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Abstract An assessment has been performed of the scale dependencies of technologies and features of S-CO2 Brayton cycle power converters. Each feature or technology is considered over a range of cycle electrical power output from the current small scale up to 300 MWe. It is found that for a system size of about 10 MWe that nearly all of the features and technologies prototypical of a full-size system could be incorporated into a next-step demonstration of the SCO2 Brayton cycle.



1. Introduction The supercritical carbon dioxide (S-CO2) Brayton cycle is an innovative and transformational technology that could potentially reduce the capital cost per unit electrical power and increase the net present value of Sodium-Cooled Fast Reactor (SFR), Lead-Cooled Fast Reactor (LFR), and Very High Temperature Reactor (VHTR) nuclear power plants. The current centerpiece of experiment research and development is a small-scale (~ 0.78 MWt heat input) demonstration of the recompression S-CO2 Brayton cycle being assembled for the U.S. Department of Energy (DOE) and Sandia National Laboratories (SNL) at Barber-Nichols Inc. (BNI) [1]. The main purpose of the smallscale facility is to demonstrate the technical viability (i.e., the cycle thermodynamic state points) and controllability of the S-CO2 Brayton cycle. Because of the small-scale of the turbomachinery, the small-scale demonstration must out of necessity incorporate a number of scale distortions. In particular, the turbomachinery must rotate at a very high rate, there are very high windage and other losses especially at higher rotational speeds, and gas foil bearings are being utilized. Oil lubricated bearings or dry gas liftoff seals which are standard technology for full-scale compressors and turbines and which would be used on the turbomachinery for a full-size S-CO2 Brayton cycle power converter (e.g., 100 MWe) would require a substantial development effort to be used on the small-scale turbomachinery. The small-scale demonstration was supported by a compressor loop which was operated beginning in 2008 to address the control and stability questions involved in CO2 compression near the CO2 critical point. This single compressor loop has also been used as the test bed for the development of gas foil bearings, seals, motor alternators, and motor controllers. Thus, while the small-scale loops address technical viability of the S-CO2 cycles, there are a number of technologies which need to be demonstrated for application to the S-CO2 cycle but are beyond the scope of the small-scale tests.



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado An intermediate or prototype scale demonstration is needed to establish the commercial viability of the S-CO2 Brayton cycle and facilitate commercial applications. This intermediate scale system would not only demonstrate the correct component technologies, but also demonstrate performance and control at an appropriate scale to confirm efficiency and cost benefits. In order to obtain the maximum benefit from the intermediate scale demonstration, the design selected should, to the extent possible, incorporate the components and technical approaches that are most useful in demonstrating the viability of a full scale system. For some components, the tradeoff between optimizing the performance of the intermediate scale system and demonstrating the full scale technical features must be considered. Different choices could be made depending on the specific objectives of the demonstration. An assessment has been performed under the former U.S. Department of Energy Advanced Fuel Cycle Initiative of the scale dependencies of technologies and features of S-CO2 Brayton cycle power converters. Each feature or technology is considered over a range of cycle electrical power output from the current small scale up to 300 MWe.



2. Turbomachinery Technology Options Specific features and technologies assessed include: • • • • • • • •



Turbine type and configuration (radial versus axial, shrouded or un-shrouded, single stage or multistage) Compressor type and configuration (radial versus axial or hybrid, number of stages) for both the main and recompressing compressors Bearing technologies (journal and thrust requirements, hydrodynamic oil versus gas foil, magnetic, or hydrostatic) Seal technologies (labyrinth, abradable, dry gas liftoff) Motor alternator (permanent magnet, synchronous wound, synchronous with a gearbox for speed reduction) Single versus multiple shaft configuration for the turbomachinery (turbomachinery diameters relative to the required shaft diameter and constraints on high speed motor alternators at smaller scales) Load bank (up to 50 MWe) Windage loss management (Relevant at small scale, cavity pressure control for CO2, gas liftoff seals, H2 generator cavity fill, N2 buffer gas)



Operating conditions for turbomachinery and impeller/rotor dimensions must lie inside of an appropriate regime (e.g., for radial flow compressors/pumps) on a Ns-Ds diagram where



Ns =



Ds =



N V11/2 (g H ad ) 3/4



= non-dimensional rotational speed,



D (g H ad ) 3/4 V11/2



= non-dimensional impeller/rotor diameter,



N = rotational speed in rpm, V1 = volumetric flowrate, g = gravitational acceleration, Had = adiabatic pump head, and D = pump impeller diameter. Maintaining similar values of Ns and Had thus requires higher rotational speeds as the volumetric flowrate decreases for smaller-sized turbomachines. Figure 1 shows the scale dependencies of the turbomachinery options relevant for a next-step intermediate-scale demonstration of full-scale technical features.
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Figure 1. Component and Technology Options for S-CO2 Brayton Cycles from Small-Scale to Commercial Scale Systems.



3. Major Findings for Turbomchinery It is found that for a system size of about 10 MWe that nearly all of the features and technologies prototypical of a full-size system could be incorporated into a next-step demonstration of the S-CO2 Brayton cycle. The likely exceptions are the turbine and recompressing compressor types, which would be different at 10 MWe than for the full-size power converter. The turbine would be radial up to about 30 MWe, since axial blade heights would be too small to be efficient below this size. Axial turbines would be appropriate above 30 MWe with multiple stage units required at higher powers with the benefit of somewhat higher efficiency. The main compressor is likely to be a radial unit for most power levels (at least for the first stage) to assure robust operation near the critical point. The recompressing compressor would transition to an axial compressor above about 100 MWe. Thus, both compressors would be radial for a 10 MWe demonstration. The transition to axial turbines or compressors at larger sizes is considered a straightforward design issue in the turbomachinery industry. Large industrial sized power plants rely mainly on oil-lubricated tilt-pad hydrodynamic bearings for both the thrust and journal bearings. They can be used at 7 MWe and above as for a full-size system. Dry gas liftoff seals are the typical seals used in high-speed industrial machinery to isolate the oil from the oil bearings from the working fluid. They are most often used with a buffer or purge gas to isolate the working fluid from the lubrication environment. Dry gas liftoff seals can be used at 7 MWe and above as for a full-size system. To reduce windage loss in the generator, the generator should be separated from the rest of the turbomachinery with a dry gas liftoff seal and a buffer gas to isolate the generator from the high pressure CO2. The use of a gear box together with isolation of the generator from the working fluid are common industrial practices. For 7 to 10 MWe, a gear reduction from a rotational speed of 24,000 rpm to 3,600 rpm for a synchronous generator is required; this type of gearbox is commercially available but would require cooling and contributes 0.5 to 1.0 % loss of power. Synchronous generators are used in most power plants above 10 to 20 MWe and always in plants above 100 MWe. The turbomachinery can be mounted on a single shaft at 10 MWe and above as for a full-size system.



SCO2 Power Cycle Symposium May 24-25, 2011 Boulder, Colorado 4. Scaling and Testing Considerations for Heat Exchangers The leading heat exchanger technology envisioned for use with the S-CO2 Brayton cycle was the compact diffusionbonded heat exchanger technology of Heatric Division of Meggitt (UK) Ltd. Heatric manufactures three products; namely the Printed Circuit Heat ExchangerTM (PCHETM), Formed Plate Heat Exchanger (FPHE), and Hybrid Heat Exchanger (H2X) [2 and 3]. It is envisioned that PCHEs are most suitable for the high and low temperature recuperators which are the highest heat duty heat exchangers in the recompression S-CO2 Brayton cycle. Fabrication of PCHETMs involves the diffusion bonding of stacks of chemically etched plates to form blocks. Current diffusion bonding capabilities limit the stack/block size to 1.5 m (length or width) by 0.6 m (width or length) by 0.6 m (height). A heat exchanger consists of a number of blocks in parallel together with headers and piping. Thus, the difference between next-step demonstration and full-size systems would mainly be that a smaller number of blocks would be required for the demonstration. Minor modifications to the heat exchanger designs could be expected for a smaller than full-size power converter; for instance, if the manufacturer chooses to utilize the material (i.e., stainless steel) more effectively. However, it is expected that any such design modifications would have a minimal impact upon heat exchanger performance. It is concluded that scaling of the heat exchangers for the S-CO2 cycle is not a concern for the continued use of compact diffusion-bonded technology. That situation could change if different heat exchanger technologies emerge and are adopted for use in the S-CO2 Brayton cycle. Because the heat exchangers consist of a number of blocks, in order to demonstrate the heat exchange and pressure drop performance of the heat exchangers it is not necessary to test the performance of more than a single block. Steady state heat exchange and pressure drop performance testing can be accomplished with a single block for a liquid metal-to-CO2 heat exchanger, low temperature recuperator, high temperature recuperator, and cooler in separate effects test facilities for intermediate coolant (e.g., sodium for a SFR)-to-CO2 heat exchange, CO2-to-CO2 heat exchange, and CO2-to-water heat exchange. In fact, heat exchangers having cores with channels similar to a full-size block but much smaller than a full-size block can be tested. The performance of a 17.5 kWt nominal heat duty low temperature recuperator PCHETM has been demonstrated at ANL for prototypical low temperature recuperator conditions in CO2-to-CO2 heat exchange tests [4] and prototypical cooler conditions in CO2-to-water heat exchange tests [5]. A new small-scale facility is being assembled at ANL for testing of a new 11 kWt nominal heat duty high temperature recuperator PCHETM under prototypical high temperature recuperator conditions. Full performance testing of the heat exchangers including not only steady state heat exchange and pressure drop performance testing but also the simulation of transients such as thermal shock which may depend upon the block dimensions should be conducted at the full-size single block level.



5. Summary It is found that for a system size of about 10 MWe that nearly all of the features and technologies prototypical of a full-size system could be incorporated into a next-step demonstration of the S-CO2 Brayton cycle. The likely exceptions at 10 MWe are the turbine and recompressing compressor types, which would be different at 10 MWe than for the full-size power converter. The turbine would likely be a radial turbine whereas a multistage axial turbine would be appropriate above about 30 MWe, and the compressors would be radial but the recompressing compressor would transition to an axial compressor above about 100 MWe. Hydrodynamic bearings and dry gas liftoff seals can be used at 7 MWe and above as for a full-size system. A synchronous 3600 rpm generator can be used at 7 MWe and above together with a gearbox below about 50 MWe to reduce the rotational speed between the turbine and generator, and the compressors and turbine can be installed on a single shaft at 10 MWe and above as for a full-size system. The same compact heat exchanger technology such as Printed Circuit Heat ExchangerTM and Hybrid Heat Exchanger (H2X) (Heatric Division of Meggitt (UK) Ltd.) compact diffusion-bonded heat exchangers can be utilized for all sizes. Compact diffusion-bonded heat exchanger technology can be demonstrated through the steady state and transient performance testing of a single full-scale compact diffusion-bonded unit.
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