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Abstract Sandia National Laboratories (Sandia or SNL) is investigating advanced Brayton cycles that use supercritical working fluids for application to a variety of heat sources, including geothermal, solar, fossil, and nuclear power. This work is centered on the supercritical CO2 (S- CO2) power conversion cycle which has the potential for high efficiency in the temperature range of interest for these heat sources and is very compact, likely reducing capital costs. The Sandia supercritical program has focused its effort into four areas including: 1) continued hardware development, testing, and upgrading of the two S- CO2 loops and their components, 2) research and testing of advanced strategies with a focus towards further improving cycle efficiency and extending the applicability of SCO2 systems, 3) S- CO2 model developments to support systems, components, and operations, and lastly 4) commercial development strategies to build a 10 MWe S- CO2 power conversion system. A brief summary of each of these four areas of research is provided in this report, but more detailed descriptions can be found in companion papers and presentations within this conference. 1.



Introduction



The Sandia supercritical CO2 research program has focused its effort into four areas: 1) hardware development and testing, 2) research of advanced S- CO2 strategies, 3) model development, and 4) commercialization of S- CO2 power systems. The first area consists of continued hardware development (Wright, 2011) and testing of the S- CO2 Brayton loop located at Sandia’s contractor Barber Nichols, Arvada, Colorado. A large number of tests were performed in this loop during the past year using 260 kW of heater power. The tests developed cold startup procedures and the transition to power generation. The loop has sufficient heater power to make electricity in multiple configurations. The Brayton cycle loop is currently being upgraded to 520 kW of heater power to further increase the power generation capability. Near the end of fiscal year 2011, it will be shipped to Sandia and installed at the Sandia site, as the loop capabilities will have exceed the facility capability at Barber Nichols. When it is located at Sandia it will be further upgraded to 780 kW of heater power. The second area of research is focused on studying systems and methods of improving the performance or extending the applicability of the S- CO2 energy systems. Most of this work involves operating the S- CO2 motor driven compression loop that is located at Sandia National Laboratories (Wright, 2011). This research loop is currently being used to explore the behavior of CO2 gas mixtures (Lewis, 2011), condensation cycles (Conboy, 2011), and



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado gas-foil thrust bearing performance (Conboy, 2011). Other areas of research extend to testing of S- CO2 natural circulation phenomena, and use of the compression loop as a S- CO2 heat pump (for both heating and cooling). The third area of research is focused on modeling. This effort is broadly aimed at developing S-CO2 system models as well as turbomachinery and power system component models and control system codes for the Brayton loop and motor generators. Models for natural circulation behavior and even S-CO2 computational fluid dynamic system models are also being developed (Suo-Antilla, 2011). Recently, these efforts have been combined to explore the use of S-CO2 as the coolant in a Gas Cooled Fast Reactor (S-CO2 GFR) (Parma, 2011). The last development area consists of implementing a commercialization strategy for S-CO2 power systems. At Sandia this effort is focused on developing a 10 MWe S-CO2 power system for a non-nuclear heat source. The intent of this effort is to provide the 5 years of DOE funded development experience to industrial groups who may wish to develop a 10 MWe class turbomachinery driven power system for one or more applications. An alternative target development area could include power and heat transport commercialization of systems that are less than 1 MW systems. These smaller systems would likely require less development funding but could apply to a larger customer base. It is likely that this smaller system could rely heavily on the existing 250 kWe power system being developed at Sandia, but it also could switch to more conventional piston driven machines which may be more appropriate for smaller sized systems. A brief summary of each development area is provided in this report. 2.



Development and Testing of the S-CO2 Brayton Cycle Loop



Sandia and the US Department of Energy are actively developing proof-of-concept hardware to determine the performance characteristics of supercritical CO2 (S-CO2) power cycles. This effort has resulted in the development of two S-CO2 test loops. The first loop is a research compression loop that uses a 50 kW motor-driven compressor, an expansion valve, and a spiral tube-and-shell heat exchanger for waste heat rejection (Wright, 2010). The 1.47 “ OD compressor spins at speeds up to 75,000 rpm, has a design pressure ratio of 1.8, and a mass flow rate of 3. 5 kg/s. The loop is capable of operating at up to ~2600 pisa. The research loop is located at Sandia Laboratories. It is being used to understand some of the detailed characteristics of supercritical compression near the critical point of CO2, and with other gases and gas-mixtures. The loop is also being used to study compression in the single-phase region for both liquids, gases, and for two-phase fluids. Other research efforts with this compression loop include the development and confirmation of models for the compressor maps, gas-foil bearings, thrust load management, seal leakage flow rates, bearing cooling methods, and natural circulation. A photograph of the compression loop is illustrated in the left had side of Figure 1. The second loop is a re-configurable proof-of-principle Brayton cycle power loop that is being developed in stages. A photo of the loop is shown in the right side of Figure 1. During 2010 the Brayton cycle loop was operated with 260 kW of heater power, using a Printed Circuit Heat Exchanger (PCHE) recuperator and a PCHE water-to- CO2 gas chiller. When operated as a simple heated-recuperated Brayton cycle, it was possible to generate electrical power using either the 1.47” OD main-compressor or the 2.3” OD re-compressor. When configured as a split-flow recompression cycle, both turbo-alternator-compressors are used. Because of the larger mass flow rate (due to the two compressors) in the split-flow loop, insufficient thermal heating occurs to allow power generation in both units, however electrical power was generated in the re-compressor turbomachinery. In 2011 the loop will be upgraded to use 520 kW of heater power, plus the high temperature recuperator to allow the S CO2 test loop to operate as a re-compression Brayton with dual turbo-machines. These and other upgrades will allow operating at the design temperature of 810 K and at speeds up to about 60,000 rpm. The final upgrades to be incorporated in late 2011 will allow operations up to 780 kW of heater power and speeds to the design speed of 75,000 rpm when improved gas foil thrust bearings and bearing cooling capabilities have been implemented. One of the early results from these tests show that at cold startup conditions, flow reversals can occur that require hardware and operational procedure modifications to transition from the cold startup to the as-designed flow conditions and power generation. The tests also reveal that the break-even power generation occurs at a turbine inlet



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado temperature of 450 K (350 °F) and at a shaft speed of 52% the design speed. The Brayton cycle was operated at a peak operating temperature of up to 590 K with a peak power of approximately 8 kWe. Overall the Brayton cycle reveals that the major components including the PCHE operate as expected and that the off design performance models predict the observed performance characteristics very well. The symposium presentations will review and summarize the major observations from all testing (Wright, 2011). Other more detailed reports on gas-foil bearings, compression of gas mixtures, natural circulation, startup, power generation, other topics will be presented in other companion papers.



Figure 1: (Left) Photo of the Sandia S- CO2 compression loop that is a S- CO2 research loop located at Sandia and being used to study compression near the critical point, measure the flow compressor maps, study compression of S- CO2 mixtures, condensation cycles, natural circulation and S- CO2 heat pump systems. (Right) Photo of the Sandia/GenIV SCO2 Brayton loop located at Barber-Nichols Inc, Arvada, Colorado. The Brayton loop has 260 kW of heater power at this time which is sufficient to reach break-even power production. Upgrades to the loop will raise the heater power to 780 kW.



3.



Research to extend the performance and applicability of S-CO2 Energy Systems



3.1 Use of supercritical CO2 working fluid with mixtures of other gases As the Sandia and DOE supercritical CO2 program has progressed to a full Brayton power generating cycle, new strategies are being pursued with a focus towards further pushing cycle efficiency. One promising approach is the use of CO2-based supercritical fluid mixtures. Introduction of additives to CO2 alters the equation of state and the critical point of the resultant mixture. Careful engineering of the working fluid enables the cycle to operate with a heat rejection temperature that is tailored to the local climate or day/night cycle at a given power plant, boosting overall conversion efficiency without the need for custom turbomachinery. The use of CO2-based mixtures may be best suited to cycles operating in the low temperature ranges characteristic of geothermal power, where the lower heat source temperatures are expected to lead to less dissociation or to less cross linking (coking) of working fluid gas molecules which could impact the power system. A series of tests were carried out, confirming the ability of different additives to increase or lower the critical point of CO2. Mixtures of CO2 with SF6 lower the critical temperature while mixtures with Butane increase it. Mixtures of CO2/8% butane were tested in the flow loop at densities of ~160, 350, 460, 580, and 700 kg/m3. At each fill density, the loop temperature was varied from ~290-320K (65-115°F) using heaters and cooling flow as needed, with the compressor operating steadily at 25 krpm. Onset of minor flow oscillations was observed at a unique temperature for each new density (or entropy) investigated. By carrying out this procedure at a number of different fill densities, one can roughly trace the two-phase saturation curve for the fluid mixture. This is seen in



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado Figure 2, where the phase transition data from CO2/butane at five different densities was plotted and fit with a polynomial curve to show a comparison between measured compressor loop data and NIST modeling. In Figure 2, the blue points and curve represent experimental data, and the black background lines show curves reported by RefProp (Lemmon, 2010). Error bars drawn on the experimental data indicate the variation of temperatures around the loop at the point of phase transition, not measurement error, which is on the order of ±1.1K for the K-type thermocouples used. The orange dotted line shows the critical point of pure CO 2, at 88°F (304K). As seen, the measured curve was found to be close, but several degrees lower than NIST predictions. The differences are likely due to the small but important non-isothermal and isobaric conditions within the loop.
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Figure 2: Blue dots with error bars show the measured temperature at which the transition from single phase flow to two phase flow is observed. As shown the points roughly trace out the saturation curve of the S-CO2 butane mixture.



The data confirms a modified critical point near 104°F (313K), as a result of the added butane. This is not far off of NIST estimates, which placed the modified critical point at 316K. In fact, predictions for CO2/butane were, on the whole, quite reliable. This is due to a large base of butane-mixture experimental data and models available in literature via the natural gas industry, which are incorporated within RefProp. Equation of state data agreed well between experiment and RefProp at nearly all points. 3.2 Condensation Cycles The S-CO2 recompression Brayton cycle has shown promise as an efficient power conversion system for advanced high temperature reactors. In a typical configuration, the compressor inlet operates a pressure comfortably above the critical point to avoid two-phase conditions at any point within the cycle. However, it has also been proposed to operate the main compressor at colder, lower pressure liquid-like conditions below the critical point. For an operating CO2 Brayton cycle, this would result in gas-phase CO2 at the gas chiller inlet, and force condensation within the primary gas chiller. The net effect of expanding the operating envelope as described, thereby creating a “condensing cycle”, is to provide greater efficiency for a given heat source. This assumes the presence of an adequately-cool heat sink (


SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado results are shown in Figure 3 for a variety of gas chiller inlet conditions. These tests showed that it was possible to compress saturated-liquid CO2, while providing a two-phase mixture to the gas chiller to demonstrate
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Figure 3: Measured values for the compressor inlet (red) , compressor outlet (green), heater outlet (blue), and gas chiller inlet (purple). T-S diagram of S- CO2 compression loop with: (A) supercritical CO2 at compressor inlet. (B) T-S diagram



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado of S- CO2 compression loop with saturated liquid CO2 (303 K) at compressor inlet. (C) cold saturated liquid CO2 (296 K) at compressor inlet.



the condensation capability of the heat exchanger (a shell and tube design). (Conboy and Wright, 2010). Similar tests were run on the larger Sandia CO2 Brayton cycle loop at Barber Nichols. In the Brayton loop main compressor was run with dense liquid CO2 at inlet with condensation occurring in the printer-circuit heat exchanger (PCHE™, Southall, 2010) gas chiller manufactured by Heatric. Therefore these tests also confirmed the ability of these advanced geometry heat exchangers to operate as high pressure CO 2 condensers (again without modification). A notable consequence of these tests is the implied flexibility of operating characteristics of a CO 2 thermal power plant: a full-scale multi-megawatt plant may be designed for “standard” S- CO2 Brayton operation, but used in the condensing cycle mode as cooler temperatures are available. Further, gains in efficiency allowed by use of the condensing cycle increase the competitiveness of the CO 2 cycle for application to lower temperature heat sources such as solar thermal, geothermal, and light-water reactor (LWR) systems. 3.3 Supercritical CO2 Cooled Gas Fast Reactors This work presents a relatively new transformational reactor concept that uses supercritical carbon dioxide (S-CO2) as the coolant in a direct cycle gas fast reactor (SC-GFR). The concept is a combination of the CO2-cooled Advanced Gas Reactor developed and operated in the United Kingdom and the direct cycle Gas-Cooled Fast Reactor concept. The SC-GFR concept is a relatively small (200 MWth) fast reactor that is cooled with CO 2 at a pressure of 20 MPa. The CO2 flows out of the reactor vessel at ~650°C directly into a turbine-generator unit to produce electrical power. The thermodynamic cycle that is used for the power conversion is a supercritical gas Brayton cycle with CO2 as the working fluid. With the CO2 gas near the critical point after the heat rejection portion of the cycle, it can be compressed with less power as compared to a standard gas Brayton cycle, thereby allowing for a higher thermal efficiency at the same turbine inlet temperature. A cycle efficiency of 45-50% is theoretically achievable for an optimized configuration. This type of reactor concept maintains some potentially significant advantages over ideal gas-cooled systems and liquid metal-cooled systems. The major advantages of the concept include the following:       



High thermal efficiency at relatively low reactor outlet temperatures; Compact, cost-effective, power conversion system; Non-flammable, stable, inert, non-toxic, inexpensive, and well-characterized coolant; Potential long-life core and closed fuel cycle; Small void reactivity worth from loss of coolant; Natural convection decay heat removal; Feasible design using today’s technologies.



Scoping analyses are presented for a 200 MW th reactor using the S-CO2 Brayton cycle. The analyses show that a relatively small long-life reactor core could be developed that maintains decay heat removal by natural circulation of the CO2 coolant through the power conversion heat rejection system. A conceptual plant layout is shown in Figure 4. The reactor vessel will most likely be located in a below-grade vault that will provide shielding and auxiliary cooling for the vessel. The turbine/compressor unit and recuperator will be at ground level. The heat-rejection heat exchanger may be at ground level or above ground level, depending on the height requirements to ensure natural convection flow capabilities for decay heat cooling with the compressor not operating. Other auxiliary systems will include, for example, a CO2 make-up, recovery, and purification system; emergency core cooling system; cooling water system; and containment ventilation system.
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Figure 4: Conceptual Plant Layout for a S- CO2 Power Conversion System With a Separate Turbine/Generator Unit and Combined Turbine/Compressor Unit.



3.4 Gas foil thrust bearing thermal heat effects A schematic of the gas-foil thrust bearing is illustrated in the top image of Figure 5 and a photo of the thrust bearing is later shown in Figure 10. The analysis of gas-foil bearings (Bruckner, 2005) shows that the power (heating) is roughly proportional to the fluid density, the shaft speed cubed, and the thrust disk diameter to the fourth power. The friction in the thrust disk area leads to heating as shown in the bottom image of Figure 5, which shows the temperature as measured by a small thermistor located at the tip of the thrust disk. A reduction in the thrust disk diameter results in a substantial reduction in the friction heating. Smaller thrust disks are being tested in the Sandia S- CO2 compression loop to assure adequate thrust load capability and reduced thrust disk friction. These tests have just started and the results are not yet available.
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Figure 5: (Top Image) Expanded view of the turbo-alternator compressor. The main-compressor turbomachinery looks the nearly the same. The red dots show the location of the thermistors that are used to measure the gas foil thrust bearing and journal bearing coolant temperature. (Bottom Image) Measured journal and thrust bearing temperature for the main-compressor turbomachine.



4. S- CO2 Research Models Sandia has three types of supercritical power systems models. The first model is a cycle analysis code (CycleAnalysis_V1). The second is an off-design Brayton cycle analysis tool used for steady state analysis (OD-



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado CycleAnalysis_V1) of supercritical power systems, and the third is a dynamic simulation of the entire Brayton cycle (RPCSIM-S CO2). Brief descriptions of these models are presented below. Sandia also uses a 3D computational fluid dynamics modeling code C3D to model flow in more complicated geometries. This code is described in a companion paper within this conference (Suo-Anttila, 2011). 4.1 Steady State Cycle Analysis Code (CycleAnalysis-V1.exe) The CycleAnalysis-V1 code is intended to be used to predict the behavior of various types of supercritical power generation, steam power generation, refrigeration, or heat pump loops. The code is called CycleAnalysis-V1.exe. It is a Microsoft Excel™ code that makes extensive use of visual basic programming features to model the loop. The code uses the NIST Refprop equation of state library to determine the fluid properties. The solution method uses and enthalpy based approach, thus it can be used near the critical point, in the two phase region, or in the transcritical region. In the CycleAnalysis-V1 code, the user provides the pressure ratio, the mass flow rate, the efficiency of the compressors and turbines, and other properties (such as the recuperator approach temperatures and fractional pressure drop) to calculate the power of each component (heater, turbine, compressor, recuperators, and gas chillers). The temperature and pressure at the inlet and outlet of each component and the cycle efficiency are also calculated. The code also contains a section that estimates the size and shaft speeds needed for the compressor and turbine. Various types of power cycle models are programmed into the code. Each worksheet simulates the behavior of a specific type of cycle. There are different worksheets for the simple recuperated Brayton cycle, for the split-flow re-compression Brayton cycle, for systems with reheat, inter-cooling, and with condensation. Several other types of modified Brayton systems that are provided because they are optimized or work well as bottoming cycles or for low temperature heat sources such may be used in geothermal or waste heat applications. A few simple models for steam Rankine power systems and for heat pumps are also provided. The user can easily create other models or modifications to the worksheets to simulate other cycles. HX and Reheaters 6716 kW
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Figure 6: CycleAnalysis code results for a S-CO2 power system with three stages of reheat, one intercooling stage, with re-compression. This cycle is designed to provide high efficiency performance results for turbine inlet temperatures > 300 °C. For the case modeled here, the turbine inlet temperature is 650 °C and the compressor inlet temperature is 47° C which is sufficiently high to allow for dry cooling. This cycle produces an efficiency of 55%, at 47 °C, compressor inlet temperature. This system is applicable to Gas Reactors, Concentrated Solar Power, and some specialized fossil applications.



4.2 Off-Design Steady State Cycle Analysis Code (OD-CycleAnalysisV1.exe) The OD-CycleAnalysis-V1 code predicts the off-design performance characteristics of the Brayton cycle loop given only the compressor inlet temperature and pressure, the shaft speed, and the heater power. All other parameters are estimated by the code. This model is different from a cycle analysis because the code uses the compressor and



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado turbine performance maps hence the mass flow rate are pressure ratio are predicted, not provided as input. The code now requires a heat transport model for the recuperator. At the current time the recuperator uses the standard logmean-dT approach, so the user must supply the universal heat transfer coefficient U*A, where U is the heat transfer coefficient and A is the heat transfer area. This code is also written in Microsoft Excel ™, and makes use of the Excel Solver add-in. As before the NIST Refprop Equation of State library models are used. The key to predicting the performance of the S-CO2 Brayton loop is the use of the compressor and turbine performance maps (Error! Reference source not found.). These maps and how to use them are described in a report from Barber Nichols Inc (Noal, 2008). They rely principally on a series of corrections to account for the nonideal behavior of the supercritical CO2 (see Glassman, 1972). Because the maps were generated at the design point, they are most accurate near these conditions. At cold startup the compressor inlet conditions are not too far from the design conditions so these maps are probably reasonably accurate. However, because the turbine maps were developed for an inlet temperature of 810 K (which is far from the actual startup temperatures of 285-305 K) the available maps are not accurate a may even provide misleading information for cold operations. Therefore, the ODCycleAnalysis code can only be applied to warm idle conditions where the fluid-flow in all components is in the as designed direction and the turbines are acting as turbines (not churning or acting as compressors). Plots of the maincompressor and turbine maps are provided in this report. The OD-CycleAnalysis Code still needs a improvements. Two modifications that will help improve the performance predictions are the inclusion of actual pressure drops (not assumed fractional pressure drop), and some of the major heat losses that occur. rpm



39000 509.6 9338



K kPa



20.68 kw Turbine



Heater



220.00 kw



GenPwr.Net



10.31 kw



304.7



7.26 kw Comp



K



7622 kPa



Wind @ 500 psi



Gas Cooler 206.58 kw



1.623



Pratio 1.24



kg/s



494.2 7791 396.4 K 9338 kPa



3.11



K kPa



Recup 378.47 1



310.8



K



9432



kPa



318.8



K



kw



7713 kPa Figure 7: OD-CycleAnalysis code for off-design steady-state performance of the S- CO2 power systems. Results above are shown for the GenIV-101201_1041 break-even test. Note that the results are for low shaft speeds which occurs near break-even power production.



4.3 Dynamic System Model (RPCSIM-S CO2) The other main code used to model the Brayton loop is RPCSIM-S CO2. RPCSIM stands for Reactor Power and Control SIMulator. The code is written in the Matlab-Simulink™ environment provided by Mathworks™. It was originally written to model the Sandia low pressure Brayton loop (Wright, 2003 and 2005) which assumes ideal gas behavior. The code has been extensively modified to model the Brayton loop using supercritical fluids so the code was changed to an enthalpy based solution method. The code also couples to the NIST Refprop code for the equation of state using Simulink s-functions that directly call the Refprop library. The code uses fits to the compressor and turbine maps provided to Sandia by Barber-Nichols, and also requires detailed descriptions of the recuperators, gas chiller, heaters and plumbing. The plumbing, heater, and heat exchanger properties are provided Section Error! Reference source not found. of this report.



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado The code makes three major assumptions. The first assumption is a quasi-steady-state behavior is assumed. This means the flow rate is everywhere constant around the loop and the pressure drop being controlled by the local friction and form drag losses. The second assumption assumes that within a given time step the fluid properties reach their equilibrium values. Therefore, all time derivatives depend only on the time it takes for structures to heat up or cool down, or for the turbomachinery speed to find its equilibrium shaft speed value. The third assumption is that the mass in the loop is held constant. Therefore, the code keeps track of the fluid in the loop and adjusts the turbine outlet pressure to provide constant mass within the loop. It is beyond the purpose of this report to describe RPCSIM-SCO2 in more detail. The code is still in development. It works well when the problems provide an inlet temperature, pressure, and flow rate for one or more components. In these cases the solutions are fast and appear reasonable. However, when fully closed solutions are sought (where the code must find the mass flow rate and system pressure) given the shaft rpm, heater power, fill inventory, and cooling water flow rate the code often has problems converging to a solution near the critical point. Therefore in this report, only the RPCSIM-S CO2 results are provided for individual components (recuperator and gas chiller). REFPROP 8 dH MC forced to be positive . Initial values in turbine set to be near TIT . mdot .eq not allowwed to be < 0.2 kg//s Steady State Run at 37krpm to simulte operations on 12/1/10. Runs quickly and is prettl close to correct for 1000 s
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Figure 8: RPCSIM-CO2 Dynamic simulation results for the GenIV_101201_1041 experiment. (A) Schematic of RCPSIM-CO2, (B) Temperature around loop (Turb_In-grn, Turb_Out-blue, Hot_Recup cyan&red, Comp_Out magenta, Comp_In cyan), (C) Power in Heater (green), Turbine(magenta), Net Electric (red), Windage (blue), Compressor yellow. (D) Pressure around loop (high and low pressure legs). Pressure ratio, mass flow rate, compressor power, and inventory fill mass all agree with the measured results. Turbine inlet temperature, recuperated power, and turbine power exceed measured results.



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado 4.4 Computational Fluid Dynamic Systems Modeling Code (C3D) A computational fluid dynamics (CFD) code with real fluid capability has been developed by upgrading an existing CFD code. This code was partially developed at Sandia in a version called CAFE (Chalasani, 2010) which couples a CFD fire model with the commercial finite element code PATRAN. A second commercial version called Isis (Greiner, 2004) has been used to model heat transfer within and around fires, as well as other general purpose CFD type applications. The latest most recent code, called C3D, is a fully commercialized version rewritten in FORTRAN 95. The previous commercial version, Isis, was written in Fortran 77, and not well suited for general commercial applications due to fixed memory allocation limitation of Fortran 77. C3D is extensively used in fire and combustion modeling where buoyancy effects due to density changes of a factor of three to four over short distances are common, hence it already has the capability to model multidimensional flow based on natural circulation. Sandia has contracted the author of the C3D code to extend the CFD capability to supercritical fluids by using the NIST Refprop version 8 equation of state model for S-CO2 (or any other fluid in the Refprop library). The original version of C3D has a temperature based energy equation. All attempts at modeling Supercritical CO 2 with a temperature based energy equation with variable specific heats failed due to computational instabilities as the critical point is approached. In order to eliminate the computational instabilities an enthalpy based energy equation was implemented. Enthalpy has a smooth behavior around the critical point unlike thermophysical properties such as density and specific heat. The enthalpy based solution eliminates instabilities because specific heat is absorbed into the transport variable when solving the energy equation. The C3D code has been used for many years to model fires and flares. In those cases, users were interested in heat transfer and fluid flow effects on the exterior surface of objects that were either immersed within or near fires. However in reactor applications the users are interested in modeling flow inside vessels, pipes, and networks of pipelines. Although such modeling can be done with existing versions of the code, it is awkward and not very efficient to do so. In order to address this problem another modification was added which was an external onedimensional pipeline network capability. With this new feature, complex 1-d piping networks can be simulated in any degree of detail, and connected to 3-dimensional models of various reactor components. The new 1-d pipeline network capability includes all of the real-fluid effects. The new C3D code is now operational and was validated against some published experimental results, shown in this paper. Future efforts will use the code to perform dynamic simulations of transitioning from forced circulation to natural circulation, natural circulation modeling in the reactor, in recuperators, and at junctions and unions. This code will also be one of the primary tools used to model the dynamic behavior of natural circulation in the Sandia SCO2 natural circulation experiments.
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Figure 9: A C3D contour plot of the temperature distribution (Kelvin) in the reactor internals cooled by natural circulation. The heat generation rate in the core is uniform at 2.5 MW.



4.5 Supercritical Fluid Thrust Bearing Model The heater upgrades to Sandia Brayton loop will require higher shaft speeds to increase the pressure ratio and ultimately achieve higher electrical conversion efficiency. The higher shaft speeds will also increase the friction heating in the gas-foil bearings which in turn impacts the thrust loads. During this phase of testing, adequated thrust bearing load capacity is required to prevent failures. Also, windage and heat transfer mechanisms at the thrust bearing lubrication layer will need to be better understood to minimize bearing surface temperature. To address these concerns, experiments are being performed using the Sandia compressor test loop to measure gas-foil thrust bearing load capacity, to measure friction power, and friction heating. The data generated in these upcoming tests, as well as in recent tests BNI (Barber-Nichols Inc.) will be used as the basis of benchmarking a new computational model. The gas-foil thrust bearing model (Conboy, 2011) currently uses a simplified, theoretical thrust bearing model, that evaluates the Reynolds equation along the thrust disk surface based on model by Heshmat (Hestmat, 2 ). This model includes geometric and a number of environmental parameters influencing bearing design for maximum thrust load support. Work is also being performed to add more features such as temperature dependence, complex foil and support structural models, turbulent film theory, and coupling to the code Simulink™ for dynamic simulation of heat transfer. This will provide a useful tool to Sandia researchers during future test runs, to turbomachinery designers seeking to optimize thrust bearing geometry, and for investigating approaches to limiting bearing temperature. At the current time the model uses only the laminar form of the Reynolds equation. The left hand image in Figure 10 shows a photo of one of the six load pads on the gas-foil bearing. The right hand image shows a model of the dimensionless pressure between the pad and the rotating disk. The model was used to estimate the dimensionless friction power between the pad and the rotating thrust disk for the operating conditions in the Sandia turbomachines. This simple model under predicts the known friction power effect as a function of gas pressure. Efforts are now



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado under way to include the turbulent terms in the Reynolds equation to account for turbulent flow caused by the high density S- CO2.



Figure 10: Photo of gas-foil thrust bearing used in the Sandia/DOE GenIV S- CO2 Brayton Power Loop (left). Model of dimensionless pressure profile under gas-foil pads as modeled by Conboy using the Heshmat laminar flow model.



5.



Commercialization Strategy



The one MW thermal class heater size was selected for the DOE GenIV first S-CO2 proof-of-principle Brayton cycle loop because the turbomachinery was considered large enough to adequately address the key control and stability issues of compression near the critical point in CO2, but still small enough to be affordable over a multi-year funding period at the current Gen IV Energy Conversion research budget. This compromise between fidelity and cost still appears to have established an appropriate balance that has allowed the small-scale research program to address the key questions. The disadvantage of the relatively small size of the turbomachinery and the associated high rotational speeds is that these small scale system require bearing, seal, heat transport barriers, and motor alternator approaches that in some cases would not be fully representative of the a commercial scale system. While these scaling issues are not fundamental to establish performance potential or technical viability, they should be evaluated at an early stage to assure that there are no important uncertainties in scaling to a commercial system. Sandia Labs, Argonne Labs, and Barber Nichols provided an assessment of the scaling issues for the S- CO2 cycle, and the options for the next stage of demonstration in a letter report to DOE (Wright, Sienicki, et. al 2009). The results of that report are largely summarized in a companion paper within this conference (Sienicki, 2011). This scaling analysis concludes that a S-CO2 turbomachinery based power system needs to be larger than approximately 7-10 MWe while using only commercially available hardware for the major components required for the power system. The components governing the size included the type of compressor and turbine type, its shaft speed, use of tilt-pad oil lubricated bearings, dry lift-off seals, high speed gear box reduction components and synchronous generators and controllers. This assessment is the starting point for evaluation of future pilot scale commercialization demonstration options. Sandia has proposed a four phase development strategy for a 10 MWe demonstration program. The four phases consist of: 1) a design phase, 2) a fabrication, procurement, and assembly phase, 3) a final assembly, commissioning and testing phase (with the goal of electricity sales), and 4) a product development phase where the prototype demonstration is configured for a specific market.



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado The design phase begins with scoping calculations, heat source and power cycle definition, and sets the major goals of the project. It is then followed by a preliminary and final design changes. The costs are minimal during the design phases, but increase substantially once fabrication begins. It is estimated that each phase last about one year. Thus, the project is setup to produce electricity and have electrical sales within approximately 3 years. Faster development could be performed with added risk, likewise extending the phases especially the design and commissioning phases could reduce risk. The time critical components are generally considered to be the PCHE heat exchangers and the CO2 heat source.



6.



Summary and Conclusions



A summary of the Sandia/DOE-NE supercritical research program was described in this report. The work is generally focused into four areas that include: 1) continued hardware development, testing, and upgrading of the two S-CO2 loops and their components, 2) research and testing of advanced strategies with a focus towards further improving cycle efficiency and extending the applicability of S- CO2 systems, 3) S-CO2 model developments to support systems, components, and operations, and lastly 4) commercialization development strategies to build a 10 MWe S- CO2 power demonstration for a industrial commercial product. A brief summary of each of these four areas of research was provided in this report. More detailed descriptions can be found in companion papers and presentations within this conference.
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