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Abstract - Research on the supercritical CO2 cycles is quite wide in the Czech Republic. There are at least 4 institutions which participate in this research and cover most of the issues necessary to the future successful deployment of the supercritical CO2 cycle. The Czech Technical University in Prague and the Nuclear Research Institute Řež coordinates the research program in the field of the supercritical CO2 cycle in the Czech Republic. The research can be divided into two main parts, an experimental part and the analysis and simulation part. Two experimental facilities for the supercritical CO2 cycle are currently envisioned. One will be located in the Nuclear Research Institute Řež and is currently under construction. It is scheduled to become operational in the year 2009 or 2010. The power of this experimental facility will be around 500 kW and will consist of some parts that were used in the previous research on the supercritical CO2 cycle in the research institute in Běchovice, Czech Republic. The new parts will allow raising the temperature to 650°C. The loop will be highly variable to allow for different types of tests such as materials and corrosion, heat transfer, component testing, compression near critical point phenomenon investigation as well as the whole conversion cycle tests. There is also a plan to construct a supercritical CO2 cycle test loop in Pilsen, Czech Republic (the loop will be operated by the Nuclear Research Institute Řež). Having the electric power of 2 to 3 MW, this loop should be capable of proving the cycle concept. As far as the analysis and simulations are concerned, at the Czech Technical University in Prague master and doctoral degree students are developing a code capable of optimizing the cycle and simulating the operational transients and control schemes. Technical University in Brno focuses on sodium to supercritical CO 2 heat exchangers for the SFR program. The cycle code from the Czech Technical University in Prague will be capable of analyzing many different cycle layouts. Currently, the code is capable of steady state analysis only. Simple Brayton cycle, pre-compression cycle, re-compression cycle, re-compression cycle with split expansion, partial cooling cycle and partial cooling cycle with improved regeneration were investigated. The component characteristics, such as machinery efficiencies or heat exchanger effectiveness, were assumed at this point, but their effect and precise values will be investigated in the future. Pressure drops are currently neglected. The following conclusions can be drawn from the current analysis. Operating close to the critical point does not improve the simple Brayton cycle thermal efficiency significantly. Only for compressor outlet pressure of about 25MPa an attractive efficiency is achieved, but very close to the pinch-point. The pre-compression cycle can reach high efficiency for compressor outlet pressure 10MPa. The efficiency of the pre-compression cycle mainly depends on the pre-compressor inlet temperature and the ratio of pressures ratios. The re-compression cycle achieves the highest efficiency at higher pressures (more than 20 MPa). The re-compression cycle with split expansion cycle behaves similarly to the re-compression cycle, but the efficiency is lower. However, it is still high enough to be attractive in the case when lower pressure in the heat source is required. Partial cooling cycle reaches highest efficiencies among all the cycles at 10 and 15 MPa and about the same efficiency as the recompression cycle at 20 MPa. The performance of the partial cooling cycle with improved regeneration is difficult to assess with the current code, since the assumption on the heat exchanger effectiveness are difficult to satisfy. Analysis with the detail design of the cycle components is necessary.
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I. INTRODUCTION The supercritical carbon dioxide (S-CO2) cycle has been investigated for quite some time. Since the Sulzer Bros patent in 1948 [1] many researchers followed in their footsteps, pursuing the development of this cycle. After the main investigation in 60’s and 70’s [2-11] of the last century the research was basically terminated, mainly due to the fact that the technology in the area of turbomachinery and compact heat exchangers was not mature enough. The research was revived in the end of the 90’s of the last century, by the studies at the Czech Technical University in Prague (CTU), Czech Republic [12,13] and the efforts in the research institute in Běchovice, Czech Republic. World wide revival of the research took place after the research was started in Japan at the Tokyo Institute of Technology (TIT) [14] and at the USA at the Massachusetts Institute of Technology (MIT) [15]. Recently, many countries are researching this type cycle. The research efforts on the SCO2 cycle continue in the Czech Republic as well. Many generation IV reactors are well suited or are already considering the S-CO2 cycle as the possible power conversion cycle. These include for example gas fast reactor (GFR), high temperature and very high temperature gas reactor (HTR and VHTR), sodium fast reactor (SFR), lead and lead-bismuth cooled reactor (LFR) and molten salt reactor (MSR). Even though it was concluded in [Petr] that the cycle is mainly suited for the nuclear reactors, recently one can see the expansion of the cycle to other fields, such as solar systems, heat recovery systems and small power engines as well as a part different hydrogen economy schemes. However, the cycle has its significant limitations and the amount of required research is large. For example the SCO2 volumetric flow is quite large. This limits the maximum power level one can achieve with a single loop layout. This is an inherent problem to all gas cycles compared to steam Rankine cycle. The power per one loop is currently limited to about 300 MWe. Another problem might be the higher corrosiveness of S-CO2. This may limit the maximum operating temperature even for the future application. The current experience with CO2 in the British CO2 cooled reactors is up to 650°C, but at subcritical pressures. Therefore, the experience at the supercritical pressures is necessary. Nevertheless, once the high pressure application is proven the limit on the maximum operating temperature will still remain. Next problem is the fact that the heat is added to the cycle at relatively high temperature. This is a problem mainly for the fossil fuels where the flue gas has to be cooled to very low temperatures in order to minimize the stack losses and maximize the boiler efficiency. Therefore, the main area of application is nuclear, solar, heat recovery and applications where the size is more important than the economics. In addition the SCO2 cycles does not seem to be very well suited for the combined cycles.



II. OVERVIEW OF THE S-CO2 CYCLE RESEARCH IN THE CZECH REPUBLIC Research on the supercritical CO2 cycles is quite wide in the Czech Republic. There are at least 4 institutions which participate in this research and cover most of the issues necessary to the future successful deployment of the supercritical CO2 cycle. The Czech Technical University in Prague and the Nuclear Research Institute Řež coordinates the research program in the field of the supercritical CO2 cycle in the Czech Republic. The research can be divided into two main parts, an experimental part and the analysis and simulation part. Two experimental facilities for the supercritical CO2 cycle are currently envisioned. One will be located in the Nuclear Research Institute Řež and is currently under construction. It is scheduled to become operational in the year 2009 or 2010. The power of this experimental facility will be around 500 kW and will consist of some parts that were used in the previous research on the supercritical CO2 cycle in the research institute in Běchovice, Czech Republic. The new parts will allow raising the temperature to 650°C. The loop will be highly variable to allow for different types of tests such as materials and corrosion, heat transfer, component testing, compression near critical point phenomenon investigation as well as the whole conversion cycle tests. There is also a plan to construct a supercritical CO2 cycle test loop in Pilsen, Czech Republic (the loop will be operated by the Nuclear Research Institute Řež). Having the electric power of 2 to 3 MW, this loop should be capable of proving the cycle concept. As far as the analysis and simulations are concerned, at the Czech Technical University in Prague master and doctoral degree students are developing a code capable of optimizing the cycle and simulating the operational transients and control schemes. Technical University in Brno focuses on sodium to supercritical CO 2 heat exchangers for the SFR program. III. EXPERIMENTAL LOOPS III.A. 500 kW Loop The 500 kW loop will be a reconstructed version of the SCO2 loop from the research institute Běchovice. The former loop operating conditions were 50 MPa and 300°C. The electric heating input power was 500 kW and the main pump power was 125 kW and supplied up to 12 m3/hour. Figure 1 shows the experimental loop. It was intended mainly to investigate the stability of the compression process close to the critical point in the whole loop arrangement. The compressor and expander were both piston type engines. The loop operating temperature will be raised to 650°C. To achieve this temperature it is necessary to add new parts from material that can withstand such temperatures. The loop was originally constructed from duplex steel which maximum operating temperature was limited to 400°C. The new loop layouts are depicted in Figures 2 and 3. The green
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parts are the old parts. The black parts are the newly manufactured parts.



The new loop will be located in the Nuclear Research Institute Řež. It is currently under construction and is scheduled to become operational in the year 2009 or 2010. The old piston engines will be used at first, but the loop is intended for the future testing of the radial and axial compressors and turbine, that will be used in parallel to the current piston engines. III.B. 2-3 MW Loop This loop is intended to prove the concept of the S-CO2 power conversion cycle. The power level of 2 to 3 MW was selected by the turbomachinery designer PBS Velká Bíteš. The power level should be sufficient to use the similar turbomachinery design that will be used for the large units and thus prove the turbomachinery technology. The loop is a part of a larger project to construct the experimental facilities for the sustainable energy generation systems. If the project is approved the construction may start in the year 2011.



Figure 1. 500 kW S-CO2 loop.



IV. THERMODYNAMIC ANALYSIS AT THE CTU
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IV.A. Investigated Cycle Layouts



Water cooling



Currently, the research focuses on the following cycles: Simple Brayton cycle Pre-compression cycle Re-compression cycle Split expansion recompression cycle Partial cooling cycle Partial cooling with improved regeneration



Figure 2. Heat transfer test loop configuration.
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During more than fifty years of the S-CO2 power cycle history several cycle layouts by different authors were proposed [2]. Recently, the recompression cycle is the primarily investigated cycle layout, for the reasons given in [16]. However, the alternative cycle layouts were not deeply investigated. Due to the cycle behavior caused by the property changes of the CO2 near the critical point, the conclusion on the best cycle layout cannot be drawn easily and in parallel with the research on other important issues a detailed thermodynamic analysis of different cycle layouts should be performed. This is the prime topic of investigation at the CTU
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Figure 3. Conversion cycle test configuration.



Figures 4 – 9 show the cycle layout and the temperature entropy diagrams. Simple Brayton cycle – this cycle layout is the backbone of gas cycles. It consists of a compressor, a turbine, a recuperator, a heat source (reactor) and a pre-cooler. It is expected that the thermal efficiency of this cycle will not be high enough to make the cycle attractive, however it is felt that the more advanced cycles should be compared to this basic cycle layout. Therefore, its analysis was performed as well. Pre-compression cycle – this cycle layout improves the Brayton cycle by introducing a pre-compressor between the
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turbine and the main compressor in order to make the turbine exhaust pressure independent on the compressor inlet pressure. The recuperator is split into two parts. The basic principle of avoiding the pinch point problem is that when the temperature difference in the first recuperator comes close to zero the fluid is compressed to a higher pressure level and the heat regeneration can continue in the second recuperator.



pressure and temperature as the flow from the recompressor, the two flows are then merged together. The pinch point problem is prevented by changing the heat capacity of the high pressure and low pressure flows in the low temperature recuperator. The system rejects less heat and due to the low re-compressor work thermal efficiency is improved.



Figure 7. Split expansion cycle. Figure 4. Simple Brayton cycle.



Figure 5. Pre-compression cycle.



Figure 8. Partial cooling cycle.



Figure 6. Re-compression cycle. Figure 9. Partial cooling with improved regeneration. Re-compression cycle – has the same number of components as the pre-compression cycle but the arrangement is different. Before the pre-cooler the flow is split into two streams and one goes to recompression compressor, while the other goes through the pre-cooler to the main compressor and after heating in the low temperature recuperator, where it achieves the same



Split expansion recompression cycle – the only difference of this cycle from the recompreesion cycle is the divided expansion. The reason is to reduce the stress in the hottest component of the system – the reactor. One additional turbine is introduced by the split expansion. Heat is added
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after the expansion in the first turbine. Arrangement of other components are the same as in the recompression cycle. Partial cooling cycle – it combines the pre-compression cycle with the re-compression cycle. This improvement takes advantage of the turbine exhaust pressure independency on the compressor inlet pressure; moreover the flow split helps to increase the cycle efficiency due to the bypass of the pre-cooler.



IV.C. Results of Analysis First the results for each cycle will be presented. After that the efficiency comparison between the cycles at different pressures will be shown. The results for the simple Brayton Cycle are shown in Figure 10. These results are shown mainly as a validation of the mathematical model. It can be seen that the results are consistent with the previous work [16].



Partial cooling cycle with improved regeneration – this cycle is used for particular cases when the pre-compressor outlet temperature is above the main compressor outlet temperature, thus there is heat available for regeneration and the efficiency of the partial cooling cycle can be further improved. This cycle will either use the third recuperator with three streams or the three streams recuperator could be substituted by two common recuperators connected in parallel. Five cycles were selected for the analysis plus the base line Brayton cycle. Two of the cycle layouts feature a more simple arrangement (pre-compression, re-compression) and three are more complex (split expansion, partial cooling and improved regeneration). A method of preventing the pinchpoint problem in the recuperator is flow division in the case of recompression and split expansion recompression cycle, pressure change in the case of the pre-compression cycle and both of these in the case of the partial cooling cycle and partial cooling cycle with improved regeneration. IV.B. Cycle Analysis The optimization process of the S-CO2 cycle is quite complex. In this analysis the following parameters were optimized: turbine pressure ratio rT (all cycles) turbine inlet pressure (all cycles) ratio of pressure ratio rpr (pre-compression, recompression, partial cooling) dividing pressure (split expansion) pre-compressor inlet temperature (precompression) In this basic analysis the following parameters were held constant: compressor efficiency 89% turbine efficiency 90% recuperator efficiency 95% turbine inlet temperature 550°C compressor inlet temperature 32°C pressure losses are neglected A mathematical model of each cycle was created and then transformed in the VISUAL FORTRAN6.5. The S-CO2 properties were taken from the NIST-12 database.



Figure 10. Effect of pressure on the simple Brayton cycle. Figure 11 shows that the pre-compression cycle achieves the highest efficiency for the lowest temperature at the precompressor inlet. The temperature factor f is defined as: f = (t7-t2)/(t6-t2).



(1)



It was found that the optimum ratio of pressure ratio is 0.8 for the pre-compression cycle. The ratio of pressure ratios is defined as: rpr = (rC-1)/(rT-1)



(2)



Figure 11. Effect of temperaturte factor f (pre-compression cycle). Using this parameter one may calculate the pressure ratio of the pre-compressor. Figure 12 shows the effect of pressure on the pre-compression cycle efficiency. An interesting finding is that efficiency is almost independent of the pressure ratio. Another interesting finding is that the precompression cycle efficiency decreases with pressure. This
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may be caused by the fact that the pressure drops are neglected at this point. If the pressure drops were calculated for the specific pressure the result may be different.



Figure 12. Effect of pressure for the ratio of pressure ratios 0.8 (pre-compression cycle).



It can be seen that the higher the split expansion pressure factor (i.e. the cycle is closer to the re-compression cycle) the higher the efficiency. However, the reduction of the efficiency is not too large. For f = 0.5, i.e. equal pressure ratio split between the turbines the efficiency reduction is about 1.5%. Thus, if the pressure in the heat source is of concern (mainly in the case of a nuclear reactor), either due to the safety or material reasons, it may be reduce by use of the split expansion cycle without a significant deterioration of the cycle efficiency. Figures 15 till 18 compare the efficiencies of the investigated cycles at different pressures (from 10 to 25 MPa). At 10 MPa (Figure 15) the partial cooling cycle achieves the highest thermal efficiency 43% at the turbine pressure ratio of 3.0. However, once the turbine pressure ratio exceeds 2.7 its further increase has only slight effect on the cycle efficiency. Interesting is the pre-compression cycle, which achieves about 4% efficiency improvement over the simple Brayton cycle. The partial cooling cycle with improved regeneration has very limited turbine pressure ratio operating range (for the assumptions used) and its efficiency does not exceed the others. The recompression and the split expansion cycles have identical efficiency trend, but their thermal efficiency does not exceed the others. 0,50
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Figure 13. Effect of pressure on the re-compression cycle.
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Figure 15. Cycle efficiency comparison at 10 MPa. 0,50
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Figure 14. Split expansion re-compression cycle.



0,38



0,36 2



Figure 13 and 14 show the behavior of the re-compression cycle and the spit expansion cycle. While Figure 13 shows the effect of pressure on the re-compression cycle efficiency, Figure 14 shows the how the efficiency of the recompression cycle changes with the split expansion pressure factor f: p6 = p7 + f(p4 − p7)
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Figure 16. Cycle efficiency comparison at 15 MPa At 15 MPa (Figure 16) the partial cooling cycle with improved regeneration exceeds the efficiency of the partial cooling cycle for the turbine pressure ratio 3.3 and 3.4. The efficiency is more than 45%. For turbine pressure ratio between 2.0 and 2.5 the re-compression cycle performs the
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best. The pre-compression achieves similar thermal efficiency for the ratio from 2.6 to 3.2, but is out performed by the partial cooling cycle in this region. At 20 MPa (Figure 17) the partial cooling cycle has a similar efficiency profile as the re-compression cycle, but shifted to higher turbine pressure ratios. Both cycles achieves about the same maximum efficiency and perform the best at this pressure among the investigated cycles. Finally at 25 MPa (Figure 18) the situation is almost the same as at 20 MPa, but the maximum efficiency values are shifted to higher pressure ratios.
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Figure 17. Cycle efficiency comparison at 20 MPa. 0,50
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Figure 18. Cycle efficiency comparison at 25 MPa. IV. CONCLUSIONS Recently, research on the S-CO2 cycle in the Czech Republic focuses mainly on the thermodynamic analysis of different cycle layouts. The experimental loops are currently not operational. A 500 kW loop is under construction in the Nuclear Research Institute Řež. Construction of the 2 – 3 MW loop will start at 2011 if funding is secured. This loop should prove the cycle concept, since it will use the turbomachinery of the similar technology as for the industrial scale power cycle. The thermodynamic analysis performed at the Czech Technical University in Prague shows that otehr cycle layouts than the recompression cycle might be interesting. However, more detailed analysis, which will include the cycle component design is necessary to drawn the final conclusions.



10. STRUB R. A., FRIEDER A. J., “High Pressure Indirect CO2 Closed-Cycle Design Gas Turbines”, Nuclear Gas Turbines, pp 51-61, January, (1970). 11. WATZEL, G. V. P., “Sind CO2-Gasturbinenprozesse fur einen Schnellen Natriumgekuhlten Brutreaktor wirtschaftlich?”, Brenstoff-Warme-Kraft, 23 No. 9, pp. 395-400, September, (1971). 12. PETR V., KOLOVRATNIK M, “A Study on Application of a Closed Cycle CO2 Gas Turbine in Power Engineering (in Czech)”, Czech Technical University in Prague, Department of Fluid Dynamics and Power Engineering, Division of Power



Proceedings of SCCO2 Power Cycle Symposium 2009 RPI, Troy, NY, April 29-30, 2009



Engineering, Departmental November, (1997).



report



Z-523/97,



13. PETR V., KOLOVRATNIK M, HANZAL V, “On the Use Of CO2 Gas Turbine in Power Engineering (in Czech)”, Czech Technical University in Prague, Department of Fluid Dynamics and Power Engineering, Division of Power Engineering, Departmental report Z-530/99, January, (1999). 14. KATO, Y., NITAWAKI T, YOSHIZAWA Y., “A Carbon Dioxide Partial Condensation Direct Cycle For Advanced Gas Cooled Fast and Thermal Reactors”, Proceedings of Global 2001, Paris September 9-13, (2001). 15. DOSTAL V., HEJZLAR P., DRISCOLL M. J. and TODREAS N. E., “A Supecritical CO2 Brayton Cycle for Advanced Reactor Applications”, Trans of American Nuclear Society Meeting, Reno, (2001). 16. V. DOSTAL, M. J. DRISCOLL, and P. HEJZLAR, “A Supercritical Carbon Dioxide Cycle for Next Generation Nuclear Reactors,” MIT-ANP-TR-100, Massachusetts Institute of Technology (2004).




















research-on-the-supercritical-carbon-dioxide-cycles-in-the-czech ...






research-on-the-supercritical-carbon-dioxide-cycles-in-the-czech-republic.pdf. research-on-the-supercritical-carbon-dioxide-cycles-in-the-czech-republic.pdf. 






 Download PDF 



















 616KB Sizes
 7 Downloads
 307 Views








 Report























Recommend Documents




No documents















×
Report research-on-the-supercritical-carbon-dioxide-cycles-in-the-czech ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















