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In order to make better use of the thermal energy at low and medium temperature and improve the organic Rankine cycle performance, the power, and ejector-refrigeration system has been put forward and a lot of research has been carried out. This article presents a new study of the combined system and the key component ejector using the zeotropic mixture R134a/R123 as working fluid. First, the influence of heat source temperature, turbine outlet pressure, and different mixture compositions on the performance of the combined system and ejector were analyzed. It can be found that entrainment ratio is not sensitive to the change of heat source temperature. Through exergy analysis of the combined system, it can be found that ejector, evaporator, and condenser take up for most exergy destruction of the system. The result illustrate that exergy destruction mainly occurs in the component of ejector, which can reach 50.28%. Then, the relationship between input heat of ejector, net power change value and power saved by ejector was compared. It can be found that net power reduction is less than power saved by ejector and refrigeration output. Finally, the exergy efficiency of ejector was defined and the effects of other parameters on it are analyzed. The results show that the exergy efficiency of ejector and COP are oppositely changing.
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INTRODUCTION

Constant increase in power and refrigeration demand calls for new technology that is more economical, safe, and environmental protection. The ORC (organic Rankine cycle) takes on the advantages of low temperature requirement, high efficiency and simple structure. This important characteristic makes it have great application potential in the industrial and waste-heat recovery (Wang et al., 2014). The ejector, which could realize the function of pressurization, vacuum and mixed, is a simple, low cost, easy-to-maintain component in thermodynamic system (Tashtoush et al., 2015). Therefore, ejector has great potential in energy utilization and environmental protection. The combined system can fully utilize the technical advantages of ORC and ejector-refrigeration cycle to simultaneously meet the user's power and cold demand. At the same time, the combined system can share some equipment and use the same working fluid, greatly saving in initial investment. The combined system is a solution to effectively recover low and medium grade energy to produce electricity and cold (Yang et al., 2016).

Existing literature have studied the power and ejector-refrigeration system from the aspects of working fluid, ORC system, ejector-refrigeration system, and so on. In order to improve system performance, zeotropic mixtures were used. Feng et al. (2017) researched the operational characteristic of:
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ORC system using R245fa, R123, and their mixtures. According to the experimental result, it was found that the mixture working fluids increase pump power consumption. Meanwhile, the improvement of working fluid pump performance can effectively improve the ORC system performance. The zeotropic mixture has better performance of thermodynamic and economic than the pure working fluid. Yang et al. (2015) showed that the mixture isobutane/pentane (50/50) has the highest exergy efficiency of 7.83%. Wang and Zhao (2009) found that the thermal efficiency and collector efficiency of zeotropic mixture are higher than R245fa. Net power of the system with zeotropic mixture M3 (R245fa/R152a, 0.7/0.3) is higher than that with M1 (R245fa) and M2 (R245fa/R152a, 0.9/0.1) by 29.10 and 28.03%, respectively. Xu et al. (2018) added working fluid thermodynamic coordinates based on the original research and proposed a three-dimensional construction method of thermodynamic cycles. By considering the working fluid characteristics in each process, the three-dimensional construction method makes the thermodynamic cycle closer to the ideal cycle. Therefore, the system performance can be improved by using mixed working fluids.

The combined system is a relatively simple form of power-cooling combined supply, so it is more acceptable and practical to be applied in small-sized filed of low and medium temperature heat source. Wang et al. (2009) developed a combined cycle of organic Rankine cycle and ejector-refrigeration cycle. The thermal efficiency and exergy efficiency can reach 27.51 and 14.92%, respectively. Habibzadeh et al. (2013) researched the combined system performance with five working fluids (R123, R141b, R245fa, R600a, R601a). It was found that under optimum conditions, R141b has the lowest optimum pressure and thermal conductance. However, R601a has the highest thermal efficiency and lower total exergy destruction in the optimum case. Wang et al. (2015) optimized solar CCHP (combined cooling, heating and power) cycle with the objective function of average useful output and total heat transfer area. In the combined system, ORC cycle and ejector-refrigeration cycle share the same heat source. The ejector-refrigeration cycle has good performance and the disadvantage is that the power output becomes less. Actually, further research needs to be carried out on the combined system modification, component optimization design to improve the energy utilizing efficiency of the system.

In refrigeration system, ejector can be used alone or in combination with other equipment as entrainment and compression equipment or expander. As a technique of more efficient low temperature heat recovery and use of energy, it has attracted new attention (Aidoun et al., 2019). Bai et al. (2016) used traditional thermodynamics and advanced exergy analysis methods to study ejector for improve freezer cycle of auto-cascade. The energetic analysis showed that the optimize system has better COP than the conventional freezer cycle, and COP and volumetric refrigeration property were increased by 0.20 and 0.28, respectively. Rahamathullah et al. (2013) not only focused on ejector background principles of design method, but also on ejector performance improvements in refrigeration system. Chen et al. (2013) revisited new technological developments in terms of ejector performance enhancement techniques and ejector-refrigeration system. Lin et al. (2012) developed the CFD simulation by using experimental data. The data was measured by multi-evaporator refrigeration system with ejector of Emers. The characteristic of variable cooling load and ejector pressure lift in refrigeration system with R134a were studied. It is efficient to use an adjustable ejector with a spindle to control the constant inlet pressure under low cooling loads conditions in order to maintain system stability. Hou et al. (2017) analyzed the performance of ejector used in refrigerator-freezer cooling system with a parallel hybrid ejector-based. The results show that the primary nozzle blocking percentage with a spindle has great influence on the property of ejector. Yang et al. (2015, 2016) theoretically studied the combined system with isobutane/pentane. The result reveals that the major exergy destruction occurs in the ejector. Thence, the ejector of the combined system need to conduct more research to detail the relationship between loss and profit.

In this paper, zeotropic mixture R134a/R123 was employed as working fluid to analyze the property of the combined system. The relationship between energy saving and exergy destruction was evaluated. Different from the traditional method which uses pressure lift ratio and entrainment ratio to evaluate the equipment property of ejector, the exergy efficiency of ejector was defined to evaluate its performance. At the same time, as a kind of low and medium temperature waste heat with abundant resources, the influence of flue gas temperature (413.15-463.15k) on system performance was analyzed. In addition, the effects of thermodynamic parameters also were investigated, such as turbine outlet pressure, heat source temperature and different working fluid compositions.



THE COMBINED POWER AND EJECTOR-REFRIGERATION SYSTEM


Thermodynamic Cycle

The combined system is presented by Figure 1. The combined system consists of a working fluid pump, an evaporator, a turbine, a condenser, a throttle valve, an ejector and a refrigerating evaporator. In the combined system, the working fluid R134a/R123 is heated to (state 2) superheated gas from the working fluid pump outlet (state 1). Then, superheated gas goes into the turbine (state 2) and generates electricity through expansion. The turbine outlet (state 3) as a primary fluid turns into the ejector. When the primary fluid (state 3) transits the convergent-diverging nozzle inside the ejector, it accelerates to a supersonic condition (state 3a). Low pressure flow (state 9) as secondary flow of ejector is sucked from the refrigerating evaporator. In the mixing chamber of ejector, the two streams are mingled together. In the diffusion chamber of ejector, the flow experiences a shock wave and a pressure lift (state mo-4). The gas is cooled to saturated liquid in condenser (state 4–5). Part of working fluid (state 5) flows the working fluid pump (state 6) while the rest (state 7) expands in the throttle valve. Then, the two-phase working fluid (state 8) flows the refrigerating evaporator. It is heated to saturated gas (state 9) in a refrigerating evaporator. The system goes through a complete cycle.


[image: Figure 1]
FIGURE 1. Schematic diagram of the combined power and ejector-refrigeration system: (A) system chart, (B) T-s schematic diagram.


In this paper, the combined system was simulated by using flue gas waste heat as heat source. As the complex mixing law of two working fluid mixtures, it is difficult to choose the compositions of the mixtures. The objective of this article is to analyze the combined system performance with working fluid of R134a/R123. Therefore, the characteristic of both ORC subsystem and ejector-refrigeration subsystem must be considered. The rational selection of working fluid not only should consider the thermodynamic properties, but also need to consider chemically stable, safe and environmental protection property. R134a is widely used in refrigeration system of low and medium temperature environmental. Meanwhile, R123 is a very effective and safe refrigerant. Due to its good comprehensive performance. They are typical zeotropic mixtures, with noteworthy temperature glides in the evaporator, refrigerating evaporator, and condenser. Thus, R134a/R123 is a specific mixed object in this research. At the same time, other simulation and experiments with R134a/R123 as working fluid, reference (Du and Xu, 2009; Zhang et al., 2014; Zhong et al., 2018). The main environmental protection parameters and thermal parameters of R134a and R123 are listed in Table 1.


Table 1. The property of working fluid.

[image: Table 1]

Mixture R134a/R123 was elected as working fluid of the combined system. The thermodynamic parameters were obtained by software of REFPROP 9.1. Some simplifying assumptions were made for the theoretical simulation, listed in Table 2. Figure 3 shows the exergy destruction distribution of equipment in combined system. This is the result under heat source temperature is 453.15K, evaporation temperature is 363.15K, mass fraction of R134a = 30% and turbine outlet pressure is 1.53MPa. It can be found that the proportion of exergy destruction in ejector is the largest at 50.28%, followed by evaporator 27.6% and condenser 17.54%. Similar results were found in Yang et al. (2016). Hence, ejector exergy destruction is very large in the simulation.


Table 2. Cycle parameter assumptions.

[image: Table 2]



Thermodynamic Model

To simplify the theoretical calculation, some assumptions Table 2 and simplifications are made for the actual cycle thermal process, including:

(1) Condenser and refrigerating evaporator outlet are saturated liquid and saturated gas, respectively.

(2) The working fluid flow inside ejector is one-dimensional and stable.

(3) The throttling process is an isentropic process.

(4) Ejector inlet and outlet speeds are ignored.


Energy Analysis Model

The combined system model. The flue gas input energy in the evaporator is:
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The mass flow rate of ORC subsystem can be expressed by:
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The mass flow rate of ejector-refrigeration subsystem is calculated as:
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The turbine output power is expressed as:
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Refrigeration output of refrigerating evaporator is:
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The power consumed by pump is defined by:
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The net power output of ORC subsystem is:
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The COP of the combined system is determined by:
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The reduction or increase in net power of the ORC subsystem is calculated by:
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0 is the reference point and k is other point.

The power saved by ejector is defined as:
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Ejector input heat is defined by:
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Ejector model. Ejector entrainment ratio is:
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Ejector model consists of a nozzle, a mixing chamber and a diffusion chamber.

Motive nozzle efficiency:
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By using the energy equation of motive nozzle, the speed of the nozzle outlet flow can be calculated as follows:
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Compared with the primary fluid, the speed of secondary fluid can be neglected at nozzle outlet.

The momentum conservation equation:
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Mixing efficiency:
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Energy conservation equation of mixing section is:
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Diffuser efficiency:
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Mass fraction:
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Exergy Analysis Model

Taking into account the fact that the kinetic and potential energies and chemical exergy are neglected in the exergy balance equations, exergy at each state point can be calculated by:
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0 is the environmental status and i = 1-15.

The exergy destruction for the jth equipment:
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The combined system exergy destruction can be formulated as follows:
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Ejector exergy efficiency can be defined as follows:

[image: image]

The calculation process is shown in Figure 2. Matlab 2017 was used for calculation.


[image: Figure 2]
FIGURE 2. Simulation flowchart of the combined system performance analysis.



[image: Figure 3]
FIGURE 3. Exergy destruction distribution of equipment in the combined system.






RESULTS AND DISCUSSION

In the combined system, scholars have done a lot of research on evaporator, condenser, turbine and pump. This article mainly focuses on factors that affect ejector performance. Compared with compressors, ejector consumes less power. Therefore, the relationship between saving power and exergy destruction in ejector requires more research. Many parameters affect net power and refrigeration output of the combined system. According to the research situation, this article studies the influence of turbine outlet pressure, heat source temperature and mass fraction on the performance of the combined system.


The Combined Power and Ejector-Refrigeration System

Figure 4A shows the impact of turbine outlet pressure and mass fraction on the combined system net power. This is the result under heat source temperature is 423.15K and evaporation temperature is 363.15K. The study found that net power W drops as turbine outlet pressure ranges from 1.13 to 1.53MPa. When turbine outlet pressure rises, turbine outlet temperature will increase, leading working fluid specific enthalpy to be higher. As a consequence, net power of the ORC subsystem also decreases according to Equation (7). At the same time, we can see that net power rises with the increase of R134a mass fraction. This indicates that under the same conditions, R123 has a lower working ability than R134a.


[image: Figure 4]
FIGURE 4. Effect of turbine outlet pressure and mass fraction. (A) Net power; (B) refrigeration output; (C) COP; (D) entrainment ratio.


Figure 4B reveals the impact of turbine outlet pressure and mass fraction on the ejector-refrigeration subsystem output. This is the result under heat source temperature is 423.15K and evaporation temperature is 363.15K. As is shown in Figure 4B, refrigeration output increases with turbine outlet pressure ranges from 1.13 to 1.53MPa. This is the result of ejector primary fluid pressure increases and second fluid pressure remains constant. Therefore, entrainment ratio keeps increasing in Figure 4D. That means an increase in refrigeration output. Meanwhile, net power decreases, but it's much less than refrigeration output increases. As a result, the COP also keeps increasing in Figure 4C. Figure 4C shows the impact of turbine outlet pressure and mass fraction on the COP. It is found that the COP keeps increasing with the turbine outlet pressure increase. Under the same condition, with the augment of mass fraction of R134a from 20 to 80%, net power increment is less than the reduction of refrigeration output, so COP decreases according to Equation (8).

Net power and refrigeration output with various of heat source temperature and mass fraction are shown in Figures 5A,B. This is the result under evaporation temperature is 363.15K and turbine outlet pressure is 1.53MPa. As seen, along with the augment of heat source temperature from 413.15 to 453.15K, net power and refrigeration output increases. This is due to the increase of R134a/ R123 mass flow rate in the ORC subsystem. This is the reason for the increase of refrigeration output. As the increase of R134a mass fraction, net power increases and refrigeration output decreases, which is similar to the results in Figures 4A,B. As we can see in Figure 5A, with mass fraction of R134a increases, net power increases more and more obviously. Net power and refrigeration output show opposite change trend with the increase of R134a mass fraction.


[image: Figure 5]
FIGURE 5. Effect of heat source temperature and mass fraction. (A) Net power; (B) refrigeration output.


Meanwhile, net power and refrigeration output increase as the increase of heat source temperature in Figures 6A,B. That's the result under mass fraction of R134a = 50% and turbine outlet pressure is 1.53MPa. Figure 6A also shows that the increase in evaporation temperature has a positive impact on net power. However, refrigeration output changes with evaporation temperature increases in the opposite trend in Figure 6B.


[image: Figure 6]
FIGURE 6. Effect of heat source temperature and evaporation temperature. (A) Net power; (B) refrigeration output.


Figure 7 shows the impact of evaporation temperature and mass fraction on net power, refrigeration output, COP and entrainment ratio. This is the result under heat source temperature of 423.15K and turbine outlet pressure is 1.53MPa. The results show that net power increases for as evaporation temperature increases from 348.15K to 363.15K in Figure 7A. However, refrigeration output shows an opposite trend in Figure 7B. It is found that COP keeps increasing as the evaporation temperature increases from 348.15K to 363.15K in Figure 7C. However, as mass fraction of R134a increases, COP and entrainment ratio decrease. At the same time, we can see that the influence of evaporation temperature on entrainment ratio almost can be ignored in Figure 7D.


[image: Figure 7]
FIGURE 7. Effect of mass fraction and evaporation temperature. (A) Net power; (B) refrigeration output; (C) COP; (D) entrainment ratio.


Figures 8A–C, respectively illustrate exergy destruction in each equipment of the combined system with a function of turbine outlet pressure, heat source temperature and mass fraction. As we see in Figure 8, ejector, evaporator and condenser take up for most exergy destruction of the combined system. Exergy destruction rises with increase of turbine outlet pressure and heat source temperature in the combined system. This is mainly due to entrainment ratio increases, resulting in an increase in the exergy destruction of ejector. The R134a/R123 mass flow rate keeps increasing as heat source temperature increases and exergy destruction of the combined system also increases in Figure 8B. This is the result under evaporation temperature is 363.15K, mass fraction of R134a is 50% and turbine outlet pressure is 1.53MPa. The combined system exergy destruction reduces as mass fraction of R134a varies from 30 to 80% in Figure 8C. This is the result under heat source temperature is 423.15K, turbine outlet pressure is 1.53MPa and evaporation temperature is 363.15K. The exergy destruction of evaporator increases very few as R134a mass fraction varies from 30% to 80%. In contrast, exergy destruction greatly increases in ejector.


[image: Figure 8]
FIGURE 8. Distribution of components destruction of. (A) Turbine outlet pressure; (B) heat source temperature; (C) mass fraction.




The Key Component Ejector

Figure 9A reveals the impact of turbine outlet pressure on net power reduction, ejector heat input, refrigeration output and ejector saves power. This is the result under heat source temperature is 423.15K, evaporation temperature is 363.15K and R134a mass fraction = 50%. As pressure increases, ejector saves power increases and second fluid flow rate rises, which is caused by entrainment ratio increases in Figure 9A. As can be seen both ejector saves power and refrigeration output keep increasing as turbine outlet pressure from 1.13MPa to 1.53MPa. As ejector input heat increases, ejector saves power and refrigeration output augments, which is caused by entrainment ratio increases. At the same time, refrigeration output increases even more. Net power added value, ejector input heat, ejector saves power and refrigeration output distributions with heat source temperature are shown in Figure 9B. This is the result under evaporation temperature is 363.15K, R134a mass fraction = 50% and turbine outlet pressure is 1.53MPa. With the increases of R134a/R123 mass flow rate, the above parameter values also increase. Figure 9C illustrates the influence of mass fraction on net power added value, ejector input heat, refrigeration output, and ejector saves power. This is the result under heat source temperature is 423.15K, evaporation temperature is 363.15K and turbine outlet pressure is 1.53MPa. It is found that net power added value increases as R134a mass fraction increases from 30 to 80% to gets the maximum value = 27.29kW with mass fraction = 80%, but net power added value gets minimum value = 7.14kW with mass fraction = 40%. Because of the different working fluid compositions of zeotropic mixtures in liquid and vapor, the working fluid compositions in condenser, evaporator, and turbine are also different. It makes a difference in the ability to net power output. As display in Figure 9C, ejector input heat decreases as mass fraction increases. Because of the difference in the working fluid composition, input heat value is also different. Similarly, ejector saves less power. As ejector input heat decreases, refrigeration output and entrainment ratio are reduces.


[image: Figure 9]
FIGURE 9. Effect on the performance of ejector and the combined system. (A) Turbine outlet pressure; (B) heat source temperature; (C) mass fraction.


Figure 10A illustrates the impact of turbine outlet pressure and mass fraction on ejector exergy efficiency. This is the result under heat source temperature is 423.15K and evaporation temperature is 363.15K. With the raises of turbine outlet pressure, ejector exergy efficiency increases. It can be found that the lower turbine outlet pressure, the lower ejector exergy efficiency. On the contrary, exergy efficiency of ejector is increased.


[image: Figure 10]
FIGURE 10. Effect on the ejector exergy efficiency. (A) Turbine outlet pressure and mass fraction; (B) mass fraction and evaporation temperature.


Figure 10B shows the relationship between ejector exergy efficiency and mass fraction and evaporation temperature. Ejector exergy efficiency = 21.89% for evaporation temperature is 368.15K, turbine outlet pressure 1.277MPa. This is the result of heat source temperature is 423.15K and mass fraction = 20%. And it achieves the maximum value when R134a mass fraction is 20%. With R134a mass fraction is 80%, ejector exergy efficiency yields a minimum value. Ejector exergy efficiency reduces when R134a mass fraction from 30 to 80%. This indicates that it is more suitable for the operation of ejector when mass fraction is higher of R123. Under the same operating conditions, evaporation temperature has little effect on exergy efficiency of ejector.




CONCLUSION

In this article, the ejector and power and ejector-refrigeration system with R134a/R123 were studied theoretically. The influence of turbine outlet pressure, heat source temperature, evaporation temperature and different working fluid compositions were analyzed. The following summaries can be obtained from this article:

(1) When mass fraction of R134a is 30%, the maximum COP and entrainment ratio are 0.18 and 0.23, respectively. This is the result under the heat source temperature is 423.15K, evaporation temperature is 363.15K and turbine outlet pressure is 1.53MPa.

(2) Net power reduction is 21.18kW far less than the power saved 28.85kW and refrigeration output 110.42kW by ejector brings. This is the result under the heat source temperature is 423.15K, evaporation temperature is 363.15K and R134a mass fraction = 50%.

(3) The ejector exergy efficiency was defined to analyze its performance. Entrainment ratio, refrigeration output and COP raises with the increase of the turbine outlet pressure. However, the exergy efficiency of ejector decreases. In the combined system, ejector exergy efficiency reaches a maximum of 59% when R134a/R123 (70/30).This is the result under the heat source temperature is 423.15K, evaporation temperature is 363.15K, R134a mass fraction = 70% and turbine outlet pressure is 1.13MPa.
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