
C21_024 6cooling capacity and COPa under the operating frequency of 52.5Hz. Figures 4(a) and 4(b) give the 
input acoustic power and electrical power under different charging pressures and operating frequen-
cies. When the charging pressure rises, the pressure amplitude is enhanced as the driving pressure 
ratio is fixed, resulting in larger input acoustic power and electrical power. In addition, the system 
gets its highest input acoustic power at an operating frequency of 50Hz, while the input electrical 
power shows a decreasing trend as the operating frequency rising. 

CONCLUSION
In summary, an experimental system of an electric-driven free-piston Stirling cooler was built 

and tested. Our experimental results show that this cooler was able to obtain nearly 1000W@-80℃ 
with a corresponding COPa of above 0.5, which is competitively efficient compared with the current 
conventional technologies. Moreover, considering the environmental-friendly working substance 
of helium gas used in this system, the free-piston Stirling cooling system is expected to have great 
prospect for ultra-low temperature freezing.

Furthermore, more systematic simulations will be carried out in the future, in order to investigate 
the mechanisms of the influences of different operating and structural parameters on the performance 
of this FPSC system in detail.
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ABSTRACT

This paper describes how the aftercooler configuration affects the performance of pulse tube 

cryocoolers. This is because the aftercooler is the main connection between the interior and exterior 

of the system. The convection heat transfer path in the aftercooler is gas passing near the outer cas-
ing via the heat exchanger body. It is important to enhance the convection heat transfer to reduce 

the thermal contact resistance. In this work, aftercoolers with various interior heat exchangers were 

constructed and their thermal characteristics were experimentally obtained using both steady flow 

and oscillatory flow. The experimental results show the difference between the thermal performances 

of the aftercoolers with the two flow types.

INTRODUCTION

The pulse tube cryocooler (PTC), which has no moving parts in the low-temperature side, is 

compact, highly reliable, and widely used for cooling sensors in consumer products, as well as in 

space applications1-2. Research on improving the performance of PTCs has been continuing via 

several methods. Operating at high frequency is a typical way to reduce the size and weight3. In 

pursuit of alternative methods, various studies have been conducted to improve the heat exchanger 

at the high-temperature side (aftercooler) and at the low-temperature side (cold head). The parallel 

plate type, in which the heat exchanger body is electro-discharge machined, is often used for the 

aftercooler, and fundamental research on the thermal characteristics of oscillatory flow on the plate-

type heat exchangers has been carried out4 -6. Because it is an integral structure, there is no concern 
for poor thermal contact between the parts. However, the amount of heat transfer is not sufficient, 

and it is possible that it cannot be improved. With the stacked copper screen that has been used 

conventionally for the heat exchanger body, the total heat transfer is sufficient, but thermal contact 

resistance exists at the boundary between the heat exchanger body and the outer casing, and it is 

not known whether the thermal contact resistance is sufficiently small. In this paper, we propose a 

symmetrical aftercooler configuration, measure the overall thermal resistance, and compare it to that 

of a conventional structure. Furthermore, we investigated the effect of the aftercooler configuration 

on the cooling performance by testing aftercoolers in both steady and oscillatory flows.
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C21_034 2H E AT TRANSFE R P ATH  TH ROUGH  AFTE RCOOLE R
The aftercooler has the important function of dissipating the heat, which is absorbed at the cold 

head and passes to the outside of the system through the regenerator. Figure 1 schematically shows 
the heat transfer path through the aftercooler, which consists of a heat exchanger body and outer 
casing. Based on the premise that the outside of the outer casing is cooled, heat is transferred in 
the following three consecutive paths: (1) Heat transfer between gas and the heat exchanger body 
by oscillatory flow, (2) Heat conduction through the heat exchanger body, and (3) Heat conduction 
(thermal contact resistance) between the heat exchanger body and the outer casing.

AFTE RCOOLE R CONFIGURATION
An aftercooler is composed of a heat exchanger body and an outer casing. Two configurations 

were prepared for the heat exchanger body by considering symmetry, as shown in Fig. 2. Type A 
is a conventional copper screen that is pressed and stacked into a copper cylinder and heat-treated 
(A1) or a silver-coated copper screen that is stacked and heat-treated (A2). Type A1 is made with 
a diffusion bond between the screen mesh and the outer casing, and A2 is brazed. The conditions 
of heat-treatment for A2 were determined by pre-testing the coating material, heating temperature, 
and holding time. For type B, a symmetrical multi-hole structure was formed by machining and was 
shrink fit into a copper cylinder. For type Bs,the  aftercoolers were prepared with a flow straightener 
(FS), which is composed of fine screen meshes placed in front of the heat exchanger body.

Fig u re 2 . Aftercooler configurations
A: Stacked copper screen structure; B: Symmetrical multi-hole structure

Fig u re 1 . Components of an aftercooler and the heat transfer path

C21_034 3E X P E RIME NTAL SE TUP
The performance of the aftercooler as a heat exchanger was tested under both steady and os-

cillatory flows. The experimental setup is basically the same as a conventional PTC except for the 
compressor and phase shifter, as shown in Fig. 3. Pressure and temperature sensors were carefully 
mounted in the aftercooler to prevent helium gas leakage. The test conditions – especially gas, pres-
sure, and temperature – under steady flow were almost the same as those under oscillatory flow. 
During steady flow tests, the hot helium gas was supplied from the bottom of the PTC described 
on Fig. 3 (gas supplied not shown) through a direct connection to a gas cylinder. A valve placed at 
the outlet controls the pressure and flow, and the gas was finally released to the atmosphere.

The overall performance of the aftercooler was estimated by measuring the thermal resistance 
between the gas and the outer casing in the steady flow. Thermal resistance is an important param-
eter for comparing the performance of heat exchangers. Four and three measuring locations were 
specified for the gas and wall, respectively. To determine the thermal resistance, its representative 
temperature needs to be defined instead of the four or three measured temperatures. We determined 
the representative temperature as the surface integral average temperature obtained by curve fitting 
and integrating the measured temperatures.

E X P E RIME NTAL RE SULTS FOR STE ADY FLOW
The experiment was carried out under the same conditions as the actual PTC operation as much 

as possible. Helium gas at around pressure of 2.0 MPa and a temperature of 20° C was used, but the 
flow rate was around one-tenth of the oscillating flow rate. The experimental results during the steady 
flow are shown in Fig. 4. The thermal resistance of type A1 is the largest, and the thermal resistance 
of type B, which has the symmetrical multi-hole structure without a FS, is the second largest.

Type A2 had improved thermal contact resistance between the heat exchanger body and the 
wall of the outer casing in comparison with type A1. This means that the silver coating on wires 
is effective for melting and connecting with the heat exchanger body and the wall inside the outer 
casing. The symmetrical multi-hole structure with the FS (Bs) showed the best performance.
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Fig u re 3 . Schematic of the experimental setup
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COMP ARISON OF TH E RMAL RE SISTANCE
Heat transfer (path 1) by convection and heat conduction (path 2) can be calculated by a ther-

mal circuit network. Unlike paths 1 and 2, the thermal contact resistance (path 3) is impossible to 
calculate. Thus, the calculation assumes that thermal contact resistance does not exist.

Figure 5 shows an outline of the calculation by the thermal network circuit model. The aftercooler 
configuration of both types A and B can be treated as axisymmetric. The heat exchanger body can 
be disassembled into cell units of gas and metal (copper) for calculation. Cell units of types A and 
B are also shown in Fig. 5. A metal cell and gas cell are connected by thermal conductance K g , and 

Fig u re 5 . Schematic diagram of the model calculated by a thermal network circuit

Fig u re 4 . Thermal resistance measurement

C21_ 03 4 5the metal cell is connected to the adjacent metal cell by thermal conductance K m . If the gas flows 
uniformly and the temperature distribution is uniform in the longitudinal direction, K g  and K m  are 
uniform and do not change under the same conditions, so the k-th temperatures of metal and gas 
are simply calculated as follows:

( 1)

( 2)

w h ere T k  is the temperature of the k-th metal unit, Q  is the amount of heat exchange per unit time, 
T w  is the temperature of the outer casing, λ is the thermal conductivity of metal, A m  is th e area of 
h eat conduction p er unit, l is th e distance of h eat conduction p er unit, T g k  is the temperature of k-th 
g as unit, h  is the convection heat transfer coefficient, and A g  is th e area of th e h eat transfer p er unit. 
Because the flow in both types A and B is laminar, the Nusselt numbers are calculated from Tanaka’s 
formula7  and the constant value associated with thermally-developed uniform wall heat flux8 .

The calculation was performed under the same conditions as the experiments, including no 
consideration of the thermal contact resistance between the heat exchanger body and the outer cas-
ing. The calculated gas temperature distributions are shown in Fig. 6. The temperature increase in 
the screen mesh of type A is smaller than that in the symmetrical multi-hole structure of type B. In 
these calculations, the temperatures at the edge point correspond with those of the outer casing in 
the experimental results. It can be seen that the temperature increase of type A at the edge is also 
smaller than that of type B. These results indicate a poor thermal contact between the heat exchanger 
body and the outer casing in type A. However, the temperature difference inside the body with an 
input heat of 42 W was 0.8 K for type A, while that for type B was 4.6 K, showing that type A 
intrinsically has potentially superior performance as a heat exchanger. 

Figure 7 compares the experimental and calculated thermal resistance. The thermal resistance 
value was obtained from the calculation results by the same method as for the experimental results. 
In particular, the representative temperature was defined as the surface integral average temperature 
obtained by curve fitting. In type B (without FS), the calculations and experiments are in relatively 
good agreement. This is because the assumptions in the calculation are correct and the thermal 

Fig u re 6 . Calculation results for gas temperature (left: screen mesh, right: multi-hole structure)
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contact resistance is negligible or sufficiently small. In type A, there is a difference between the 
calculations and experiments. Furthermore, the trend that the thermal resistance decreases as the 
flow rate increases can be seen in both the experiments and calculations. The difference between 
experiments and calculations is thought to be caused by the thermal contact resistance. The thermal 
resistance depends on the flow because the heat transfer efficiency increases as the flow rate in the 
screen mesh increases. On the contrary, the thermal resistance is almost constant as the flow rate 
increases in the symmetrical multi-hole structure. In the thermally-developed laminar flow with a 
uniform wall heat flux, the Nusselt number is a constant, which makes the heat transfer coefficient 
also a constant. This trend is the same in both the calculated and experimental values.

In the calculation, the thermal resistance due to heat transfer (path 1) and heat conduction (path 
2) can be separately determined. Table 1 shows the calculation of the thermal resistance breakdown. 
The overall thermal resistance of the screen mesh is about one-seventh that of the multi-hole struc-
ture, and especially, the thermal resistance due to convection is about one-tenth.

E X P E RIME NTAL RE SULTS FOR OSCILLATORY FLOW
The aftercooler types were incorporated into a PTC, and cooler performance was evaluated. 

The main body of the PTC is shown in Fig. 4. The compressor used in this test had a structure 
with dual opposite pistons. Positions of both pistons were measured by linear variable differential 
transformers so that the flow rate could be obtained by time-differentiation of the piston position. 
Performance of the aftercooler was estimated by assessing the relation between the acoustic power 
versus no-load temperature. Acoustic power is calculated as shown in Fig. 8. Because the number 

Fig u re 7 . Thermal resistance comparison

Screen Mesh (Sample A) Symmetrical Multi-hole 

(Sample B)

(Path1) Heat Transfer 0.006 [K/W] 0.055 [K/W]

(Path2) Heat Conduction 0.012 [K/W] 0.067 [K/W]

Overall Thermal Resistance 0.018 [K/W] 0.122 [K/W]

Tab l e 1 . Calculation of thermal resistance
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C21_ 03 4 7of measurement points for pressure and flow rate was limited, the acoustic power was calculated 
from the measured values with some error included.

Figure 9 shows the test results of cooling performance in the oscillatory flow. The cooling 
performance was depicted by plotting the no-load temperature versus the acoustic power. The 
acoustic power W1 is the horizontal axis in the figure. The symmetrical multi-hole structure without 
FS showed the best performance in spite of having the second-worst performance in steady flow.

On the contrary, type Bs (multi-hole structure with FS), which had the best performance with 
the steady flow, shows a performance equal to or less than that of type A. In this test, the tempera-
tures of the gas and wall in the aftercoolers were also measured, as shown in Fig. 3. According to 
the results, a sharp gas temperature drop of 30 K or more is seen before and after the FS of type Bs.

Fig u re 8 . Schematic diagram of acoustic power assumption

Fig u re 9 . Acoustic power of W1  (in front of AC) versus no-load temperature
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C21_034 8DISCUSSION
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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