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Dynamic Simulation and Control of a Supercritical CO2 Power Conversion System for Small Light Water Reactor Applications



Shih-Ping Kao, Jonathan Gibbs, Pavel Hejzlar Massachusetts Institute of Technology CANES Center for Advanced Nuclear Energy Systems © CANES MIT 3/2009



Objectives „ Develop a robust S-CO2 Power



Conversion System simulation model based on first-principles conservation equations. „ Design an integral control strategy for an indirect, S-CO2 PCS for a PWR. „ Determine the operational envelope and stability boundaries. © CANES MIT 3/2009



Simple S-CO2 PCS Piping Diagram
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Simple S-CO2 PCS Conceptual Design Generator



Precooler



to IHX



Turbine from IHX
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Recuperator



H2O out



Simple S-CO2 PCS Characteristics Net electric power output (MW)



10



Net cycle efficiency (%)



21.3



Thermodynamic efficiency (%)



22.9



CO2 mass flow rate (kg/s)



253.7



Turbine specific work (kJ/kg)



60.1



Compressor specific work (kJ/kg)



17.8



Cooling water inlet temperature (˚C)



29.6



Cooling water outlet temperature (˚C)



39.3



Cooling water mass flow rate (kg/s)



894.5



Cooling water pump work (kW)



169.3



Recuperator effectiveness (%)



95.1
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Modeling Challenges „



Peculiar CO2 properties near the critical point. … Thermal



capacity increases sharply by nearly two orders of magnitude. … Viscosity increases by one order of magnitude. … Density changes by a factor of 3 between 40°C and 31.5°C.



„



Challenges: … Fast-changing



Jacobian coefficients for partialdifferential equations. … Numerically unstable solutions fail to converge in RELAP and GASPASS code.
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S-CO2 Density vs. Temperature



™Density highly non-linear at compressor inlet near the critical point (T≈31ºC, P ≈ 7.5MPa)



Source: NIST
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S-CO2 Thermal Capacity vs. Temp.



™Sharp Cp spike inside pre-cooler near the critical point (T≈31ºC, P ≈ 7.5MPa)



Source: NIST
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S-CO2 Simulation Code Development „



PCS dynamic simulation code development Developed a FORTRAN90 code to simulate the dynamic behavior of an S-CO2 PCS, named SPCS (Super-critical Power Conversion Simulator). Numerical models consisted of the following models: z z z z z



Transient heat transfer models for Precooler, Recuperator, and IHX PCHE’s. Radial compressor and axial turbine dynamics models using preliminary performance curves. Integral loop momentum model. PCS mass and energy lumped-parameter models. Single-shaft angular momentum model.
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Model Assumptions A single system pressure is assumed for the hot and cold side. „ Fluid is incompressible in each side. „ A linear enthalpy profile is assumed in each control volume. „ Specific volume of S-CO2 is assumed to vary linearly with enthalpy. „
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S-CO2 Specific Volume vs. Enthalpy



Source: NIST
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Model Limitations



ƒ ƒ ƒ ƒ



Properties are evaluated based on system pressure; hence, pressure waves are propagated throughout the control system instantaneously. Reduced accuracy for components with non-linear heat transfer profile. Flow reversal not allowed (donor-cell numerical scheme may be used to eliminate this limitation). Single-phase flow heat transfer only.
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Model Comparisons 1-D, Sectionalized Model (RELAP)



Momentum Integral Model



Compressibility



Yes



Yes (system-wide)



Thermal expansion



Yes



Yes



Sonic pressure effect



Yes



No



Max. time-step size



∆z c+ v



Computational limitations



Better accuracy; computationally expensive and unstable for S-CO2.
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L v Less accurate; computationally more efficient and robust.



Momentum Integral Model Field Equations „ Conservation of Mass dM i = m& i −1 − m& i dt



„ Conservation of Energy dEi = ( m& H ) i −1 − ( m& H ) i + Qi ,hx − Qi ,wall dt



„ Conservation of Momentum k fric ds dm& i ds 2 ν ' ds & & & = − ∆ − m m − m − ∫ ρg sin(θ )ds P i ∫ ∫i dt A ∫i 2ρDh A2 i 2 i i



„ Conservation of Angular Momentum ⎛ dΩ ⎞ I shaft ⎜ ⎟ = TTRB − TCMP − TGEN ⎝ dt ⎠ © CANES MIT 3/2009



Radial Compressor Relations ƒ ƒ ƒ



Based on typical radial turbomachinery map (Nate Carsten); Will be replaced with S-CO2 compressor maps when they are available; Effect of inlet property changes is included through additional equations
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PCHE Model Multiple-node (4 to 8 nodes), lumpedparameter model. „ Counter-current flow heat transfer. „ Adiabatic boundary condition. „ Gnielinski HTC correlation for S-CO2. „
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PCHE Benchmark Results ƒRELAP5 Benchmark for a 300 MW PCS ƒ40°C step increase in H2O temperature ƒ40-node precooler model
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PCS Stand-Alone Stability Tests „ Test



cases



‰ Case



1: Precooler H2O side inlet temperature -3°C step change. ‰ Case 2: IHX H2O side inlet temperature 10°C step change. ‰ Case 3: Precooler H2O side inlet flow 20% step change. ‰ Case 4: IHX H2O side inlet flow -20% step change.
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PCS Stand-Alone Tests Results „



„



Test results have shown that the uncontrolled PCS responds very rapidly to the introduced boundary condition changes, with cycle thermal response time constants less than 12 seconds to reach new steady state conditions for an 10 MW electric PCS. The PCS was able to establish steady state conditions for most cases, except for the rapid cool down in the precooler.
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Oscillations Near the Supercritical Point „



Compressor Mass Flow Rate (Precooler H2O Inlet -3 ºC)
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15



When the precooler temperature decreased to near the critical temperature, noticeable flow and pressure oscillations occurred.



Instability Near Supercritical Point Compressor Inlet Pressure (Precooler H2 O Inlet -3 ºC) 7.79



„



Pressure (MPa)
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Precooler Node #4 CO2-side Heat Transfer Rate (Precooler H2O Inlet -3 ºC)



Heat Transfer Rate (MW)
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10.0



„



Oscillations were started by a sudden change in the properties of CO2, as it transitioned from the supercritical state to the pseudo-critical state below the critical point due to cool down. The subsequent surge in compressor pressure and mass flow rate resulted in an oscillatory cycle that persisted throughout the transient.



Observed S-CO2 Heat Transfer Oscillations



Source: Jong Kyu Kim, et. al, “Wall temperature measurement and heat transfer correlation of turbulent supercritical carbon dioxide flow in vertical circular/non-circular tubes,” Nuclear Engineering & Design, 2007.
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PWR/S-CO2 PCS Controllers



ƒ Reactor Power Controller ƒ Turbine Throttle Controller ƒ Turbine Bypass Flow Controller ƒ Precooler Cooling Water Temperature



Controller Constraints: ‰ Variable shaft-speed ‰ Generic compressor performance curves ‰ Constant turbine efficiency
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Reactor Power Controller
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Turbine Throttle Controller
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Turbine Bypass Controller
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Precooler Temperature Controller
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Integrated RCS/PCS Control System
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S-CO2 PCS Code Operability Test Matrix Test Scenario



Reactor power control



Turbine throttle control



Turbine bypass control



Step power decrease (up to -40%)



√



√



√



Step power increase (up to +20%)



√



√



√



Power ramp down (up to -30%/min)



√



√



√



Power ramp up (up to +30%/min)



√



√



√



Controlled power ascension/ shutdown from/to hot zero power



√



√



√



Step change in cooling water temperature



√



√



√
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√=conducted



System & Control Transient Test Cases „ „ „ „ „ „ „ „ „ „



Case 1: 40% loss of generator load (with compressor bypass) Case 2: 40% power demand step decrease (with compressor bypass) Case 3: 10% power demand step increase (with turbine bypass) Case 4: -/+20% power demand swing (with turbine bypass) Case 5: 100% loss of generator load (with turbine bypass) Case 6: Precooler cooling water temperature -3ºC step decrease Case 7: Precooler cooling water temperature +3ºC step decrease Case 8: PCS S-CO2 inventory discharge from 100% power Case 9: 90% turbine load reduction at 30%/min. Case 10: 75% Power reduction and ascension at 30%/min.
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Transient Test Results: LOL Core & Generator Power vs. Demand (40% LOL)



„



Normalized Power



1.2 Core Generator Demand



1.0 0.8



Power Demand Decrease Transients …
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Compressor Pressure Ratio (40% LOL)
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80



100



Plant can sustain a step power-demand decrease of up to 40% from 100% without experiencing compressor surge or choke. Steady-state power errors increase with increase in demand change. New steady-state power level reached in 50 s. Max. shaft overspeed +7.5%. The use of turbine bypass improves the performance by slightly reducing the peak overspeed.



Transient Test Results: Power Swing Core & Generator Power vs. Demand (20% Power Swing)



„ 20% Power Swing



Normalized Power
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Compressor Pressure Ratio (20% Power Swing)
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Transient Test the load-leading capability limits of the control systems; … Steady-state power errors < 6%; … No large overshoots or undershoots in powers …



Transient Test Results: 100% LOL Normalized Shaft Speed (100% LOL, Turbine Bypass)



„ 100% Loss of Load:
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… Turbine throttle runback and turbine bypass control working together can effectively limit the shaft overspeed to under 15%; … Outside of the validity of compressor performance curves



Transient Test Results „



Power Demand Decrease Transients: … … …



„



„



…



Plant can withstand a step power-demand decrease up to 40% from 100% without experiencing compressor surge or choke. New steady state power level reached in 50 s. Max. shaft overspeed -7.5%. Steady state power errors increase with increase in demand change.



Cooling Water Temperature Changes: ‰ A sudden decrease in precooler cooling water temperature has the same effect as a sudden increase in generator load or power demand. ‰ Controllers were able to maintain the precooler CO2 temperature above the pseudo-critical point for a 3ºC drop in water temperature. ‰ A sudden increase in precooler cooling water temperature has the same effect as a sudden decrease in generator load or power demand.



CO2 Inventory Discharge from 100% Power:



‰ Inventory discharge control can be used to reduce power. However, the reactor and turbine power controllers failed to control the increasing reactor temperature. © CANES MIT 3/2009



Summary and Conclusions „ „ „



„



A coupled pressurized water reactor and S-CO2 PCS dynamic simulation code has been developed for a simple (single-shaft) PCS configuration. An integrated control system for the PWR/S-CO2 PCS plant has been developed and tested for a wide-range of operational transients. Control strategy is determined based on the thermal inertia of the primary reactor system versus PCS. For optimal operation, both the primary and PCS control systems must be tuned simultaneously in response to load demand changes. Preliminary partial-load transient test results show good controllability characteristics for a large step decrease and a small step increase in power demands.
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Proposed Future Work „ „ „



„



Develop system model and controllers for a split-shaft PCS. Perform sensitivity and anti-surge study of the compressor performance characteristics. Benchmark and validate the SPCS code against experimental data and other design codes. Improve computational efficiency using multithreading computation technique for multicore CPU and clusters. © CANES MIT 3/2009



Questions?
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