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Abstract

:

A carbon dioxide (CO2) refrigeration system in a transcritical cycle requires modifications to improve the coefficient of performance (COP) for energy saving. This modification has become more important with the system’s more and more widely used applications in heat pump water heaters, automotive air conditioning, and space heating. In this paper, a single vortex tube is proposed to replace the expansion valve of a traditional CO2 transcritical refrigeration system to reduce irreversible loss and improve the COP. The principle of the proposed system is introduced and analyzed: Its mathematical model was developed to simulate and compare the system performance to the traditional system. The results showed that the proposed system could save energy, and the vortex tube inlet temperature and discharge pressure had significant impacts on COP improvement. When the vortex tube inlet temperature was 45 °C, and the discharge pressure was 9 MPa, the COP increased 33.7%. When the isentropic efficiency or cold mass fraction of the vortex tube increased, the COP increased about 10%. When the evaporation temperature or the cooling water inlet temperature of the desuperheater decreased, the COP also could increase about 10%. The optimal discharge pressure correlation of the proposed system was established, and its influences on COP improvement are discussed.
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1. Introduction


In recent years, the ever-increasing menace of ozone layer depletion and global warming has caused a great deal of attention to be paid by environmental protection and energy-saving refrigerant insiders. The natural refrigerant CO2, which is a probable replacement for conventional refrigerants such as HCFCs (R22) or HFCs (R134a and R404A), is environmentally friendly (ODP (Ozone Depletion Potential) = 0, GWP (Global Warming Potential) = 1), nonflammable, and nontoxic. At a given saturation temperature and pressure, the surface tension, liquid viscosity, and ratio of liquid to vapor density of CO2 are the lowest [1]. CO2 also has excellent heat transfer coefficients and compatibility with the materials of refrigeration systems. As an environmentally friendly refrigerant that replaces traditional refrigerants, CO2 has been popularized in heat pump water heaters, automotive air conditioners, and heating applications [2]. However, CO2 has a relatively high operating pressure due to its low critical temperature (31.1 °C) and high critical pressure (7.38 MPa): A transcritical cycle system is usually adopted. When an expansion valve is used for isenthalpic expansion, the irreversible loss it causes is as high as 40%, which is higher than that of a compressor [3]. Therefore, the coefficient of performance (COP) of a CO2 transcritical refrigeration system is usually low, and reducing cycle irreversible loss becomes an important way to improve the COP of a CO2 system. There are many ways to improve performance, such as a vortex tube, multistaging, an internal heat exchanger, or an expansion turbine and ejector [3,4,5,6,7,8].



A vortex tube is a mechanical device operating as a refrigerating machine without any moving parts, using the Ranque–Hilsch effect to separate a compressed gas stream into a low total temperature region and a high one. Currently, most vortex tube research is generally about compressed air [9,10,11,12,13,14]: There are a few studies on refrigerants such as CO2 existing in a gas–liquid phase transition, but they are not comprehensive enough. In 2000, Li et al. [4] first proposed the use of vortex tubes instead of expansion valves to reduce irreversible losses. A simple thermodynamic analysis and calculation under the same operation conditions to compare the irreversible loss of the expansion valve, vortex tube, and turbine expander as throttle devices of a CO2 transcritical refrigeration cycle were performed by Li and Groll et al. [4,5]. The research showed that the use of a vortex tube as an expansion device in a CO2 transcritical cycle is a promising cycle modification in improving a system performance COP.



These articles focused on the performance of a system under a given operation condition and not under various operation conditions. As is known, due to the particular characteristics of CO2 transcritical refrigeration cycles, there is an optimal discharge pressure under which the COP is at a maximum, and the optimal discharge pressure is a function of the system operation conditions. For CO2 transcritical refrigeration systems with an expansion valve, the optimal discharge pressure correlation has been studied [15]. However, for the proposed system, the optimal discharge pressure correlation is more complex and has not been studied. In addition, the effects of vortex tube characteristics on CO2 transcritical refrigeration cycles need further research.



Based on a thermodynamic analysis and a performance simulation, a CO2 transcritical refrigeration system with a vortex tube (i.e., the proposed system) was studied, and the COP improvement of the proposed system compared to a CO2 transcritical refrigeration system with an expansion valve (i.e., a basic system) was analyzed for this paper. The optimal discharge pressure correlation of the proposed system was established, and COP improvement under the optimal discharge pressure was studied.




2. Materials and Methods


2.1. CO2 Transcritical Refrigeration System with an Expansion Valve (i.e., a Basic System)


In traditional CO2 transcritical refrigeration systems, one expansion valve is used, as shown in Figure 1. From Figure 1, it can be seen that high-pressure and high-temperature CO2 is discharged from the compressor (state 2b), and after a nonphase change heat release process (state 2b to state 3) via a gas cooler, CO2 enters the expansion valve and is expanded from a supercritical state to a vapor–liquid two-phase state (state 3b). Then, it enters the evaporator to absorb heat. Finally, CO2 returns to the compressor.




2.2. CO2 Transcritical Refrigeration System with a Vortex Tube (i.e., the Proposed System)


A conventional vortex tube mainly contains an inlet nozzle, a vortex chamber, a cold-end orifice, a hot-end control valve, and a tube. It converts a gas flow initially homogeneous in temperature into two separate flows of differing temperatures. Due to the expansion of high-pressure CO2 through the vortex tube nozzle into the vapor–liquid two-phase zone, the vortex tube in this paper adds a saturated liquid outlet compared to the conventional vortex tube, as shown in Figure 2. The saturated liquid is collected in a ring inside the vortex tube (100% separation efficiency).



The basic cycle and the proposed cycle of CO2 transcritical refrigeration systems (in a pressure (P)–enthalpy (h) diagram) are shown in Figure 3, and each state point code corresponds to the states of systems in Figure 1 and Figure 2. In Figure 3, states 2s and 3s indicate the states when the compression process and the expansion process are isentropic processes, respectively.



From Figure 2 and Figure 3, it can be seen that CO2 is expanded from discharge pressure P (i.e., the gas cooler outlet pressure) to evaporation pressure Pe and divided into three fractions, including saturated liquid (state 4), which is collected by a groove inside the vortex tube; saturated vapor (state C); and superheated gas (state H). The saturated liquid and saturated vapor are mixed again (state 6) and go through the evaporator to give a useful cooling effect. The superheated gas is cooled in the desuperheater to state 5 and then mixed with the gas from the evaporator (state 7) to be state 1 before entering the compressor.



The cycle processes of a basic CO2 transcritical refrigeration system and the proposed system can also be described as shown in Figure 4.



It can be seen from Figure 3 that the enthalpy of the outlet of the vortex tube nozzle (state 3′) is lower than that of the expansion valve outlet (state 3b), and state 3′ is closer to the isentropic state 3s than state 3b. This is due to the higher isentropic effect of the vortex tube nozzle, which reduces the irreversible loss of the CO2 transcritical refrigeration cycle. At the same time, the superheated gas CO2 (state H) separated by the vortex tube is cooled by the desuperheater (state 5) to further reduce the suction temperature of the compressor and improve the system performance COP.




2.3. Mathematical Models and Assumptions


The coefficient of performance of a refrigeration system is the ratio of the cooling capacity provided over the input power of the compressor. According to Figure 3, the calculation of COPb for a basic system with an expansion valve is the following:


COPb=(h7−h3b)(h2b−h7).



(1)




The vortex tube nozzle outlet enthalpy h3′ at given nozzle efficiency ηn can be calculated by


h3′=h3−ηn×(h3−h3s).



(2)




Then, the vapor quality is found (x = x (Pe, h3′)) by using the thermodynamic property code in Refprop [16].



The definition of the cold mass fraction y can be calculated by


y=mCmH+mC.



(3)




Assuming that the refrigerant mass flow rate entering the vortex tube is 1 kg/s, and the liquid (1 − x) kg is separated from the vortex tube, then the total mass flow rate from the cold end at state C and from the hot end at state H is x, i.e.,


mH+mC=x.



(4)







Solving Equations (3) and (4), the fraction of saturated vapor is separated as saturated gas at the cold end, mC = x ×y, and the rest absorbs all the kinetic energies and is separated as superheated gas at the hot end: mH = x × (1 − y), as shown in Figure 2. Based on the first law of thermodynamics, the enthalpy of the superheated gas hH is given by


hH=h3′−(1−x)×h4−x×y×hCx×(1−y).



(5)







State 6 is the mixing point of state 4 and state C, so h6 can be found by


h6=(1−x)×h4+x×y×h7(1−x+x×y).



(6)







State 5 can be found by using the effectiveness of desuperheater ε,


t5=tH−ε×(tH−twi).



(7)




State 1 is the mixing point of state 5 and state 7, so enthalpy at state 1 is found by


h1=x×(1−y)×h5+(1−x+x×y)×h7.



(8)







For given compressor efficiency and compressor discharge pressure P, enthalpy at state 2 can be found by


h2=h1+ηc×(h2s−h1).



(9)







Based on the above calculation, the COPv of the proposed system is obtained by


COPv=(1−x+x×y)×(h7−h6)h2−h1.



(10)







The code “Imcop” is utilized to describe the COP improvement of the proposed system over the basic system, and it is calculated using the following equation,


Imcop = (COPv − COPb) × 100%/COPb.



(11)







The following assumptions are made to simulate the system’s performance:

	
The heat transfer effectiveness of the desuperheater is 0.8;



	
The CO2 compressor isentropic efficiency is 0.8.








The vortex tube characteristics that influence the COP include the vortex tube isentropic efficiency ηn and the cold mass fraction y. The main thermodynamic parameters that influence the COP include the vortex tube inlet temperature T3 (i.e., the gas cooler outlet temperature), the discharge pressure P, the water inlet temperature of the desuperheater Twi, and the evaporation temperature T6. The setting of these parameters is shown in Table 1. The reference values also mean the typical values of the variables. In the following simulation, when the impact of one variable is simulated, the other variables are reference values.



All thermophysical properties of the refrigerant were calculated using the Refprop database [16].





3. Results and Discussions


3.1. Effects of Vortex Tube Characteristics and Thermodynamic Parameters on COP Improvement


3.1.1. Results


Figure 5 shows the variation in the COPs of the two systems and the COP improvement (i.e., Imcop) of the proposed system with the vortex tube inlet temperature.



From Figure 5, it can be seen that the COP of the basic system and the proposed system decreased with an increase in vortex tube inlet temperature. However, COP improvement increased significantly, especially when the vortex tube inlet temperature T3 was higher than 40 °C. When T3 was 45 °C, the COP of the basic system was 0.86, and the COP of the proposed system was 1.15. Therefore, the COP improvement was 33.7%. The reason was that when the vortex tube inlet temperature was higher, the quality of the CO2 at the outlet of the vortex tube was higher, which caused a more efficient energy separation effect by the vortex tube and benefited COP improvement.



Figure 6 shows the variation in COPs and COP improvement with evaporation temperature T6. It can be seen that COP improvement increased gradually with a decrease in evaporation temperature. When the evaporation temperature was −5 °C, the COP increased from 1.61 to 1.76, and the COP improvement was 9.3%. The reason was that the quality of the CO2 from the nozzle of the vortex tube (state point 3’) increased when the evaporation temperature decreased, and then more CO2 hot gas (state H) entered the desuperheater and was cooled, which led to a lower enthalpy of CO2 (state 1) before entering the compressor. So, the input power of the compressor decreased and caused a higher COP.



The isentropic efficiency of a vortex tube changes with different vortex tube geometries. In order to design a vortex tube, it is necessary to investigate the impact of the isentropic efficiency of a vortex tube on a system’s COP. Figure 7 shows the variation in COPs and COP improvement with vortex tube isentropic efficiency. It can be seen that COP improvement increased obviously with an increase in the vortex tube isentropic efficiency ηn. COP improvement was 11.6% when the expansion in the vortex tube was an isentropic process. Therefore, increasing vortex tube isentropic efficiency was an important way to improve COP, too.



Figure 8 shows the variation in COPs and COP improvement with cold mass fraction. It can be seen that COPv gradually increased with an increase in cold mass fraction y. When the cold mass fraction y was 0.8, the COP of the proposed system was 11.5% higher than that of the basic system. When the cold mass fraction y increased, the hot gas (state H) temperature increased, and heat capacity was rejected from the desuperheater increases, too. Therefore, the temperature and enthalpy of CO2 at the inlet of compress (state 1) decreased, which benefited COP improvement.



Similarly, when the inlet water temperature of the desuperheater decreased, COP improvement increased due to more heat rejection. When Twi was 10 °C, COP improvement was 12.0%, as shown in Figure 9.



Figure 10 shows the variation in COPs and COP improvement with discharge pressure. It can be seen that the COPs of both the basic system and the proposed system increased and then decreased with discharge pressure increases, and there were optimal discharge pressures with maximum cooling COPs for the two systems. However, COP improvement decreased significantly with discharge pressure increases, especially when the discharge pressure was lower than 9 MPa. When the discharge pressure was 8.4 MPa, COP improvement increased by 25.3%.




3.1.2. Discussions


From the above results, it can be found that the discharge pressure was a critical thermodynamic parameter for COP improvement. Therefore, it was extremely important and necessary to research the optimal discharge pressure for the optimal design of the proposed CO2 transcritical refrigeration system with a vortex tube. Therefore, research on the optimal pressure correlation for the proposed system, and its effects on COPs and COP improvement, is developed in the following sections.





3.2. Regression of Optimal Discharge Pressure Correlation for the Proposed System with a Vortex Tube and a COP Improvement Investigation under Optimal Discharge Pressure


As is known, due to the particular characteristics of CO2 transcritical refrigeration cycles, there is an optimal discharge pressure under which the COP is at a maximum. For a basic system, the optimal discharge pressure correlation has already been researched and given. It is a function of the gas cooler outlet temperature and the evaporation temperature, and it can be described as the following [15]:


Pb,opt = (2.778 − 0.0157 × T6) T3 + (0.381T6 − 9.34).



(12)







Similarly, there is also an optimal discharge pressure for the proposed system with a vortex tube. Because the proposed system is more complex than the basic system, the influence factors include not only the vortex tube inlet temperature T3 and the evaporation temperature T6, but also the characteristic parameters of the vortex tube, such as cold mass fraction y, vortex tube isentropic efficiency ηn, and water inlet temperature of the desuperheater Twi. Thus, the optimal discharge pressure is the function Pv,opt = ƒ(T3,T6,y,ηn,Twi).



In order to simplify the correlation, some of the parameters are given as the following assumptions:

	
The cold mass fraction y is 0.5;



	
The vortex tube isentropic efficiency ηn is 0.8;



	
The water inlet temperature of the desuperheater Twi is 25 °C.








Based on the mathematical models in Section 2, the optimal discharge pressures were calculated for the proposed system under different inlet temperatures of the vortex tube and evaporation temperatures, and the optimal discharge pressures of the basic system were also calculated, as shown in Figure 11. From Figure 11, it can be seen that there were slightly differences between the optimal discharge pressure values for the proposed system and the basic system. Therefore, the vortex tube did not much affect the values of the optimal discharge pressure.



Based on the simulation results, the values of the optimal discharge pressure for the proposed CO2 transcritical refrigeration system with a vortex tube were regressed in terms of vortex tube inlet temperature and evaporation temperature, and the correlation was obtained as the following:


Pv,opt = 2.4895 − 0.027T6 + 0.0985T3 + 0.00229T32.



(13)







Apart from the conditions (y = 0.5, ηn = 0.8, Twi = 25 °C) set for this correlation, a range in the vortex tube inlet temperature T3 from 30 °C to 50 °C and the evaporation temperature T6 from −10 °C to 10 °C was also required. It is worth mentioning that the coefficient of determination R2 was 99.8%, and the average deviation was less than 5%, which indicated that the relationship between the discharge pressure Pv,opt, vortex tube inlet temperature T3, and evaporation temperature T6 were highly positively correlated. Moreover, the value of the F significant statistic was 2.75 × 10−15, which was far less than the significance level of 0.05, showing a significant regression effect of this regression equation.



According to Equations (12) and (13), the optimal discharge pressures of the basic system and the proposed system could be calculated with various T3 and T6. Then, based on the above mathematical models, the COPs and COP improvement were obtained, as shown in Figure 12.



From Figure 12, it can be seen that the COPs of the proposed system were higher than those of the basic system. COP improvement increased gradually with an increase in the vortex tube inlet temperature T3 and decreased slightly with an increase in the evaporation temperature T6. It should be noted that COP improvement increased obviously when the vortex tube inlet temperature T3 was higher than 40 °C. When the vortex tube inlet temperature T3 was −10 °C and the evaporation temperature T6 was 45 °C, COP improvement was 7.1%.



Based on the above results, when the gas cooler outlet temperature is high, utilizing a vortex tube in a CO2 transcritical refrigeration system can be more beneficial in terms of reducing irreversible loss and improving the COP.





4. Conclusions


A CO2 transcritical refrigeration system with a vortex tube expansion was proposed in this paper. In the proposed system, one vortex tube is used to replace the expansion valve in order to reduce irreversible loss and improve system performance COP. The influences of various parameters on the COP improvement of the proposed system were simulated and analyzed. The optimal discharge pressure correlation of the proposed CO2 transcritical refrigeration system with a vortex tube was regressed and obtained. The following conclusions were drawn:

	
The COP of the proposed system with a vortex tube was higher than that of the basic system with an expansion valve;



	
The critical influence factors of COP improvement were the inlet temperature of the vortex tube (i.e., the outlet temperature of the gas cooler) and the discharge pressure. The higher the inlet temperature of the vortex tube, the higher COP improvement was. The lower the discharge pressure, the higher COP improvement was. When the inlet temperature of the vortex tube was 45 °C, the discharge pressure was 9 MPa, and the COP increased by 33.7%;



	
The higher the isentropic efficiency of the vortex tube, the higher the COP improvement was. COP improvement could be up to 11.6%;



	
The more the cold mass fraction of the vortex tube, the higher the COP improvement was. When the cold mass fraction was 0.8, COP improvement was 11.5%;



	
The lower the evaporation temperature, the higher COP improvement was. When the evaporation temperature was −5 °C, COP improvement was 9.2%;



	
The lower the inlet water temperature of the desuperheater, the higher COP improvement was. When the inlet water temperature of the desuperheater was 10 °C, COP improvement was 12.0%;



	
Under optimal discharge pressures, COP improvement increased gradually with an increase in vortex tube inlet temperature and decreased slightly with an increase in evaporation temperature. When the vortex tube inlet temperature was −10 °C, and the evaporation temperature was 45 °C, COP improvement was 7.1%.








The effects of the vortex tube inlet temperature and discharge pressure on COP improvement were more significant compared to the isentropic efficiency, evaporation temperature, desuperheater water inlet temperature, and cold mass fraction of the vortex tube in the proposed system. Therefore, the application of a vortex tube is highly recommended when a higher vortex tube inlet temperature and lower discharge pressure are required.



These research results provide a theoretical basis for the following design and experimental research of a CO2 transcritical refrigeration system with a vortex tube.
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Nomenclature




	
English letters




	
COP

	
coefficient of performance




	
COPb

	
COP of the basic system




	
COPv

	
COP of the proposed system




	
h

	
specific enthalpy (kJ/kg)




	
Imcop

	
COP improvement of the proposed system over the basic system (%)




	
P

	
discharge pressure (MPa)




	
T

	
temperature (°C)




	
x

	
quality




	
y

	
cold mass fraction




	
m

	
mass flow rate (kg/s)




	
Greek letters




	
ε

	
heat exchanger effectiveness




	
η

	
isentropic efficiency




	
Subscript




	
b

	
basic system with expansion valve




	
c

	
compressor or cold end of vortex tube




	
H

	
hot end of vortex tube




	
s

	
isentropic process




	
n

	
vortex tube nozzle




	
wi

	
water inlet of desuperheater




	
v

	
the proposed system with vortex tube expansion




	
opt

	
optimal
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Figure 1. Schematic of a basic CO2 transcritical refrigeration system with an expansion valve. 
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Figure 2. Schematic of the proposed CO2 transcritical refrigeration system with a vortex tube. 
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Figure 3. Pressure (P)–enthalpy (h) diagram of the proposed cycle and the basic cycle. 
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Figure 4. Cycle processes of the basic system and the proposed system: (a) Cycle process of the basic system; (b) Cycle process of the proposed system. 
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Figure 5. Variations in coefficients of performance (COPs) and COP improvement with vortex tube inlet temperature T3. 
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Figure 6. Variation in COPs and COP improvement with evaporation temperature T6. 
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Figure 7. Variation in COPs and COP improvement with vortex tube isentropic efficiency ηn. 
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Figure 8. Variation in COPs and COP improvement with cold mass fraction y. 






Figure 8. Variation in COPs and COP improvement with cold mass fraction y.



[image: Sustainability 11 02021 g008]







[image: Sustainability 11 02021 g009 550]





Figure 9. Variation in COPs and COP improvement with inlet water temperature of the desuperheater Twi. 
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Figure 10. Variation in COPs and COP improvement with discharge pressure P. 
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Figure 11. Variation in optimal discharge pressures with the inlet temperature of the vortex tube/expansion valve T3 and evaporation temperature T6 for the proposed system and the basic system: (a) T6 = −10 °C, (b) T6 = 0 °C, (c) T6 = 10 °C. 
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Figure 12. Variation in COPs and COP improvement under an optimal discharge pressure with an inlet temperature of the vortex tube/expansion valve T3 and evaporation temperature T6. 
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Table 1. Parameter settings for the performance simulation.






Table 1. Parameter settings for the performance simulation.





	Parameters
	Reference Value
	Variation Range





	Vortex tube inlet temperature T3, °C
	40
	25–45



	Evaporation temperature T6, °C
	0
	−10–10



	Vortex tube isentropic efficiency ηn
	80%
	0%–100%



	Cold mass fraction y
	0.5
	0.3–0.8



	Water inlet temperature of the desuperheater Twi, °C
	25
	10–35



	Discharge pressure P, MPa
	9
	8–12











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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