in higher PV  power loss at the hot end of the pulse 
tube. Therefore, using the 100 # copper mesh can achieve a balance between the flow diversion and 

Fig u re 6 .  Periodic variation of the temperature field in the pulse tube

Fig u re 7 .  The ex perimental set-up of the PTC

Fig u re 8 . Cooling performance of PTC at different mesh number of the hot-side straightener
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6flow resistance. The lowest temperature can reach 59 K. The cooling capacity is 45 W at 170 K, and the
work efficiency of the PTC is 22.5%.

CONCLUSIONS

A coaxial PTC which operates at 130 K-170 K is introduced in this paper. The cold finger has the
characteristics of short and thick, which makes the hot-side flow straightener important for weakening the
effect of jet flow on the velocity field inside the pulse tube. The influence of the copper wire mesh number of
the hot-side flow straightener on the thermal performance of the PTC was theoretically and experimentally
studied. The results show that using 100 # copper mesh as the filler of the flow straightener achieves a good
flow guiding effect. With an input electric power of 200 W, the PTC achieves a cooling power of 45 W at
170 K, and the work efficiency of the PTC reaches 22.5%.
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ABSTRACT

A new Stirling cryocooler model has been developed at the Rutherford Appleton Labora-
tory. This one-dimensional, finite difference model is able to simulate single and two-stage cryo-
coolers. The model uses the latest friction factor and heat transfer correlations from the literature
and simulates turbulence generation and thermal penetration depths. It runs fast enough to be
useful for optimisation, thanks to a robust artificial convergence technique. The model includes
a full representation of the cold head, including the displacer motion and the flow past the dis-
placer; this enables the optimisation of certain parameters that could not be assessed previously.
The model has been validated against single and two-stage coolers and has been used to inves-
tigate changing the cold finger geometry of a single-stage cooler.

INTRODUCTION

A new Stirling cryocooler model has been developed that will be used to optimise the design of the
single and two-stage coolers that are produced at the Rutherford Appleton Laboratory (RAL). These
coolers are typically designed for use in spacecraft and use flexure bearings and non-contact clearance
seals in order to achieve a long lifetime.

Stirling cryocoolers are difficult to model using commercially available 2D or 3D computational fluid
dynamics software. The compressible gas, moving mesh and the variable regenerator temperatures make
a 2D or 3D model computationally expensive.1 The approach commonly used by other researchers is to
simulate the machine as a network of one dimensional flow paths.2, 3, 4 Empirical relationships are used to
calculate the heat transfer rates and friction factors at different points in the cooler. These models are
categorised as third-order5 and this is the approach used by the new RAL model. The new model is able
to run fast enough to be able to optimise over a wide parameter range while still being accurate enough to
give useful results.

Most of the third-order models in the literature do not simulate the motion of the displacer; instead,
they change the volume of the cells at either end. The RAL third-order model is able to account for the
relative motion between the displacer and the cold finger tube and this allows it to simulate effects such as
shuttle losses as part of the thermodynamic cycle.

MODEL OUTLINE

The model has been developed using MATLAB. The different regions of the cooler are split up
into cells and the finite difference method is used to create a system of ordinary differential
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