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Abstract  13 

The Vuilleumier (VM) type pulse tube cryocooler (VPTC) is a new kind of 4K 14 

cryocooler which had been experimentally verified. This paper presents the recent 15 

advances on a 4K VPTC in our laboratory. First, the mechanism of multi-bypass was 16 

numerically studied using Sage software. The results showed that the function of the 17 

multi-bypass is not only similar to a double-inlet, but also to an orifice, which makes 18 

the VPTC work like a two-stage cryocooler. Based on the simulation results, the 19 

performance of VPTC was experimentally studied. Under its optimal operating 20 

conditions, a no-load temperature of 3.7K has been obtained, which is the first 21 

demonstration of a single-stage VPTC obtaining temperatures below 4K. It can supply 22 

about 14mW cooling power at 4.2K and about 100mW cooling power at 35K 23 

simultaneously, which has potential application as the pre-cooler for an adiabatic 24 

demagnetization refrigerator (ADR). Finally, based on this VPTC, a new mK cooling 25 

chain for HUBS (Hot Universe Baryon Surveyor) satellite is proposed and its prospect 26 

has also been theoretically analyzed. 27 
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1. Introduction 36 

With recent developments in quantum physics and cryoelectronics, the need for 37 

cryocooler operating below 4K is increasing. Even though traditional commercial 4K 38 

cryocoolers (GM or GM type pulse tube cryocooler) can meet most requirements, the 39 

use of advanced detectors, such as superconducting nanowire single-photon detectors 40 

(SNSPD)[1], superconducting transition-edge sensor (TES)[2], low-TC SQUIDs[3] and 41 

et al., has given rise to some new challenges for its cooling system. Especially in 42 

space applications, the cryocooler must have smaller size, lower power consumption, 43 

higher efficiency and lower temperature. Therefore, it is important to develop the next 44 

generation cryocooler to meet those challenges. 45 

For the traditional 4K cryocooler, some researchers have made efforts on the 46 

low-power consumption GM type cryocooler, but the large bulk and high power (~ 47 

1kW[4][5]) is still the main obstacle for its application in space applications. The 48 

Joule-Thomson (J-T) cryocooler is the traditional 4 K cryocooler, which has been 49 

used in the ASTRO-H [6] and SNSPD missions. This type of cryocooler needs to be 50 

precooled by another 20K cryocooler. So this hybrid 4K cooling system has the 51 

disadvantage of complexity and some technical risks of internal wear, outgassing, etc. 52 

Even worse, some impurities in helium may block the J-T valve and result in cooling 53 

system failure[7]. Therefore, it is advantageous to develop alternative cooling methods. 54 

The Multi-stage High frequency Stirling type pulse tube cryocooler (HSPTC) is 55 

one relatively new cryocooler capable of reach 4K[8][9][10][11]. Because there are no 56 

moving components in its cold finger, the HSPTC has the advantages of compactness, 57 
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long life, and low vibration. And based on the Stirling cycle, this type cryocooler 58 

should have more potential to obtain a higher efficiency. But until now, HSPTC is 59 

very difficult to obtain the temperature below 4K, even by using helium-3[12][13]. That 60 

is because HSPTC is normally working at the frequency above 20Hz driven by a 61 

linear compressor. The high-frequency oscillating flow generates high pressure drop 62 

loss in regenerator, which makes it difficult to achieve high efficiency at 4 K. So a 63 

feasible way to increase its efficiency is to develop the Low frequency Stirling type 64 

pulse tube cryocooler (LSPTC).  65 

A VM type pulse tube cryocooler (VPTC) is driven by a thermal-compressor, 66 

and is a new type of LSPTC. Dai et al. introduced the concept of VPTC and built a 67 

cryocooler, which obtained the lowest temperature of 3.5 K by using 77 K and 20 K 68 

pre-coolers[14]. This work demonstrated its capacity to operate at liquid helium 69 

temperatures. More recently, Wang et al.[15][16] developed a 15 K single-stage VPTC 70 

by using an 80 K Stirling type PTC as pre-cooler, and then a lowest temperature of 71 

7.58K has been obtained after optimizing. In our laboratory, VM type cryocooler has 72 

been in development for many years. The “first generation” VPTC in our laboratory 73 

obtained a no-load temperature of 2.5K [17][18][19]. In our “second generation” VPTC, 74 

we removed its displacer in the first stage and developed a single-stage structure for 75 

practical application. We successfully obtained a no-load temperature of 4.9K in the 76 

second generation VPTC [20]. These results showed great potential to be the 77 

next-generation pulse tube cryocooler.  78 

This paper presents the recent advance on the second generation VPTC. First, the 79 
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evolution of our VPTC will be presented and its advantages will be discussed. Then, 80 

the mechanism of multi-bypass is numerically studied and clarified. After optimizing 81 

its performance, the phase relationship distributions and exergy-loss distributions will 82 

be presented. The interaction of multi-bypass and double-inlet was studied 83 

comprehensively and optimized by experiment. The influence of orifice, operating 84 

frequency and average pressure on the multi-bypass was also experimentally studied. 85 

Finally, the optimal performance of this VPTC is presented. And based on this VPTC, 86 

an alternative sub-kelvin cooling chain is proposed. 87 

2. Evolution of cryogen-free VM type pulse tube cryocooler 88 

Figure 1 shows the evolution from the first generation VPTC to the second 89 

generation VPTC and the next-generation VPTC. There are mainly three changes at 90 

present work from the first generation: 91 

(1) Cryogen-free. A dry 77K mechanical cryocooler, GM cryocooler (only the 92 

first-stage being used), was used to replace the liquid nitrogen as pre-cooler. The 93 

facilitated measuring the power consumption of the thermal-compressor. Because 94 

the pre-cooling power is used more efficiency, the new structure also increase the 95 

efficiency of our second generation VPTC (the exergy efficiency is about 0.6% in 96 

our previous paper [18][19], and the exergy efficiency increases to about 0.9% as 97 

shown in the next section). 98 

(2) Removed the displacer and reduced the stroke of the thermal-compressor. A pulse 99 

tube was used to replace the displacer in the former VPTC. So the vibration 100 

would be lower and the heat losses caused by movement were eliminated, such as 101 
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the shuttle loss, leakage loss, abrasion loss, etc. In addition, the stroke of 102 

thermal-compressor was reduced from 32mm to 20mm, so the input power of our 103 

second generation VPTC was much smaller than before. Reducing the stroke was 104 

also expected to reduce vibration. 105 

(3) Single-stage structure. A multi-bypass was used to simplify the former 106 

gas-coupled structure (two-stage). It makes the system more compact and easier 107 

to integrate with applications. The smaller mass is also very important for space 108 

applications. 109 

In the next-generation VPTC, a high-efficiency 77K pulse tube cryocooler, 110 

currently being designed, will replace the present GM cryocooler. This is a critical 111 

step for demonstrating, a hybrid 4K cooling chain that can be used in space. 112 

3. Numerical simulation and discussion 113 

3.1 Ssimulation model 114 

The numerical simulation was conducted by using SAGE10.0 software [21], a 1D 115 

simulation program based on Navier-Stokes equations. The LTcooler module was 116 

used to build the simulation model of the VPTC. As shown in Figure 2, the whole 117 

model was composed by each submodule, and the parameters of each part are shown 118 

in table 1. In the simulation, the operating frequency was kept at 2Hz, and the average 119 

pressure at 1.0MPa. In order to analyze the mechanism of multi-bypass and its 120 

difference from a double-inlet, the resistance of orifice (capillary tube) was set a 121 

constant value. 122 

3.2 Simulation results and discussions 123 

3.2.1 The mechanism of multi-bypass 124 
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Multi-bypass, invented by Zhou and Han, enables the PTC to reach a lower 125 

temperature [22]. By using a multi-bypass, a single-stage SPTC has obtained a no-load 126 

temperature of 13.9K, which was better than some two-stage SPTC[23][24]. In our 127 

previous work, the multi-bypass was used in the VPTC and obtained a lowest 128 

temperature of 4.9K [20]. To further clarify its mechanism, its function was 129 

numerically compared with double-inlet, because double-inlet has been studied 130 

widely. 131 

Figure 3 (a-d) shows the simulation results. Figure 3-a and 3-b are the results of 132 

double-inlet and figure 3-c and 3-d are the results of multi-bypass. Similar to the 133 

double-inlet, there exists an optimal value for the opening of the multi-bypass that 134 

yields the lowest no-load temperature. Different from the double-inlet, the 135 

temperature of multi-bypass stage would decrease with the opening of multi-bypass 136 

because some amount of working gas would flow through multi-bypass and generate 137 

cooling effect. But for the double-inlet, the temperature of multi-bypass stage (the 138 

same position) would increase. It is because the double-inlet would decrease the input 139 

acoustic power of cryocooler. 140 

Similar to the double-inlet, the multi-bypass can improve the phase relationship 141 

between mass flow rate and pressure in the cold end, shown in the figure 3-d. But the 142 

phase adjusting capability of multi-bypass is weaker than double-inlet. On the other 143 

hand, the optimal opening of multi-bypass for the lowest temperature does not 144 

correspond to the best phase relationship. It is different from double-inlet in which the 145 

optimal opening was the same for the lowest temperature and phase relationship. It 146 
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can be explained from the viewpoint of input acoustic power. With the opening of 147 

multi-bypass or double-inlet, the input acoustic power of regenerator-2 would 148 

decrease correspondingly. But the input acoustic power of regenerator-2 decreased 149 

more obvious with increasing of multi-bypass. So before its phase relationship 150 

reaching to the optimal value, the input acoustic power has decreased too small to 151 

generate enough cooling power to overcome heat losses, which makes it higher 152 

temperature at the optimal phase relationship. 153 

3.2.2 The interaction between double-inlet and multi-bypass 154 

Figure 4 shows the interaction between a double-inlet and multi-bypass. The 155 

opening of the multi-bypass has values of 0.3mm, 0.4mm and 0.5mm, but the opening 156 

of double-inlet varied from 0.3-0.9mm. When a multi-bypass is used, the double-inlet 157 

has two effects. First, the temperature of the multi-bypass stage decreases with the 158 

increasing opening of double-inlet, which is different from the trend in Figure 3-a. 159 

This further showed that multi-bypass has a cooling effect similar to another stage. 160 

Second, the optimal opening of the double-inlet depends on the opening of the 161 

multi-bypass. The optimal value first decreases and then increase, and after the best 162 

coupling with multi-bypass, its optimal value would decrease slightly. Based on this 163 

optimization process, a lowest temperature of 3.69K was obtained with the optimal 164 

opening of multi-bypass 0.4mm and double-inlet 0.8mm. With these parameters, the 165 

temperature of multi-bypass stage was about 34.8K. 166 

3.2.3 The distribution of phase relationship 167 

The distributions of phase relationship in the VPTC are presented in Figure 5. 168 
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Here, the phase angles were expressed by the leading angle of mass flow rate to 169 

pressure. Because the phase of pressure almost didn’t change in the VPTC, the 170 

positive real axis was used to present all the phases of pressure. In figure 5, if the 171 

mass flow rate is in quadrant Ⅰ or Ⅱ, it meant the mass flow rate leaded the pressure. 172 

But if the mass flow rate is in quadrant Ⅲ or Ⅳ, it meant the mass flow rate lagged 173 

pressure. Here, the subscript “tc” means thermal-compressor, the subscript “r” means 174 

regenerator, the subscript “p” means pulse tube, the subscript “i” means inlet, and the 175 

subscript “o” means outlet. The subscript “1” and “2” can be found in figure 1. 176 

In figure 5, the red arrows located at the Ⅲ quadrant are the phase relationships 177 

in the thermal-compressor. This means the propagation direction of acoustic power 178 

was negative. Therefore, in the VPTC, the acoustic power is generated in the cold 179 

cavity of thermal-compressor and propagated into the pulse tube cryocooler and the 180 

hot end of thermal-compressor. Figure 5-a shows the distributions of phase 181 

relationship without double-inlet and multi-bypass. It is the typical phase relationship 182 

in the orifice type pulse tube cryocooler [25]. Figure 5-b shows the distributions of 183 

phase relationship at the optimal condition. Even though the phase of mass flow rate 184 

was still leading the pressure in the regenerator, the phase difference has been reduced, 185 

as seen in the phase of m��,�� . This result was also shown in figure 3. The main reason 186 

was the phase in the pulse tube had been changed by the double-inlet and 187 

multi-bypass. As shown in figure 5-b, because of the effect of multi-bypass, the phase 188 

of mass flow rate was almost same as the pressure at the outlet of pulse tube 2. This 189 

relationship is the same as for an orifice pulse tube cryocooler. So from the view of 190 
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phase relationship, the multi-bypass has functions like an orifice, yielding behavior 191 

similar to a two-stage cryocooler. And for the double-inlet, figure 5-b shows that it 192 

would make the phase of mass flow rate lag to the pressure at the outlet of pulse tube 193 

1. So it would realize the same-phase for the mass flow rate and pressure in the 194 

midpoint of pulse tube 1. This also reduces the phase difference at the cold end. 195 

In sum, the simulation showed the multi-bypass has two functions. First, 196 

multi-bypass has the similar function as double-inlet (located at lower temperature), 197 

which can improve the phase relationship in the cold end and reduce acoustic power 198 

transferring to the cold end. Second, multi-bypass has the similar function as orifice, 199 

which makes it work like as another stage, generating a lower temperature at the 200 

position of the multi-bypass. 201 

3.2.4 The distribution of exergy loss 202 

Finally, figure 6 shows the distribution of exergy loss in VPTC. Here, we refer 203 

the reader to our previous work [18] for the detailed definition of exergy loss. As 204 

mentioned previously, the acoustic generated in the cold cavity of thermal-compressor. 205 

The acoustic power, as exergy flow, flows into thermal-compressor and cryocooler. In 206 

the optimal case, a total of 23.25W acoustic power is generated in the cold cavity of 207 

the thermal-compressor. About 8.5W of acoustic power flowed into the 208 

thermal-compressor, and about 14.75W of acoustic power flowed into the cryocooler. 209 

Figure 6 also gives the amount and the percentage of exergy loss in each part. The 210 

results shows that the main exergy loss in the thermal-compressor was the loss in the 211 

heat exchanger, and the main exergy loss in the cryocooler was the loss in the 212 
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regenerator. There is additional exergy loss in the thermal-compressor, the shuttle loss 213 

caused by movement of the displacer. Its value was about 20W, so it is the largest loss 214 

in the VPTC. For this case, a total of about 43.25W cooling-power is needed to 215 

precool the VPTC at 77K. 216 

4. Experiment and discussions 217 

4.1 Experimental system 218 

Figure 7 shows the picture of the experimental system. It was the same as our 219 

previous system [20], and was precooled by Sumitomo RDK-415D cryocooler. As 220 

shown in the figure 7, the displacer of thermal-compressor was driven by a crankshaft. 221 

Its stroke was about 20mm, and operated at the range 0~3Hz. The pulse tube 222 

cryocooler was coaxial in structure and a picture of each part can be found in figure 7. 223 

The detailed parameters of thermal-compressor and pulse tube cryocooler can be 224 

found in table 1. In the experiment, the pressure in the hot cavity was measured by a 225 

capacitive differential pressure sensor. The temperature was measured by Rh–Fe 226 

resistance thermometer calibrated by TIPC (with accuracy of 0.1 K). 227 

4. 2Experimental results and discussions 228 

4. 2.1 Interaction between double-inlet and multi-bypass 229 

In order to find the optimal interaction between double-inlet and multi-bypass, 230 

three multi-bypasses with different opening of double-inlet were studied: 0.38mm, 231 

0.5mm and 0.55mm. The case of 0.45mm multi-bypass has been studied in our 232 

previous work [20], but the influence of double-inlet was not studied in that case, so it 233 

was not used to compare with the other results. Figure 8 shows the influence of 234 
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double-inlet on the different openings of the multi-bypass. The optimal double-inlet 235 

for the multi-bypass of 0.38mm was about 0.75mm. For the multi-bypass of 0.5mm, 236 

its optimal value decreased to about 0.6mm, and then increases to about 0.75mm for 237 

the multi-bypass of 0.55mm. Its changing trend was partly consistent with the 238 

simulation results in the figure 4. In the simulation, the optimal opening of 239 

double-inlet would decrease again after the best coupling value, but the optimal value 240 

in the experiment did not follow that trend. This discrepancy has been found in other 241 

reference by using Sage software [18] [26]. This is mainly because that Sage is a 1-D 242 

software, which cannot simulate the flow and heat transfer in the cryocooler 243 

accurately, especially in such low temperature. 244 

In the present experimental results, the optimal opening of multi-bypass was 245 

about 0.5mm and the corresponding opening of double-inlet was about 0.65mm. With 246 

this optimal opening, this VPTC has obtained a lowest no-load temperature of 3.7K, 247 

and it can supply about 14mW cooling power at 4.2K. It is the first time for 248 

single-stage VPTC to obtain the temperature below 4K. Its performance has reached 249 

or even exceeded some two-stage VPTC [14]. 250 

4.2.2 Influence of orifice 251 

The orifice, as the traditional phase shifting method, has an important effect on 252 

the operating parameters of a VPTC. As shown in our previous work, a capillary tube 253 

was used as the orifice. In present work, a length of 50mm capillary tube was added 254 

on the former capillary tube (∅1mm× 3m), called capillary tube-1. The influence of 255 

its inner diameter was studied in the present experiment. 256 
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Figure 9 shows the influence of capillary tube-1 on the temperature of cold end 257 

and multi-bypass stage. With an increase of the inner diameter of capillary tube-1, the 258 

temperature of cold end would decrease. But for the temperature of multi-bypass 259 

stage, its temperature would increase first and then decrease. It is to say that a higher 260 

or lower resistance of orifice all can obtain a lower temperature for the multi-bypass. 261 

The reason is related to its optimal operating frequency, as shown in the figure 10.  262 

Figure 10 shows that the optimal operating frequency was in positive correlation 263 

with the diameter of capillary tube. A higher operating frequency would consume 264 

more pre-cooling power in the thermal-compressor and result in a higher inlet 265 

temperature of hot end. That is because a lower resistance of orifice means more 266 

working gas flowing into pulse tube and gas reservoir. Also, a higher phase shifting 267 

capacity is needed to satisfy the phase relationship in the PTC. So its optimal 268 

operating frequency would increase to improve its phase adjusting capability. On the 269 

other hand, the temperature of multi-bypass stage is affected by both the amount of 270 

working gas and the inlet temperature of hot end. A lower orifice resistance can also 271 

lead more working gas flowing through the multi-bypass and generate a more 272 

significantly cooling effect, which can make a lower temperature of multi-bypass 273 

stage. On the contrary, it would lead a higher inlet temperature of hot end, which can 274 

make a higher temperature of multi-bypass stage. Therefore, the lower inlet 275 

temperature of hot end makes a lower temperature of multi-bypass stage for capillary 276 

tube of 0.5mm, and a more amount of working gas flowing through the multi-bypass 277 

also makes a lower temperature of multi-bypass stage for capillary tube of 0.7mm and 278 
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1mm. 279 

4.2.3 Influence of operating parameters 280 

Figure 11 shows the influence of operating frequency on the temperature of 281 

multi-bypass stage and cold end. There is an optimal operating frequency (about 282 

1.57Hz) for the cold end. But for the multi-bypass, its temperature would increase 283 

with an increase of operating frequency. This is mainly because a higher operating 284 

frequency generates a larger flowing resistance, which results in a smaller amount of 285 

working gas flowing through multi-bypass stage. Besides, the inlet temperature of hot 286 

end would increase with the increasing of operating frequency. Those all result in a 287 

higher temperature of the multi-bypass stage. 288 

Figure 12 shows the influence of average pressure on the temperature of 289 

multi-bypass stage and cold end. Similar to the influence of operating frequency, there 290 

is an optimal average pressure (about 1.2MPa) for the temperature of cold end. But 291 

for the multi-bypass, its temperature would increase with the increase of average 292 

pressure. The main reason is that a higher average pressure increases the loading of 293 

the regenerator and the inlet temperature of hot end. Those all make the temperature 294 

of multi-bypass stage higher. 295 

4.2.4 Thermal performance 296 

After optimizing all above parameters, a lowest no-load temperature of 3.7K has 297 

been obtained in present VPTC, and a corresponding temperature of multi-bypass 298 

stage of about 33.2K. Figure 13 and figure 14 show the cooling power of the cold end 299 

and multi-bypass. The cold end can supply about 14mW cooling power at the 300 
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temperature of 4.2 K, and its multi-bypass can supply above 100mW cooling power at 301 

the temperature of 35K. In this condition, the pre-cooling temperature of the GM 302 

cryocooler was about 45K and the temperature of hot end (VPTC) was about 80K. 303 

When 100mW heating was added at the multi-bypass stage, the temperature of cold 304 

end increased just 0.08K. So this VPTC can supply cooling power at cold end and 305 

multi-bypass stage simultaneously. Because this VPTC needs only about 35W 306 

precooling power at 80K, its total input electrical power of this cryocooler should be 307 

below 400W when a high-efficiency 77 K PTC is used as pre-cooler. So the relative 308 

Carnot efficiency of present VPTC could reach higher than 0.25%. 309 

5. Prospect of its application in cooling system of HUBS 310 

HUBS (Hot Universe Baryon Surveyor) is being conceptualized in China as a 311 

major X-ray mission for the next decade. It is designed to be highly focused 312 

scientifically, with the primary driver being to look for "missing baryons". The 313 

superconducting transition-edge sensor (TES) is the key technology in HUBS, which 314 

requires cooling to below 100mK. 315 

Based on this VPTC, a new cooling chain from 300K to 100mK can be designed, 316 

as shown in figure 15. This cooling chain can supply cooling to three radiation shields 317 

at 80K, 35K and 3.7K respectively. Considering the areas of each radiation shield (0.9 318 

m2, 0.5 m2 and 0.2 m2), the theoretical radiation load for each is about 7.5W@80K, 319 

15mW@35K and 0.25mW@4K respectively. Adding the heat consumption for the 320 

thermal-compressor, this cooling chain needs no more than 45W cooling power at 321 

77K. By using two 25W@77K high-efficiency PTC as pre-cooler on the both sides of 322 



16 

 

thermal-compressor, the total input electrical power could be below 600W. So it is 323 

theoretically possible that this new cooling chain has the capability of pre-cooling the 324 

ADR and isolating radiation heat leakage for ADR. In the future works, the VPTC 325 

with two multi-bypasses or two-stage VPTC may be designed and built to obtain the 326 

temperature around 2.2K. In that case, a single-stage ADR could obtain the 327 

temperature below 100mK. 328 

6. Conclusion 329 

In this paper, the recent advance on the 4K VPTC in our laboratory is presented. 330 

The most important element of the VPTC, the multi-bypass, was numerically studied. 331 

From the view of phase relationship and acoustic power of cold end, the function of 332 

the multi-bypass is similar to a double-inlet, and from the view of the distribution of 333 

phase difference, its function is similar to an orifice. Those two aspects make it work 334 

effectively as a two-stage cryocooler. 335 

 The factors that impact the performance of VPTC were experimentally studied. 336 

The results showed that the best coupling of multi-bypass and double-inlet for this 337 

VPTC is 0.5mm opening of multi-bypass and 0.65mm opening of double-inlet. For 338 

the orifice, it can change the optimal operating frequency of VPTC, and then affect 339 

the lowest temperature of cold end. For the operating parameters, the results showed 340 

that a higher operating frequency and a higher average pressure can result a higher 341 

temperature on the multi-bypass stage. But for the temperature of cold end, there 342 

existed an optimal value for each factor, which were 1.57Hz for frequency and 343 

1.2MPa for average pressure. Finally, after optimization, a no-load temperature of 344 
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3.7K has been obtained in this VPTC, and it can supply about 14mW cooling power 345 

and about 100mW cooling power at 35K simultaneously, 346 

Based on this VPTC, a new cooling chain from 300K to 100mK is proposed. 347 

After further development, the GM precooler in present system will be replaced by 348 

another 77K HSPTC, a key step in demonstrating a spaceworty cooling system for the 349 

HUBS satellite. 350 
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Figure Captions: 420 

Table 1 System configuration parameters 421 

 422 

 423 

Figure 1 The evolution from hybrid two-stage gas-coupled VPTC to the single-stage 424 

VPTC with multi-bypass. 425 

Figure 2 The simulation model in the Sage software. 426 

Figure 3 Simulation results of the interaction between double-inlet and multi-bypass. 427 

 Components Parameters 

Thermal-comp

ressor 

Hot heat exchanger Diameter of 5 mm, length of 200 mm 

Regenerator 

Annular structure, inner diameter of 23.6 

mm, outer diameter of 45 mm, length of 120 

mm, filling 80# stainless steel screens (SS) 

with porosity of 70.7 % 

Cold heat exchanger Diameter of 3 mm, length of 200 mm 

PTC 

Regenerator 1-1 

Annular structure, inner diameter of 12.5 

mm, outer diameter of 30 mm, length of 40 

mm,  filling 200# stainless steel screens 

(SS) with porosity of 69.1 % 

Regenerator 1-2 

Annular structure, inner diameter of 12.5 

mm, outer diameter of 30 mm, length of 50 

mm,  filling lead sphere (0.4mm), with 

porosity of 37 % 

Regenerator 2-1 

Annular structure, inner diameter of 8.5 mm, 

outer diameter of 18 mm, length of 40 mm, 

filling Er3Ni sphere (0.2mm), with porosity 

of 37 % 

Regenerator 2-2 

 

 

Annular structure, inner diameter of 8.5 mm, 

outer diameter of 18 mm, length of 40 mm, 

filling HoCu2 sphere (0.2mm), with porosity 

of 37 % 

Pulse tube 1 Diameter of 12.1 mm, length of 90 mm 

Pulse tube 2 Diameter of 8.5 mm, length of 80 mm 

Phase shifters 

Capillary tube & 

Reservoir 

Diameter of 1 mm, length of 2500 mm 

Volume of gas reservoir is 5×10-4 m3 

Double-inlet Opening from 0~0.5mm 

Multi-bypass Opening from 0~1mm (×4) 
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Figure 4 The distributions of phase difference in the VPTC. (a. without multi-bypass 428 

and double-inlet; b. with optimal multi-bypass and double-inlet) 429 

Figure 5 The distributions of exergy loss in the VPTC. 430 

Figure 6 The picture of experimental system. 431 

Figure.7 The simulation results of double-inlet and multi-bypass (a. the temperatures 432 

changing with different double-inlet; b. the phase differences with different 433 

double-inlet; c. the temperatures changing with different multi-bypass; d. the phase 434 

differences with different multi-bypass). 435 

Figure.8 The interaction between double-inlet and multi-bypass. 436 

Figure.9 The influence of orifice on the temperature of cold end and multi-bypass. 437 

Figure.10 The influence of orifice on the optimal operating frequency and inlet 438 

temperature of hot end. 439 

Figure.11 The influence of operating frequency on the temperature of cold end and 440 

multi-bypass. 441 

Figure.12 The influence of average pressure on the temperature of cold end and 442 

multi-bypass. 443 

Figure.13 The cooling power of cold end. 444 

Figure.14 The cooling power of multi-bypass. 445 

Figure.15 The design of new mK cooling chain for HUBS. 446 


































