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CO2 household air-conditioners are difficult to popularize due to their low efficiency. The use of the expander can reduce the throttling loss and increase the cooling capacity of the CO2 system. In this paper, a fully enclosed double-cylinder rotor expander is designed. The structure and working progress are introduced. The factors affecting the efficiency of the expander are theoretically analyzed. The results show that the design of high back pressure can greatly improve the efficiency. Moreover, the relative cylinder height of the first cylinder should be between 0.2 and 0.3, while the relative cylinder height of the second cylinder should be between 0.4 and 0.6. The relative eccentricity should be around 0.1. The expander is very suitable for the condition of high outlet temperature of the gas cooler. There is a peak mass flow rate when the efficiency of the expander is maximum. This paper provides theoretical support for the design and manufacture of expander.
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1 INTRODUCTION
Artificial refrigerants containing chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HFCs) have a severe impact on the ozone layer (Qin et al., 2022). In terms of working substance, with the implementation of the Kigali amendment to the Montreal Protocol, the applications of traditional refrigerant (e.g., HFC with high GWP) are restricted (Abas et al., 2018; Heredia-Aricapa et al., 2020; Luo et al., 2022). Refrigerant replacement is an important part of environmental protection. Among the commonly used natural working fluids, CO2 is the most competitive with the characteristic of environmental friendliness, better heat transfer performance and fluidity, and so on (Cui et al., 2021). The application of CO2 as a natural refrigerant in heating, refrigeration, and air-conditioning systems has become a significant development trend (Wang et al., 2021).
However, the throttling loss of CO2 is large, and the COP of CO2 system is relatively low. Especially for household air-conditioners, CO2 systems are not competitive compared to traditional refrigerants.Lorentzen (1994) put forward the theory of introducing expander into refrigeration cycle for the first time, and believed that when the throttle valve is replaced by the expander, the efficiency of the system will be improved. Wei (2002) demonstrated the superiority of CO2 rotary expander through theoretical design and experimental verification of actual prototype, the results showed that the rotary expander is stable but the efficiency is low.Zhang et al. (2007) designed a double acting free piston expander, in which a slider-based inlet/outlet control scheme was used to realize a full expansion process for the expander. The isentropic efficiency of 62% was obtained from the p–V diagram analysis. Jiang et al. (2013) designed and produced a new two-rolling piston expander. The rotating speed of the expander ranged from 850 to 1,000 rpm, and its efficiency ranged from 28% to 33%. Hu et al. (2015) improved the two-rolling piston expander to increase its efficiency. The experimental results showed that the revised expander had a much higher efficiency compared to the primary one, reaching a maximum of 77% at the revolution speed of 867 rpm, and a maximum recovered expansion work of 242 W at the revolution speed of 770 rpm. Guan et al.(Haiqing et al., 2006) developed a swing piston expander prototype for replacing the throttling valve based on the thermodynamic analysis of the operating conditions of a CO2 transcritical cycle. The isentropic efficiency of the prototype could be more than 28% when running steadily and up to a maximum of about 44%.Ferrara et al. (2016) experimentally analyzed a reciprocating expander developed from a hydraulic motor. The isentropic efficiency would be around 40%.Yang et al. (2009) experimentally investigated the internal working process especially the internal leakage of a rotary vane expander prototype. Results showed that the volumetric efficiency increased from 17% to 30% and the isentropic efficiency from 9% to 23% at the speed of 800 rpm.Li (2019); Li et al. (2022) found that the external leakage of the suction stage of the expander was proposed as the main part of the leakage loss which accounts for 78.4% of the total leakage loss, far exceeding the sum of losses in other phases and other leakage.
Previously research mostly focused on large-capacity expanders. There is a lack of research on CO2 rotor expanders with small capacity for household air-conditioners. At the same time, the efficiency of the existing expanders is generally low. The leakage loss is the major problem affecting the efficiency of the rotor expander. In order to match the capacity of the household air-conditioner and improve the efficiency of the expander, a small fully enclosed double-cylinder CO2 rotor expander is designed in this paper. Theoretical analysis is carried out to study the factors affecting the efficiency of the small fully enclosed expander. This paper provides providing theoretical guidance for the design and manufacture of expanders for household air-conditioners.
2 STRUCTURE AND WORKING PROGRESS OF THE EXPANDER
Aiming to match the capacity of household air-conditioners, the rated capacity of the small fully enclosed double-cylinder CO2 rotor expander is 0.818 cm3 and the rated expansion ratio is 2.5. The small fully enclosed double-cylinder CO2 rotor expander consists of two sets of cylinders and rotors. Its structure is shown in Figure 1. The suction progress is controlled by the first cylinder which is always connected to the intake pipe. And the second cylinder is always connected to the exhaust pipe. The intermediate partition is used to reduce the heat transfer loss of the first and second cylinders. As the rotor rotates, the first rotor, the second rotor and the slide plate form a closed expansion space between the two cylinders. There is a definite angle between the sliding plates of the first and second cylinders to prevent the rotor from stopping due to force balance. The exhaust port of the first cylinder and the intake port of the second cylinder are connected through a connecting hole. Thus double-cylinder CO2 rotor expander does not require separate intake control. The CO2 working fluid is always flowing. Therefore, there is no cam valve stem opening and closing during the intake control process. The pressure pulsation of the system is reduced and the noise caused by the friction between the cam and the valve stem is eliminated. Meantime, in order to reduce the external leakage of the expander, double-cylinder CO2 rotor expander is designed as a fully enclosed type. The back pressure of the expander is high by introducing the high-pressure working fluid in the compressor into the expander.
[image: Figure 1]FIGURE 1 | Structure diagram of the small fully enclosed double-cylinder CO2 rotor expander.
Taking the first cylinder as the reference object, the working process of the double-cylinder rotor expander is as follows:
1) Suction process.
The suction process is shown in Figure 2. When the roller of the first cylinder moves to the rear edge of the inlet of the first cylinder, as shown in Figure 2A and Figure 2D, the suction process begins. The closed space formed by the right side of the slide plate in the first cylinder, the outer surface of the roller in the first cylinder and the inner wall of the cylinder is the suction chamber. At this time, the space formed by the left side of the slide plate in the first cylinder, the outer surface of the roller in the first cylinder and the inner wall of the first cylinder is in communication with the second cylinder. When the roller of the first cylinder moves to the rear edge of the outlet of the first cylinder, as shown in Figure 2B and Figure 2D, the right side of the sliding plate in the first cylinder continues to carry out the suction process. At this time, the working fluid is about to enter the second cylinder through the outlet of the first cylinder, and the second cylinder is about to start suction. When the roller of the first cylinder passes through the front edge of inlet in the first cylinder again, a new cycle starts, as shown in Figure 2C and Figure 2F.
2) Expansion process.
[image: Figure 2]FIGURE 2 | Suction progress. (A) Prepare for suction progress. (B) Suction progress. (C) End of suction progress. (D) Prepare for suction progress. (E) Suction progress. (F) End of suction progress.
The expansion process is shown in Figure 3. When the roller of the first cylinder moves to the front edge of the outlet of the first cylinder, the left side of the sliding plate in the first cylinder, the outer surface of the roller in the first cylinder and the inner wall of the cylinder form an enclosed space. At this time, the suction process has just been completed. As the roller continues to move, an expansion process occurs in this enclosed space until the roller of the second cylinder moves to the front edge of the outlet of the second cylinder.
3) Exhaust process.
[image: Figure 3]FIGURE 3 | Expansion process. (A) Prepare for expamsion progress. (B) Expansion progress. (C) End of expansion progress. (D) Expansion progress.
The exhaust process is shown in Figure 4.When the roller of the second cylinder moves to the front edge of the outlet in the second cylinder, the cavity formed by the left side of the slide plate in the first cylinder, the outer surface of the roller in the first cylinder and the inner wall of the cylinder has just completed the expansion process. The exhaust process is about to start.
[image: Figure 4]FIGURE 4 | Exhaust process. (A) Exhaust process. (B) Exhaust process.
3 Irreversible Loss of the Expansion Process
The irreversible loss of the expander is mainly friction loss and leakage loss. Force analysis of the sliding plate and the roller should be carried out first.
3.1 Force Analysis
Force analysis diagram is shown in Figure 5.
1) The elastic force Fk of spring on the end of slide.
2) The force Fc caused by the back pressure at the end of slide.
3) The force Fh caused by the pressure difference between the suction chamber and the expansion chamber on the part of the slide which inserts into the cylinder.
4) The inertial force Fiv , representing the resultant force of slide.
5) The positive pressure Fn and the friction force Ft between the slide and the rolling rotor. The positive pressures Fr1, Fr2 and the friction forces Frt1, Frt2 between the slide and the slide grooves.
[image: Figure 5]FIGURE 5 | Force analysis diagram.
The detailed description about calculation methods is shown in Appendix A.
3.2 Friction Losses of Expander
The friction losses of the rolling rotor expander are listed below:
1) The loss caused by the friction between the main shaft and the bearing L1.
2) The loss caused by the friction between the eccentric wheel and the cylinder end covers L2.
3) The loss caused by the friction between the eccentric wheel and the rolling rotor L3.
4) The loss caused by the friction between the rolling rotor and the upper caps of cylinder L4.
5) The loss caused by the friction between the rolling rotor and the lower end caps of cylinder L5.
6) The loss caused by the friction between the rolling rotor in the first cylinder and the intermediate partition L6.
7) The loss caused by the friction between the rolling rotor in the second cylinder and the intermediate partition L7.
8) The loss caused by the friction between the rolling rotor and the inner wall of cylinder L8.
9) The loss caused by the friction between the slide and the slide grooves L9.
10) The loss caused by the friction between the rolling rotor and the slide L10.
The detailed description about calculation methods is shown in Appendix A.
3.3 Leakage Losses of Expander
External leakage and internal leakage exist in the actual working process of the expander. External leakage refers to the leakage of the internal working fluid of the expander to the external environment, and internal leakage refers to the leakage of the working fluid from the high-pressure side inside the expander to the low-pressure side. Because the back pressure of the small fully enclosed rotor expander is high pressure, there is no external leakage. The main internal leakages are shown in Figure 6.
1) The leakage loss through the gap between the end cover of the slide and the cylinder LL1.
2) The leakage loss through the gap between the rolling rotor outer surface and the cylinder inner wall of the cut point LL2.
3) The leakage loss through the gap between the rolling rotor and the cylinder end covers LL3.
4) The leakage loss through the gap between the slide and the slide groove LL4.
[image: Figure 6]FIGURE 6 | Internal leakages.
The detailed description about calculation methods is shown in Appendix.
3.4 Other Losses of Expander
In addition to friction loss and leakage loss, there are also pressure drop and clearance loss in the connecting holes of the intermediate partition. In order to simplify the calculation, the heat exchange between the working fluid and the environment and the heat exchange between the working fluid and the lubricating oil leaking into the cylinder are ignored.
3.5 Model Verification
The formula for calculating the efficiency of the expander is:
[image: image]
[image: image]
The expander has been produced. Main constructional parameters of the expander are shown in Table 1. The present model is compared with the experimental data, as shown in Table 2.
TABLE 1 | Main constructional parameters of the expander.
[image: Table 1]TABLE 2 | Comparisons of the theoretical efficiency and practical efficiency.
[image: Table 2]4 RESULTS AND ANALYSIS
4.1 Effect of the Structural Parameters of the Expander
4.1.1 Effect of Intracavity Back Pressure
The back pressure of previously designed expanders is atmospheric pressure or low back pressure (Jiang et al., 2013; Zhao et al., 2014; Hu et al., 2015). The pressure in the expansion chamber is higher than the back pressure, thus making a serious external leakage situation, as shown in Figure 7(Hu et al., 2015). In order to solve this problem, the small fully-enclosed double-cylinder rotor expander introduces the high-pressure working fluid in the compressor into the expander. Thus, the pressure in the expansion chamber is lower than the back pressure, avoiding external leakage loss.
[image: Figure 7]FIGURE 7 | Leakage of the expander.
In addition to the leakage losses, back pressure also affects the friction losses. When the back pressure is the suction pressure, the discharge pressure and the atmospheric pressure, the effect of back pressure on the friction force is shown in Figure 8. The high back pressure is 10 MPa and the low back pressure is 4 MPa. The sudden turning point is the suction angle of the first cylinder and the exhaust angle of the second cylinder. At this time, the pressure in the cylinder changes significantly, so the turning point occurs. It can be found that when the back pressure is high pressure, the positive pressure between the sliding plate and the roller of the first cylinder is much smaller than that when the back pressure is atmospheric pressure and the back pressure is low pressure. Although under the partial angle of the second cylinder, when the back pressure is high pressure, the positive pressure between the sliding plate and the roller is greater than that when the back pressure is atmospheric pressure. On the whole, the positive pressure in the high back pressure condition is still lower. When the back pressure is low pressure, the positive pressure is the lowest. The change of friction between the slide and the roller is consistent with the change of the positive pressure. This is because when the back pressure is low pressure, the difference between the pressure inside the expansion chamber and the pressure outside the expansion chamber is the lowest, and the back pressure is high pressure next. When the back pressure is atmospheric pressure, the difference between the pressure inside the expansion chamber and the pressure outside the expansion chamber is the highest. Also, when the back pressure is high pressure, the friction force between the sliding plate and the sliding plate groove is much smaller than that when the back pressure is atmospheric pressure and the back pressure is low pressure. This is because, when the back pressure is high pressure, the positive pressure between the sliding plate and the sliding plate groove is the smallest, and the friction loss is the smallest. Therefore, when the back pressure of the expander is high, not only the leakage loss of the expander can be reduced, but also the friction loss of the expander can be reduced, thereby improving the efficiency of the expander.
[image: Figure 8]FIGURE 8 | Friction under different back pressures.
4.1.2 Effect of Relative Eccentricity and Relative Cylinder Height
The volume of the working chamber is determined as follow:
[image: image]
The relative cylinder height λ is the ratio of the cylinder height to the cylinder diameter:
[image: image]
The relative eccentricity is the ratio of the eccentricity to the cylinder radius:
[image: image]
When the volume of the expansion chamber is constant, the structure size of the expander is mainly affected by the relative eccentricity ψ and the relative cylinder height λ. The effects of relative eccentricity and relative cylinder height on expander efficiency are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Effect of relative cylinder height and relative eccentricity on expander efficiency.
It can be found that the smaller the relative cylinder height of the two cylinders is, the higher the efficiency of the expander is. This is because the relative height of the cylinder affects the force characteristics and leakage loss. If λ increases, the force on the rolling rotor and the sliding plate will increase. The length of the leakage gap and the friction area between the rolling rotor and the sliding plate will increase, which will worsen the stress condition of the compressor and increase the leakage loss and friction loss. However, λ should not be too small. If λ is too small, the diameter of the cylinder will be greatly increased, that is, the radial dimension is too large, which is unreasonable in structure. When Vs and ψ are constant, λ increases, causing the radial dimension R to decrease, which brings certain difficulties to the installation of the intake pipe and the exhaust pipe. When Vs and R are constant, λ increases, causing ψ to decrease, so that the utilization rate of the cylinder volume is reduced.
At the same time, the relative cylinder height of the first cylinder should be smaller than that of the second cylinder. This is because the process carried out in the first cylinder is mainly suction process. The size of the first cylinder has a great influence on the size of the suction volume. The process carried out in the second cylinder is mainly expansion process and exhaust process. The volume after expansion is greater than the suction volume, so the volume of the second cylinder should be larger than that of the first cylinder. In the actual design and manufacture, in order to facilitate manufacture and ensure size coordination, the cylinder diameter of the first cylinder and the second cylinder shall be consistent. Thus, the relative cylinder height of the second cylinder should be greater than that of the first cylinder. Considering the structure and the efficiency of the expander comprehensively, the relative cylinder height of the first cylinder should be 0.2–0.3, and the relative cylinder height of the second cylinder should be 0.4–0.6.
The relative eccentricity has a great influence on the structural size and the utilization rate of the cylinder volume. The cylinder volume utilization factor is defined as:
[image: image]
The larger the ψ is, the higher the utilization rate of the cylinder volume is. From the perspective of improving the utilization rate of the cylinder volume and reducing the volume and weight of the compressor, the relative eccentricity ψ should be selected as a larger value. However, if the value of ψ is too large, as the eccentricity increases, there are more difficulties in structural design. Ultimately, the reliability and efficiency of the expander are reduced. Considering the cylinder volume utilization rate and expander efficiency comprehensively, the relative eccentricity should be around 0.1.
4.1.3 Effect of the Intermediate Partition
The intermediate partition plays the role of separating the first cylinder and the second cylinder, connecting the exhaust hole of the first cylinder and the intake hole of the second cylinder. The residual working fluid in the intermediate partition cannot expand effectively, resulting in clearance loss. At the same time, there is a pressure drop in the connecting hole. Figure 10 shows the effect of the thickness of the intermediate partition and the diameter of the connecting hole on the expander. It can be found that the smaller the diameter of the connecting hole is, the larger the pressure drop and the smaller the clearance loss is. When the diameter of the connecting hole is too small, the pressure drop will be too large, which will affect the performance and stability of the expander. The diameter of the connecting hole should be 5 ∼6 mm. The length of intermediate partition has little effect on the pressure drop. When the length is shorter, the clearance loss is smaller. If the length of the intermediate partition is too short, the heat insulation is poor, and the heat of the first cylinder will be transferred to the second cylinder through, which will affect the efficiency. The thickness of the intermediate partition should be 4∼6 mm.
[image: image]
[image: Figure 10]FIGURE 10 | The influence of the intermediate partition. (A) Influence on pressure drop. (B) Influence on clearance loss.
4.1.4 Friction Loss
The change of friction loss with the rolling angle is shown in Figure 11. The back pressure is assumed as 10 MPa. It can be found that the loss caused by the friction between the slide and the slide grooves and the loss caused by the friction between the rolling rotor and the slide is the main friction loss of the expander. Among them, the friction loss value of the second cylinder is rather larger than that of the first cylinder. This is because the difference between the pressure inside the expansion chamber of the second cylinder and the pressure outside the expansion chamber is higher than that of the first cylinder, as shown in Figure 8. The frictional force of the second cylinder is far greater than that of the first cylinder.
[image: Figure 11]FIGURE 11 | Variation of friction loss with rolling angle.
4.1.5 Leakage Losses
The change of leakage loss with the rolling angle is shown in Figure 12. The back pressure is assumed as 10 MPa. It can be found that the leakage loss through the gap between the rolling rotor and the cylinder end covers is the most important loss. The size of the leakage loss is directly related to the size of the gap. The contact gap between the roller end face and the cylinder end cover, the roller end face and the intermediate partition can be reduced by means of surface coating.
[image: Figure 12]FIGURE 12 | Variation of leakage loss with rolling angle.
4.2 Effect of the Inlet States of the Expander
The expander efficiency is also affected by the inlet state, mainly the mass flow rate, inlet temperature and inlet pressure, as shown in Figure 13. The value of the back pressure is the same as the inlet pressure. It can be found that for the expander with a certain volume, there is a peak mass flow rate, when the expander efficiency reaches the maximum value. This is because when the mass flow rate increases, the rotating speed and the expansion work also increase. But at the same time, the energy loss is also increasing.
[image: Figure 13]FIGURE 13 | Effect of inlet state on expander efficiency.
The efficiency of the expander decreases as the suction pressure increases. This is because, although theoretically, large inlet pressure is conducive to the acceleration of the rotating speed. The pressure difference between the pressure in the expansion chamber and the pressure outside the expansion chamber is also increasing, and the friction loss increases. At the same time, under the larger inlet pressure, the pressure difference on both sides of the roller increases, and the leakage loss increases.
The efficiency of the expander increasing with increasing inlet temperature. When the outlet temperature of the gas cooler is higher, the throttling loss of the CO2 system is rather large, and the CO2 system efficiency is very low. Meantime, the efficiency of the expander is greatly high, which has a significant effect on improving the system efficiency.
5 CONCLUSION
The use of expander is an effective measure to improve the efficiency of CO2 household air-conditioning systems. In this paper, a fully enclosed double-cylinder CO2 rotor expander was designed, and its structure and working process were introduced. Besides, the factors affecting the efficiency of the expander were studied by the method theoretical analysis, which provides theoretical support for the design and manufacture of the expander. The main conclusions are as following:
1) When the back pressure is the atmospheric pressure or low back pressure, the external leakage loss is serious. The design of high back pressure can avoid external leakage loss, and reduce friction loss. At this time, the positive pressure between the sliding plate and the sliding plate groove is the smallest.
2) The relative cylinder height of the first cylinder should be smaller than that of the second cylinder. Considering the structure and the efficiency of the expander comprehensively, the relative cylinder height of the first cylinder should be 0.2–0.3, and the relative cylinder height of the second cylinder should be 0.4–0.6. The relative eccentricity should be around 0.1.
3) In order to reduce the clearance loss while maintaining a small pressure drop, the connecting hole should be limited between 5 and 6 mm. To ensure thermal insulation while reducing the clearance loss, the thickness of the intermediate partition should be 4∼6 mm.
4) The loss caused by the friction between the slide and the slide grooves and the loss caused by the friction between the rolling rotor and the slide are the main friction losses of the expander. And the main leakage loss is the loss through the gap between the rolling rotor and the cylinder end covers.
5) There is s peak mass flow rate, when efficiency reaches the maximum value. The efficiency of the expander decreases as the suction pressure increases. In the condition when the outlet temperature of the gas cooler is relatively high, the expander will play an increasingly important role.
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APPENDIX A:
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m mass flow rate, kg/s
hin inlet enthalpy of expander, J/kg
hout outlet enthalpy of expander, J/kg
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Wideal ideal work, W
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R expander cylinder radius, m
r rolling rotor radius, m
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e eccentricity, m
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d channel diameter, m
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COP coefficient of performance
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