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Abstract: High efficiency cryocoolers working below 10 K have many applications such as
cryo-pump, superconductor cooling and cryogenic electronics. This paper presents a thermally
coupled two-stage pulse tube cryocooler system and its numeric analysis. The simulation
results indicate that temperature distribution in the pulse tube has a significant impact on the
system performance. So a precooling heat exchanger is put inside the second stage pulse tube
for a deep investigation on its influence on the system performance. The influences of
operating parameters such as precooling temperature, location of the precooling heat exchanger
are discussed. Comparison of energy losses apparently show the advantages of the
configuration which leads to an improvement on the efficiency. Finally, the cryocooler is
predicted to be able to reach a relative Carnot efficiency of 10.7% at 10 K temperature.
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1.Introuduction

Pulse tube cryocoolers have the advantages of simple structure, high reliability and low
mechanical vibration over traditional regenerative cryocoolers such as G-M and Stirling cryocoolers
due to no moving parts in the low temperature region [1,2]. Cryocoolers around 10 K are demanded
for applications of cryo-pump, superconductor cooling, cryogenic electronics and so on [3,4]. In the
past decades, the pulse tube cryocooler technology has seen many improvements, especially on the
phase shifters, such as orifice, double—inlet and inertance and so on [5-8]. The cooling performance of
Stirling type pulse tube cryocoolers at 80 K has out-performed traditional G-M cryocoolers, but the
performance at 10 K is still worse than that of G-M cryocoolers.

It is challenging for a single stage String type pulse tube cryocooler to reach 10 K below primarily
due to the high losses caused by real gas effect, high operating frequency and regenerative materials.
Two or more stage configurations are normally used [9-13]. L. Yang et.al in 2008 developed a
thermally-coupled two stage pulse tube cooler with double inlet orifice as the phase shifter [14]. A no
load temperature of 12.8 K was obtained with 400 W electric power input. J. Butterworth et.al
developed a thermally-coupled two stage pulse tube cooler in 2016 [15], which used the compressor as
the phase shifter of the second stage. The system reached 9.2 K no load temperature and obtained 435
mW cooling power at 15 K. Although these researches have focused on reaching lower temperature
using less stage configuration, high efficiency at 10 K is still challenging to be obtained for two-stage
cryocoolers.

This paper describes the design of a two-stage pulse tube cryocooler aimed for obtaining more than
1 W cooling power at 10 K. Firstly, we introduce the configuration and simulation tools. Then, the
simulation results are presented, which shows the influence of precooling heat exchanger inside the
pulse tube of the second stage. After this, energy losses are deeply investigated. Finally, some
conclusions are drawn.

2. Geometrical and numerical model
Fig 1 illustrates the system configuration to be studied here. To ensure an easy optimization of the
configuration parameters, especially of those at lowest temperature, we select thermally-coupled
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configuration. For clarity, we define the pre-cooler as the first stage and the main cooler as the second
stage. Two stages are connected through a copper thermal bridge. Normally, only the middle of the
regenerator of the second stage is precooled. In the system to be studied here (shown in Fig 1),
somewhere inside the second stage pulse tube is also precooled by the cold head of first stage.

For the first stage, we did not simulate it but assumed its cooling power at a certain precooling
temperature. Considering state of the art of pulse tube cooler technology, the input power will be
estimated and taken into account in the calculation of the general system efficiency.

The second stage cooler is simulated through SagelO software [16] developed by Gedeon
Associates, which can simulate and optimize a variety of thermal systems based on oscillating flow. In
order to investigate the performance and some changing trends clearly, the two stage cooler is
simulated separately. For conciseness, all the components mentioned later refer to those of the second
stage, if not specially mentioned.

The main geometrical parameters of the system are listed in table 1. For the operating parameters,
a mean pressure of 2.0 MPa and a frequency of 30 Hz are chosen. The optimization target is 2 W
cooling power at 10 K temperature.

1.Ambient Displacer 2.2™ pulse tube, warmer section  3.2™ regenerator, warmer section
4.Precooling heat exchanger 5.2 regenerator, colder section  6.2" pulse tube, colder section
7.Thermal bridge  8.1% regenerator 9.1% pulse tube

Figure 1. Schematic of the thermally-coupled two-stage pulse tube cryocooler

3. Simulation results and discussion
3.1 Effects of the precooling temperature and the location of the precooling heat exchanger

Fig 2 shows the influence of the precooling temperature and precooling location. For the x axis,
Lcoia represents the length of the colder section of the pulse tube. L represents the length of total pulse
tube length (152.5 mm) which consists of 2™ stage pulse tube warmer section, middle heat exchanger
and 2™ stage pulse tube colder section. With a given acoustic power, it is found that, in terms of
cooling power at 10 K, the optimal range of the length of the colder section of the pulse tube is about
0.35 L to 0.5 L. This is different from the paper [13] which gives an optimum value between 0.625 L
and 0.875 L when only the outer surface of the second stage pulse tube was precooled at some position.
If the Loy is too large (especially Lo/l larger than 0.6), it will need more precooling power as fig 2
shows.
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Figure 2. Precooling location vs. Cooling power & Precooling power

It can be seen in Fig 2, with lower precooling temperature, the system can obtain more cooling
power, but it also needs more precooling power. For a more fair evaluation of the system performance
and considering the contribution of the first stage cooler, we define a general relative Carnot efficiency
of the whole system as

— QC / TC 1

g W+Wp To-Te ( )

where Q_ ,are the cooling power and the precooling power, respectively, Tois the ambient

temperature. w;,w are the acoustic power input of the first stage and the second stage pulse tube
cryocooler, respectively.
Here,w; is calculated through precooling power and an assumed relative Carnot efficiency ().

:Qpre/ Tpre 2
Wi To-Tpre

Considering state of the art of the cryocooler technology and most recent results on pulse tube
cryocoolers with work recovery capability [17,18], we assume for the first stage a relative Carnot
efficiency of around 16% at 60 K, 30% at 77 K and 35% at 90 K.

With considering the efficiency of the first stage cooler, Fig 3 shows general relative Carnot
efficiency of the whole system on dependence of the precooling location. It is also seen in Fig 4 that
the total system obtains a larger general relative Carnot efficiency when the precooling temperature is
around 77K, in between 60 K and 90 K. The optimum simulation results indicate that the cryocooler
can obtain 2.0 W cooling power at 10 K with precooling at 77 K. The input acoustic power for the 1%

and 2" stage is 251 W and 295 W, respectively. And it means a general relative Carnot efficiency can
reach 10.7%.
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Figure 3. Precooling location vs. General relative Carnot efficiency of the whole system

3.2 General performance

To take a deeper look into the influence of the middle heat exchanger, the following dicussions
take L.oq /L around 0.5 as a typical example. Selection of Leq /L value makes it convenient to build a
coaxial configuration in the future experiments. Compared with the system without precooling heat
exchanger inside the pulse tube, the performance with precooled pulse tube is improved. Fig 4 shows
that keeping the input acoustic power the same, lowest no-load temperatures reduce by 5.6 K, 5 K and
4.1 K when the precooling temperatures are 60 K, 77 K and 90 K, respectively. The cooling power
curves shifted left-ward as the precooling temperature (Tpre) decreases, which mean a larger cooling
power at the same temperature.
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Figure 4. The temperature of the cold end vs. Cooling power, L., ¢/L=0.5

3.3 Temperature distribution in the 2™ stage pulse tube

The temperature distributions along the second stage pulse tube are shown in Fig 5. It should be
mentioned here that the middle of the regenerator is still precooled for both cases. As can be seen, the
whole pulse tube gets colder if precooled. And the temperature gradient much decreases along the
colder section of the 2™ stage pulse tube, which may be related to the improved performance.
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Figure 5. Comparison of temperature distributions in the 2" stage pulse tube between with and
without precooled pulse tube
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3.4 Available energy losses in the second stage pulse tube
The available energy losses in the pulse tube are also analyzed. The simulation results are shown
in Fig. 6 with a given temperature and acoustic power at the cold end.

When the pulse tube is not precooled, shuttle loss and pumping loss, which is related to the
temperature gradient [19,20], occupy largest fractions. Flow friction loss is the least due to an empty
tube. Fig 6 indicates that about 85% of the losses locate in colder section of the pulse tube. After the
pulse tube is precooled, the shuttle loss and pumping loss in the colder section of the pulse tube reduce
a lot due to the decreasing temperature gradient, which contributes to the apparent decrease of the total
losses in the pulse tube. In terms of entropy generation, these losses decreases the expansion efficiency
of the pulse tube, which is defined as the ratio of enthalpy flow and the PV power at the cold end of
the pulse tube [21]. In fact, when the pulse tube of the 2™ stage is precooled, the expansion efficiency
of the 2™ stage pulse tube rises from 54.6% to 82.8%.
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Figure 6. Comparison of energy losses in the 2™ stage pulse tube between with and without
precooled pulse tube

4. Conclusion

A thermally-coupled two-stage pulse tube with a target of cooling power 1.0 W at 10 K has been
designed and optimized. A precooling heat exchanger inside the 2™ stage pulse tube is introduced into
the system to improve the performance. Results show that after the precooling heat exchanger is added
inside the 2" stage pulse tube, the temperature gradient of the colder section of the pulse tube much
decreases and energy losses of this section also much reduce. There is an optimum precooling
temperature (around 77K) and an optimum location (L., ¢/L around 0.5) of the middle heat exchanger
for a better performance of the general system. Finally, the system is predicted to obtain a relative
Carnot efficiency of 10.7%. Assembling the system is currently underway and some experimental
results will be acquired soon.
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