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The supercritical carbon dioxide (SCO2) Brayton cycle has been regarded as the main development direction of future nuclear power generation by more and more scholars, due to its high environmental efficiency and high thermoelectric conversion rate. However, due to fluctuations in the operation of the primary loop of the system with nuclear energy, parameters such as the power of the heat source and the mass flow of the working medium in the system will change, which will affect the dynamic performance and operation of the SCO2 Brayton cycle system. Therefore, it is necessary to study the dynamic response of the system performance under disturbance conditions, analyze the operating characteristics of the SCO2 Brayton cycle system. In this paper, a comprehensive dynamic model of SCO2 recompression Brayton cycle, which analyzes the response curves of critical parameters under the disturbance of heat source heating power and system mass flow rate, is accurately developed based on Simulink software. In order to verify the validity of the proposed model, the simulation results are compared with the experimental results conducted by Sandia Laboratory under the same conditions. The results show that the model has high accuracy, and can reflect the dynamic response of system performance under parameter perturbation. In this paper, the closed-loop simulation is innovatively performed to show the dynamic response to step-change in the heat source power and mass flow rate. And the thermal efficiency is about 31.85%, when the system operates stably at the design point of working condition. If a disturbance is applied to the system, the temperature change will be mainly concentrated near the heat source of the cycle, and the change near the precooler will be relatively small. The change of the heat source power will lead to a large monotonic variation of cycle efficiency. By contrast, an inflection point in cycle efficiency will be resulted in by changing the system mass flow rate. The results of this paper would provide good approaches for the design, control, and improvement of the SCO2 Brayton cycle.
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INTRODUCTION
Nowadays, energy shortage and environmental degradation have recently attracted more and more concern. Improving the energy utilization efficiency of thermal power generation systems has become an inevitable choice to achieve sustainable development of energy (Sarkar, 2015). As a promising alternative power block, the SCO2 Brayton cycle has been regarded as the main development direction of future power generation by more and more scholars due to its high environmental efficiency and high thermoelectric conversion rate (Dostal et al., 2002; Dostal et al., 2017; Ma et al., 2017; MonjurulEhsan et al., 2018). During the whole cycle, CO2 remains in a supercritical state. This recyclable heat source has a wide temperature range and high efficiency, and is suitable for solar energy, nuclear energy, distributed energy, Marine power, fuel cell, and other fields, and is considered to be one of the most promising energy conversion systems at present (Viswanathan et al., 2006; Moisseytsev and Sienicki, 2009; Jokar et al., 2017; Milani et al., 2017; Cao et al., 2018).
Among the six recommended reactor types of the fourth-generation nuclear energy system, except for supercritical water reactor, the energy conversion of the other reactor types can use the Brayton cycle, among which sodium-cooled fast reactor and lead cooled fast reactor are recommended to use CO2 as the working medium (Ahn and Lee, 2014; Crespi et al., 2017; Park et al., 2018). CO2 has good stability and nuclear physical properties, and behaves as an inert gas in the temperature range of reactor core coolant. It is easy to reach the supercritical state due to its moderate critical pressure (7.38 MPa) and low critical temperature (30.98°C) (Span and Wagner, 1996). Besides, it is abundant, cheap, and easy to obtain. The compressor operation point is set in the high-density area near the pseudo-critical area, and the reactor operation point is set in the low-density area after the pseudo-critical temperature, so as to greatly reduce the consumption of small compression work, thus improving the circulation efficiency (Neises and Turchi, 2014; Ahn et al., 2015). SCO2 has a high density, no phase change, good heat transfer performance, and low viscosity within the range of nuclear reactor operating parameters. The advantages of SCO2 can reduce the volume of compressor, turbine and other components (Lv et al., 2018), make the equipment structure compact, reduce the occupied space, and reduce the construction cost and time of nuclear power plant.
Many studies have been conducted on the performance of SCO2 power generation Brayton cycles. Sandia National Laboratory (Pasch et al., 2012) and the U.S. Department of Energy Office of Nuclear Energy have jointly developed the 780 kW SCO2 Brayton cycle power system, which is one of the earliest S-CO2 power generation Brayton cycle systems in operation in the world. The main components include two turbo-generator compressors and associated motors and controllers, three printed circuit heat exchangers, six shell, and tube heaters and associated controllers. Under the conditions of turbine inlet temperature of 811 K, compressor exhaust pressure of 13.8 MPa and rotational speed of 75,000 rpm, the expected circulating efficiency is 32%. Argonne National Key Laboratory of the United States (Chang and Grandy, 2008; Moisseytsev and Sienicki, 2009; Anderson et al., 2015) chose the pool layout as the basis of the design to study the layout form of the SCO2 Brayton cycle in the 250 MW sodium-cooled fast reactor. Massachusetts Institute of Technology (MIT) (Sinicki et al., 2007) systematically investigated four different CO2 cycle configurations, including intercooling, reheating, recompression, and precompression cycles. And the recompression cycle was found to yield the highest efficiency while still maintaining simplicity. The Korea Atomic Energy Laboratory (Seong and Kim, 2012; Seong, 2014) designed the Kalimer-600 Sodium Cooled Fast Reactor and established a simplified model to analyze the thermodynamic performance of Kalimer-600 coupled with the SCO2 Brayton cycle. The maximum thermal efficiency of the optimized sodium cooling SCO2 cycle arrangement is 42.8%. Xi’an Thermal Power Research Institute Co., Ltd(Huang et al., 2020; Su et al., 2020) has completed and put into operation the first 5 MW SCO2 cycle power generation test unit in the world. The unit is currently the largest one in the world, which is of great significance for further improving the efficiency and flexibility of energy utilization and accelerating the construction of the power system with new energy as the main body.
Some layouts have been investigated in the literature for the dynamic characteristic study of supercritical/trans-critical CO2 power cycle. Minh (Luu et al., 2017) proposed and analyzed a start-up scheme of the solar-assisted recompression SCO2 Brayton cycle from cold start to full load operation, and established a comprehensive dynamic model of the whole solar energy integration process. Carleton University (Richard Dupuis and Henry, 2018) built a 250 kW SCO2 simple regeneration Brayton cycle power plant and developed a dynamic model of the power plant in a Matlab/Simulink environment. The purpose of the dynamic model is to simulate the operating point under high-pressure conditions as well as the potential equipment failure mode and its control strategy. Rui Wang (Wang et al., 2020) proposed a dynamic model of a CO2 mixture trans-critical power cycle (CMTPC) system and verified it with experimental data. Olumayegun (Olumayegun and Wang, 2019) established a dynamic model in Matlab/Simulink to evaluate the dynamic performance and control of the waste heat recovery SCO2 power cycle in the cement industry.
Based on the analysis of the above literature, most studies on SCO2 Brayton cycle systems focus on evaluating performance through energy analysis, design parameter optimization, system configuration, and economic analysis under constant heat source conditions. The existing research lacks the dynamic characteristics of SCO2 recompression Brayton cycle with nuclear energy as heat source. However, due to fluctuations in the operation of the primary loop of the system, parameters such as the power of the heat source and the mass flow of the working medium in the system will change, which will affect the dynamic performance and operation of the SCO2 Brayton cycle system. Therefore, it is necessary to study the dynamic response of the system performance under disturbance conditions and analyze the operating characteristics of the SCO2 Brayton cycle system.
Meanwhile, the open-loop simulation is used in most of the papers, but the system input of open-loop simulation is fixed. There is a lack of feedback in the system so that the dynamic calculation results are distorted in a long time range. In this paper, the dynamic numerical model of the SCO2 recompression Brayton cycle is established on Matlab/Simulink platform. The thermophysical properties of SCO2 fluid come from the REFPROP physical property library established by the National Institute of Standards and Technology (NIST). The system will be performed closed-loop simulations and applied perturbations at specific locations such as heater and mass flow rate. Then the effects on major SCO2 Brayton cycle parameters and individual system components will be examined. Due to the lack of public experimental data experimental data of the SCO2 Brayton cycle, the simulation calculation research will lay the foundation for the corresponding unit control strategy and the engineering application of the SCO2 cycle system.
NUMERICAL MODEL
General Description
SCO2 Brayton cycle power generation system is a closed Brayton cycle. Due to the physical characteristics of SCO2, the exhaust temperature of the turbine is very high in the closed Brayton cycle. In order to improve the cycle efficiency, the hyperthermal turbine exhaust is often used to preheat the new working medium. In the recuperator, the pressure of working medium on the cold side is high, and its inlet temperature is close to the quasi-critical temperature point, so its isobaric specific heat is high and its heat absorption capacity is strong. The working medium pressure in the hot-side is low, and its temperature is far from the pseudo-critical temperature point, and its isobaric specific heat is low. Therefore, in the simple SCO2 Brayton cycle, the temperature of the fluid on the cold-side of the recuperator is significantly lower than the temperature of the fluid on the hot side, which means that the regenerative heat does not preheat the new working medium at the heat source to a high temperature as possible. As a result, the heat absorption at the heat source is still large. Compared with the simple SCO2 Brayton cycle, the SCO2 recompression Brayton cycle system subtly reduces heat loss and improves efficiency. When the turbine inlet temperature is 500 °C, a comparative study is conducted on the different configurations of the SCO2 cycle system, and the conclusion is drawn that the SCO2 recompression Brayton cycle has the highest efficiency applicable to the new generation of nuclear energy (Liu et al., 2019).
Figure 1 shows the recompression SCO2 dynamic circulation system. It is mainly composed of a main compressor, recompressor, low temperature recuperator, high temperature recuperator, heater, turbine, precooler, and so on. The low-temperature and low-pressure fluid are compressed by the main compressor (point1), then enters the low-temperature side of the low-temperature recuperator (point2) to be gradually heated, and merges with the fluid which comes from the recompressor (point3). After that, the fluid flows through the low-temperature side of the high-temperature recuperator (ponit4,point5), is heated by the heat source, and directly enters the turbine (point6) to perform work. The exhaust gas after the work is cooled by the high-temperature recuperator (point7) and low-temperature recuperator (point8), then split (point9). Part of the working medium enters the precooler for cooling, and then enters the main compressor (point1), while the other part enters the recompressor for compression and boost (point10). The two parts converge at the cold-side inlet of the high temperature recuperator to form a closed loop.
[image: Figure 1]FIGURE 1 | SCO2 recompression Brayton cycle system.
Turbomachinery Model
The turbomachinery models for the turbine, main compressor, and recompressor were designed by using the thermodynamic equations of turbomachinery. But the rapid change of CO2 near the critical point makes the simulation of compressors challenging. Therefore, turbine performance curves are used in the model to accurately predict turbomachinery performance. This paper refers to compressor and turbine performance curves from Sandia Laboratories (Pasch et al., 2012).
The input parameters of the compressor include inlet pressure, inlet temperature, flow rate and rotational speed. If the isentropic efficiency of the compressor is constant, the entropy value and enthalpy value of the inlet and outlet fluid of the compressor can be calculated as follows:
[image: image]
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According to the performance curve of the compressor, the enthalpy rise of the flow through the compressor and the isentropic efficiency of the compressor are calculated as follows:
[image: image]
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The actual enthalpy value at the compressor outlet is calculated according to the isentropic efficiency as follows:
[image: image]
Then the pressure and temperature of the compressor outlet fluid are calculated as follows:
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Compressor power consumption is:
[image: image]
Similarly, if the isentropic efficiency is constant, the entropy value and enthalpy value of the inlet and outlet fluid of the turbine are calculated as follows:
[image: image]
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According to the turbine performance curve, the enthalpy drop and isentropic efficiency of the fluid flowing through the turbine are calculated as follows:
[image: image]
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The actual enthalpy value of turbine outlet is calculated according to isentropic efficiency as follows:
[image: image]
Then the pressure and temperature of the fluid at the turbine outlet are calculated as follows:
[image: image]
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The work done by the turbine:
[image: image]
Recuperators and Precooler Model
Performance of printed circuit heat exchanger (PCHE) is a key research area in SCO2 recompression cycles. PCHE owns the advantages of small volume, strong pressure bearing capacity, and wide application range, which can meet the heat transfer requirements of the SCO2 Brayton cycle. There are three heat exchangers in the recompressed SCO2 Brayton cycle, including a LTR, a HTR, and a precooler. The working medium of HTR and LTR on the hot and cold sides is SCO2, the hot-side working medium of the precooler is SCO2, and the cold-side working medium is water.
Heat exchangers are usually designed in terms of temperature and pressure, but it is more convenient and accurate to calculate enthalpy and pressure, especially in the SCO2 cycle. Because temperature is highly nonlinear, while enthalpy is usually linear. In the system, the enthalpy and pressure in the heat exchanger are assumed to change linearly with the length of the heat exchanger to design the heat exchanger.
In order to simplify the model, the assumptions are made as follows:
(1) Since the diameter of the PCHE microchannel is very small, it is assumed that the temperature and pressure of the fluid change only in the axial direction (flow direction);
(2) In a finite region, all calculations of fluid properties can be performed based on the assumed linear change in enthalpy and pressure;
(3) When the fluid passes through the heat exchanger, the heat exchanger absorbs heat uniformly in the direction of the pipe. The change of specific heat and density of the medium is uniform and linear;
(4) The heat exchanger model was created as a countercurrent configuration with constant conductivity (UA).
In order to accurately capture the effects of changes in CO2 properties, each heat exchanger is divided into a series of sub-heat exchangers. Then, the total heat transfer rate of the entire heat exchanger is distributed equally among the discrete sub-heat exchangers (Dyreby, 2014). In this paper, the precooler modeled uses 10 sub-heat exchangers, HTR uses six sub-heat exchangers, and LTR uses six sub-heat exchangers. It is assumed that the enthalpy in the heat exchanger varies linearly with the length of heating or cooling. Therefore, the cold-side inlet enthalpy and hot-side outlet enthalpy of each sub-heat exchanger are calculated:
[image: image]
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where N is the number of sub-heat exchangers.
The inlet and outlet temperatures of each sub-heat exchanger can be calculated using pressure and enthalpy. The heat capacity of the hot-side and cold-side of the sub-heat exchanger can be determined:
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The efficiency of the sub-heat exchanger can be calculated by the following equation:
[image: image]
The number of dimensionless heat transfer units (NTU) of the sub-heat exchanger is calculated as follows:
[image: image]
where Cr is the heat capacity ratio between two streams, defined as the ratio between the minimum heat capacity and the maximum heat capacity.
[image: image]
The total thermal conductivity of the heat exchanger is the sum of the thermal conductivity values of the sub-heat exchanger:
[image: image]
About the cold and hot flow, the general mass conservation equation of the control volume is as follow:
[image: image]
The energy conservation equation of heat flow can be expressed as:
[image: image]
The energy conservation equation of cold flow can be expressed as:
[image: image]
The average temperature of CO2 on each side of the heat exchanger can be obtained by:
[image: image]
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The heat transfer rate in the heat exchanger is:
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where, mh and mc are the mass flows of SCO2 on the hot-side and the cold-side, respectively. Th1, Th2, Tc1 and Tc2 are the hot-side inlet temperature, hot-side outlet temperature, cold-side inlet temperature and cold-side outlet temperature of SCO2, respectively; cp,h and cp,c are the specific heat capacities of SCO2 on the hot-side and the cold-side, respectively; ρh and ρc are the mean densities of SCO2 on the hot-side and the cold-side respectively; Vh and Vc are the volumes of SCO2 on the hot-side and the cold-side respectively; t is time.
The pressure drop for the hot and cold-sides of heat exchanger (Meshram et al., 2016) is as follows:
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where f is the friction coefficient, L is the length of PCHE channel, d is the equivalent hydraulic diameter of the PCHE semicircular channel, ρ is the density of SCO2, and v is the flow rate of SCO2. The design parameters of HTR and LTR refer to the data of Sandia Laboratory (Pasch et al., 2012).
Split-Flow/Mix-Flow Model
In the cycle, SCO2 from the hot-side outlet of the LTR enters the main compressor and the recompressor at a certain split ratio of 3:2. The input parameter of split-flow model is total mass flow rate. And the outputs are mass flow rates of main compressor and recompressor.
The SCO2 from the main compressor flows through the cold-side of the LTR and the SCO2 from the recompressor converges at the inlet of the cold-side of the HTR. The input parameters of mix-flow model are cold-side outlet temperature of LTR, cold-side outlet pressure of low temperature recuperator, cold-side outlet mass flow rate of low temperature recuperator, outlet temperature of recompressor, outlet pressure of recompressor, outlet mass flow rate of recompressor. The outputs are cold-side inlet temperature of HTR, the cold-side inlet pressure of HTR, and cold-side inlet mass flow rate of HTR.
Heater Model
Unlike recuperators, the heater model does not include heat transfer calculations. Its working process complies with the conservation equation of mass and energy. According to the given design conditions, the heat transfer power of the heater can be determined, so the thermophysical properties of outlet SCO2 can be calculated from the thermophysical properties of inlet SCO2. The heat transfer rate is calculated as follow:
[image: image]
where m is the mass flow rate, hout is outlet enthalpy of SCO2, and hin is inlet enthalpy of SCO2.
System Model
On the Simulink platform, the input and output of each component are connected according to the layout of the SCO2 circulation system and the working medium process. The open-loop simulation system of the SCO2 Brayton circulation system is built, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simulation model of SCO2 recompression Brayton cycle system.
The model includes the main compressor, recompressor, turbine, HTR, LTR, precooler, heater, split-flow, and mix-flow module. The thermophysical properties of SCO2 fluid come from the REFPROP physical property library established by the National Institute of Standards and Technology (NIST). The simulation model directly accesses REFPROP.DLL in MATLAB/Simulink through the M file, and dynamically connects to the database, so as to realize the simple and convenient call and calculation of CO2 physical parameters.
VALIDATION
In order to verify the accuracy of the algorithm established in the simulation process and the feasibility of the SCO2 cycle simulation system, this section will compare the simulation results with the experimental results conducted by Sandia Laboratory (Pasch et al., 2012) under the same conditions.
The static operation results of the simulation and the experimental results of Sandia Laboratory (Pasch et al., 2012) are shown in Table 1. It represents inlet and outlet temperature, inlet and outlet pressure, and other parameters of the main components of the system. By comparing the static simulation results with the laboratory data, it can be seen that both the temperature and the pressure relative difference of each device in the system is within 1%. In general, it can be seen that the thermodynamic characteristics of the SCO2 recompression Brayton cycle system reflected in the simulation results agree well with the experimental results of Sandia, which can prove that the simulation model built in this paper has high static accuracy. The results of the steady-state operating parameters of the system are shown in Table 2. The isentropic efficiency of the turbine, main compressor, and recompressor is set at 86, 67, and 70%, respectively. Heat and pressure losses in connection lines are negligible, and the calculated cycle efficiency excludes auxiliary power losses, mechanical drive losses, and generator losses. Finally, the cycle thermal efficiency of the system is 31.85%.
TABLE 1 | The steady-state simulation results of the temperature compared with Sandia values.
[image: Table 1]TABLE 2 | Detailed condition of the steady state.
[image: Table 2]RESULTS AND DISCUSSION
Analysis of the System When Reducing the Heating Power
When the simulation runs stably under the parameters of the design point, a disturbance is added to the heat of the heater during 60–65 s, at the same time remain the revolving speed of the turbine constant. The heating power decreases from 780 to 663 kW, which is a decrease of 15%. The thermodynamic parameters of the heat source, turbine machinery, recuperator, and precooler are obtained on the simulation platform.
Figure 3 shows the dynamic response of cycle temperature while reducing heat source power. The heat source power decreases sharply, so it can be approximately regarded as a step change. The heater outlet temperature drops sharply from a stable value of 808.7–744.8 K in about 5 s, while the turbine outlet temperature (HTR hot-side input temperature) drops from 748.9 to 694.5 K. The HTR cold-side outlet temperature decreases from 696.7 to 648.5 K, which has the same changing trend as the HTR hot-side inlet temperature because the regenerator is counter-current. After that, the temperature decline slows down because the power of the heat source has not changed, and the heat return from HTR affects the inlet temperature of the heater. The thermal inertia of heat exchangers is large, so the thermal response speed will be reduced. Compared with the above three places, the temperature change rate of the HTR hot-side outlet and cold-side inlet is significantly smaller. Similarly, the temperature change range of LTR cold-side outlet temperature and the hot-side inlet is smaller, and the hot-side outlet temperature of the precooler is almost unchanged. At about 120 s, the system reaches a new steady state. The outlet temperature of the heat source is 719.2 K; the outlet temperature of the turbine is 671.6 K; the inlet temperature of the recompressor drops from 335.2 to 332.5 K; and the inlet temperature of the main compressor drops from 305.3 to 305.2 K.
[image: Figure 3]FIGURE 3 | Dynamic response of cycle temperature while reducing heat source power.
The heat transfer of the heat exchangers in the cycle system is shown in Figure 4. It can be seen from the figure that the decrease of heat source power leads to the decrease of heat transfer of HTR, LTR, and precooler. Meanwhile, due to the thermal inertia of the heat exchangers, the response of the above three heat exchangers to the heat source power fluctuation gradually slows down. HTR heat transfer power reduces from 2,197.4 kW to 1850.5 kW, decreasing by 15.8%; LTR heat transfer power reduces from 696.5 to 566.2 kW, decreasing by 18.7%; precooler heat transfer power reduces from 543.4 to 531.1 kW, decreasing by 2.3%. The power variation of the turbine machinery of the cycle system is shown in Figure 5, and the dynamic response of the cycle thermal efficiency is shown in Figure 6. The output power of the turbine is greatly reduced because the inlet working condition of the turbine changes so that the turbine works under the off-design condition. The inlet working conditions of the main compressor and the recompressor change slightly, so the power consumption changes slightly. The net power output of the cycle decreased significantly from 248.5 to 145.4 kW. This results in a dramatic drop in the cycle thermal efficiency from 31.9 to 22.0%.
[image: Figure 4]FIGURE 4 | Dynamic response of heat transfer in heat exchangers while reducing heat source power.
[image: Figure 5]FIGURE 5 | Dynamic response of turbine machinery power while reducing heat source power.
[image: Figure 6]FIGURE 6 | Dynamic response of system thermal efficiency while reducing heat source power.
Analysis of the System When Increasing the Heating Power
When the simulation system is in the stable stage, a disturbance is added to the heat of the heater during 60–65 s, and the control turbine speed unchanged. The heating capacity increases from 780 to 900 kW, which is an increase of 15%. Monitor the change of various thermodynamic parameters of system components on the platform, collect the data and draw the corresponding change curves.
Figure 7 shows the effect of increasing heat source power on the cycle temperature. The outlet temperature of the heat source rises from the stable value of 808.7–865.1 K in about 5 s, while the turbine outlet temperature rises to 794.6 K. The HTR cold-side outlet temperature decreases from 696.7 to 648.5 K, which has the same changing trend as the HTR hot-side inlet temperature. After that, the temperature of all components slows down. The temperature change rate of HTR hot-side outlet and cold-side inlet is obviously less than that of the above three places. The temperature change range of LTR cold-side outlet temperature and hot-side inlet is smaller, and the hot-side outlet temperature of the precooler is almost unchanged. At about 120 s, the system reaches a new steady state. The outlet temperature of the heat source is 877.1 K; the outlet temperature of the turbine is 804.1 K; the inlet temperature of the recompressor rises from 335.2 to 338.2 K; the inlet temperature of the main compressor is almost unchanged.
[image: Figure 7]FIGURE 7 | Dynamic response of cycle temperature while increasing heat source power.
The increase of heat source power leads to the increase of heat transfer of HTR, LTR, and precooler. At the same time, the response of the above three heat exchangers to the heat source power fluctuation gradually slows down. HTR heat transfer power rises from 2,197.4 kW to 2,424.6 kW, increasing by 10.3%; LTR heat transfer power rises from 696.5 to 809.6 kW, increasing by 16.2%; Precooler heat transfer power rises from 543.4 to 555.9 kW, increasing by 2.3%. The power output of the turbine increases considerably. The power consumption of the main compressor and the recompressor changes slightly, and the net-work output of the cycle system increases significantly from 248.5 to 351.1 kW. The dynamic response of the cycle thermal efficiency is shown in Figure 8. It can be seen from the figure that the thermal efficiency of the cycle system increases from 31.9 to 39.1%.
[image: Figure 8]FIGURE 8 | Dynamic response of system thermal efficiency while increasing heat source power.
Analysis of the System When Reducing the Cycle Mass Flow Rate
When the simulation system is in the stable phase, a disturbance is applied to the flow rate of the heater inlet. During 60–65 s, the system flow rate decreased from 5.77 kg/s to 5.48 kg/s, which is a decrease of 5%. Monitor the change of various thermodynamic parameters of system components on the platform, collect the data and draw the corresponding change curves.
Figure 9 shows the effect of reducing the system mass flow rate on the cycle temperature. If the heat source power is kept constant and the system mass flow rate is reduced, the outlet temperature of the heater will rise from a stable value of 808.7–861.1 K within 5 s, and the outlet temperature of the turbine increases to 803.5K. Because the regenerator is counter-current, the HTR cold-side outlet temperature which has the same variation trend as the HTR hot-side inlet temperature rises to 741.0 K. After that, the temperature rise rate slows down, because the mass flow rate of the system has not changed, and the heat which returns from the HTR will affect the inlet temperature of the heater. Due to the influence of thermal inertia, the temperature change rate of the HTR cold-side inlet and the HTR hot-side outlet is less than that of the above three places. As the mass flow rate of working medium on the hot-side of the precooler decreases and the inlet temperature and mass flow rate of the cold-side water remain unchanged, the outlet temperature of the working medium on the hot-side decreases from 305.3 to 304.8 K. The compressor outlet temperature (LTR cold-side inlet temperature) decreases from 323.6 to 321.6 K. The LTR hot-side outlet temperature decreases from 335.2 to 334.0 K, which has the same changing trend as the LTR cold-side inlet temperature. After 5 s, the LTR hot-side outlet temperature increases to 334.5 K and remains stable because the cycle system mass flow rate has not changed and the inlet temperature still rises slowly.
[image: Figure 9]FIGURE 9 | Dynamic response of cycle temperature while reducing the cycle mass flow rate.
The heat transfer power of the heat exchangers in the cycle system is shown in Figure 10. The power of the heat source remains the same. The heat transfer power of HTR and LTR increases due to the rising temperature of the hot-side inlet. The heat transfer of the HTR increases to 2,465.4 kW, increasing by 12%; The heat transfer power of the LTR increases to 760.4 kW, increasing by 9.17%. The heat transfer power of the precooler decreases to 524.3 kW within 5 s and then increases to 534.6 kW because the inlet temperature decreases firstly and then increases. The power variation of the turbine machinery of the circulating system is shown in Figure 11, and the dynamic response of the cycle thermal efficiency is shown in Figure 12. Within 5 s of the change of cycle mass flow, the work done by the turbine decreases. After the flow is stable, the work done by the turbine increases due to the increase in inlet temperature. The power consumption of the main compressor and the recompressor is reduced, but the reduction range is relatively small. The cycle net-work decreases to 231.8 kW in 5 s and then increases to 256.4 kW in about 120 s, which results in the cycle efficiency decreasing from 31.9 to 29.7% within 5 s, then increasing to 32.9% and finally stabilizing.
[image: Figure 10]FIGURE 10 | Dynamic response of heat transfer in heat exchangers while reducing the cycle mass flow rate.
[image: Figure 11]FIGURE 11 | Dynamic response of turbine machinery power while reducing the cycle mass flow rate.
[image: Figure 12]FIGURE 12 | Dynamic response of system thermal efficiency while reducing the cycle mass flow rate.
Analysis of the System When Increasing the Cycle Mass Flow Rate
When the simulation system is in the stable phase, a disturbance is applied to the flow rate of the heater inlet. In 60–65 s, the system flow rate increases from 5.77 kg/s to 6.06 kg/s, which is an increase of 5%. Monitor the change of various thermodynamic parameters of system components on the platform, collect the data, and draw the corresponding change curves.
Figure 13 shows the effect of increasing the system mass flow rate on the cycle temperature. The temperature variation trend of each part is opposite to that of decreasing system flow rate. The outlet temperature of the heat source is reduced to 762.1 K within 5 s, the outlet temperature of the turbine is reduced to 700.3 K, and the HTR cold-side outlet temperature is reduced to 654.4 K. After that, the temperature drop slows down. The temperature change rate of the HTR cold-side inlet and the hot-side outlet is less than that of the above three places. The outlet temperature of the precooler increases from 305.3 to 305.5 K due to the decrease of the mass flow rate of SCO2 on the hot side of the precooler. The main compressor outlet temperature (LTR cold-side inlet temperature) then increased from 323.6 to 325.7 K. The LTR hot-side inlet temperature increases from 335.2 to 337.2 K. After 5 s, the LTR hot-side outlet temperature decreases to 336.4 K and then remains stable because the cycle system flow rate has not changed and the LTR hot-side inlet temperature still decreases slowly.
[image: Figure 13]FIGURE 13 | Dynamic response of cycle temperature while increasing the cycle mass flow rate.
The power of the heat source remains the same. The heat transfer power of HTR and LTR decreases due to the falling temperature of the hot-side inlet. The heat transfer of the HTR decreases to 1931.5 kW, increasing by 12.1%; The heat transfer power of the LTR decreases to 645.1 kW, decreasing by 7.4%. Within 5 s of the change of cycle mass flow rate, the work done by the turbine increases. After the flow is stable, the work done by the turbine decreases due to the decrease in inlet temperature. The power consumption of the main compressor and the recompressor increases slightly. the dynamic response of the cycle thermal efficiency is shown in Figure 14. The cycle net-work increases to 262.9 kW in 5 s and then increases to 241.4 kW in about 120 s, which results in the cycle efficiency increasing from 31.9 to 33.7% within 5 s, then decreasing to 30.9% and finally stabilizing.
[image: Figure 14]FIGURE 14 | Dynamic response of system thermal efficiency while increasing the cycle mass flow rate.
CONCLUSION
In this paper, the component model of the SCO2 recompression Brayton cycle system, including compressor, turbine, HTR, LTR, precooler, and heater model, is established based on the idea of modularization and the conservation of mass equation, energy conservation equation, and heat transfer equation. A closed-loop simulation system is established in Matlab/Simulink software through the arrangement of the cycle system and the connection relationship of the components. The response characteristics of components inlet and outlet temperature, heat transfer of heat exchangers, turbine machinery power, and other parameters in the system were studied by applying heat source heating power and cycle system mass flow rate disturbance experiments. The main conclusions can be summarized as follows:
(1) The model has high accuracy, and can reflect the dynamic response of system performance under parameter perturbation. Due to the lack of public experimental data experimental data of the SCO2 Brayton cycle, the simulation calculation research will lay the foundation for the corresponding unit control strategy and the engineering application of the SCO2 cycle system. The steady-state thermodynamic analysis at design point conditions of the SCO2 recompression Brayton cycle system predicted a thermal efficiency of 31.85%.
(2) The model calculation results show: When a disturbance is applied to the system, the response time of the components behind the disturbance is the shortest, and the response time of each component gradually increases along the path of the cycle, and the time to reach the steady state becomes longer successively.
(3) The parameters of the cycle system are sensitive to the change of heat source power. The temperature change is mainly concentrated near the heat source of the cycle, while the change near the precooler is relatively small. The effect on cycle efficiency decreases from 31.9 to 22.0%. The effect of increasing heat source power on the cycle system is just the opposite.
(4) Reducing the system flow will increase the temperature near the heat source of the cycle, and decrease the temperature near the precooler. The cycle efficiency decreasing from 31.9 to 29.7% within 5 s, then increasing to 32.9%, and finally stabilizing. Increasing system mass flow rate has the opposite effect on the system.
(5) Under various perturbations, the outlet temperature of the precooler changes very slightly. Due to the high degree of non-ideality of thermophysical properties such as viscosity, density, heat capacity, and conductivity, small changes in the inlet working condition of the main compressor can have a significant impact on the total system performance. Therefore, it is necessary to control the inlet situation of the compressor to ensure its reasonable operating range.
(6) According to the results of the dynamic characteristics after applying the disturbance, a control strategy for the S-CO2 recompression Brayton cycle system is proposed. During the disturbance, the inlet temperature of the main compressor is controlled by cooling water to maintain the design point; the inlet temperature of the turbine is controlled by the bypass control valve and additional heat accumulator. Based on the above control strategy, the stable operation of the system is realized.
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NOMENCLATURE
Symbol
[image: image] heat transfer area, m2
[image: image] heat capacity, kW/K
[image: image] isobaric specific heat, J/(kg·K)
[image: image] equivalent hydraulic diameter, mm
[image: image] friction coefficient
[image: image] enthalpy, kJ/kg hot-side flow
[image: image] channel length, m
[image: image] mass flow rate, kg/s
[image: image] revolving speed, rpm
[image: image] dimensionless number of transfer units
[image: image] number of sub-heat exchangers
[image: image] heat transfer rate, kW
[image: image] pressure, MPa
[image: image] heat transfer rate, kW
[image: image] Reynolds number
S entropy,
[image: image] temperature, K
[image: image] average temperature, K
[image: image] overall heat transfer coefficient, kW/(m2·K)
[image: image] flow velocity, m/s
W power of turbomachinery, kW
Greek
[image: image] enthalpy variation, kJ/kg
[image: image] pressure drop, kPa
[image: image] logarithmic mean temperature difference, K
[image: image] sub-heat exchanger efficiency
[image: image] efficiency
[image: image] density, kg/m3
[image: image] time, s
Subscripts
[image: image] cold-side flow
[image: image] performance chart
[image: image] compressor
[image: image] enthalpy, kJ/kg hot-side flow
[image: image] serial number
[image: image] inlet
[image: image] isentropic
[image: image] minimum
[image: image] outlet
[image: image] ratio
[image: image] turbine
Abbreviations
HTR high temperature recuperator
LTR low temperature recuperator
PCHE printed circuit heat exchanger
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