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Centrifugal Compressor Off-Design Performance for Super-Critical CO2 Fuller, Robert, L. Barber-Nichols Inc. Arvada, Colorado 80002, USA [email protected] Eisemann, Kevin Barber-Nichols Inc. Arvada, Colorado 80002, USA [email protected]



The supercritical carbon dioxide power cycle relies on the low power of compression near the critical point. Depending on the particular heat rejection temperatures available, the compression leg of the thermodynamic cycle can occur in either the subcritical or supercritical regions of the fluid. A small scale compressor was tested at a wide range of operating conditions near the critical point. The test data provides a reasonable foundation for further compressor performance improvements as the supercritical CO2 power cycle is scaled for larger power systems.
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Introduction



Barber-Nichols, Inc. (BNI) has constructed systems to investigate super-critical carbon dioxide (SCO2) power production. A distinction of the SCO2 Closed Brayton cycle is the low power of compression near the critical point. This low power of compression, combined with the gas properties of CO2, allow a high Brayton cycle efficiency at low temperatures when compared to an air Brayton cycle. A scaled dual-compressor, split-flow system [1] was constructed to investigate power production on SCO2. The main compressor and re-compressor were tested in at various inlet conditions to confirm performance predictions and to allow off-design system startup simulations. The main compressor and re-compressor may be subject to operation with substantially different inlet conditions than that at the design point. During a closed Brayton cycle startup, operation on saturated liquid conditions, vapor conditions, super-critical conditions, and two-phase conditions are possible. Secondarily, some types of SCO2 power cycles may want to take advantage of heat rejection temperatures and may place requirements on the compressor to operate in regimes of low compressibility where normal compressor design tools may not be accurate [2]. It is



therefore of interest to identify the performance of a radial compressor with the anticipated wide variation of inlet conditions.
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Compressor Test Description



Two different test systems were used to obtain compressor performance data. A compressor only test stand and a closed Brayton cycle test system. The compressor test stand is a flexible closed loop SCO2 specific apparatus. The system consists of a fully instrumented test stand with motorized compressor, flow control valve, and gas cooler. The gas cooler utilizes cold water flow control to set the compressor inlet temperature. The cold water temperature is limited by the ambient condition from an evaporative cooling source. A diagram and photograph of the compressor test loop is shown in figure 1a and 1b.



Figure 1a-Photograph of Compressor Test Stand 1
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Figure 1- Supercritical CO2 Compressor Test System and Flow Schematic



The compressor itself is a 5-axis milled wheel with a diameter of 37mm and incorporates a vaneisland type diffuser (figure 2). The diffuser exit exhausts into a plenum that then collects the exhaust where it exits through nozzle. An exit volute was not considered due to the low exit velocity and the simplicity of the pressure boundary for the plenum design. The permanent magnet drive motor operates at up to 75 krpm and 100 kW. The shaft is supported on foil bearings with custom graphite seals that allow the generator cavity to be pumped to a low pressure sufficient to reduce shaft windage to a reasonable level. The exit blade height of the compressor is approximately 3mm and operates with a shroud clearance of 0.3mm. The small size coupled with a relatively large clearance to blade height ratio yields peak efficiency of 67% (figure 3).



Figure 2-Main Compressor and Diffuser



Figure 3- Main Compressor Operating Map with Test Performance



3 Testing and Analysis The tests were performed with various compressor inlet conditions. The compressor inlet conditions were limited by the gas cooled heat exchanger minimum temperature. The minimum temperature limit is defined by the approach temperature across the external wet bulb temperature, heat exchanger size as defined by approach temperatures and mass flow rates. The areas of operational interest are the saturated liquid and vapor conditions as the two phase region near the design point. The operational test data for the design operating condition is shown in figure 4a. The compressor inlet conditions are near the critical point. The compressor exit conditions are shown above the compressor inlet conditions. Due to the mass of the containment housing, the compressor exit temperature is slow to stabilize, so the exit entropy is slow to drift to the correct value. Once stabilized, the data is used to calculate the head and flow coefficients. Data at 50 krpm is shown; other compressor testing was done at compressor speeds of 25 to 60 krpm. The most complete set of data that is of the most interest was chosen at the 50krpm shaft speed. The rising pressures are indicative of the compressor exit flow control valve being actuated at different positions, thus affecting the pressure rise and flow rate. The head and flow coefficients were calculated 50krpm shaft speeds and displayed in figure 4b. The inlet density is approximately 460 kg/cubic meter. The inlet temperature was held at approximately 304 to 306 Kelvin.
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Figure 4a-Design Operating Condition Compressor Inlet and Exit Points



The head coefficient is calculated as:



Ψ=



Head 1 2 U g



Where: Head=Adiabatic Head Rise g=gravitational constant U=Compressor Peripheral Speed



The flow coefficient is calculated as:



1.7



1.8



Φ=



Q ΠD 2 4U



Where: Q=Volumetric Flow Rate D=Compressor Outer Diameter U=Compressor Peripheral Speed
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Figure 4b-Head versus Flow Coefficient for Design Point Data



The next experiment presented is one with a compressor inlet at high density near the saturated liquid condition at a density of approximately 700 kg/cubic meter. The high density carbon dioxide at the compressor inlet condition has a compressibility factor of approximately 0.18. It is anticipated that the compressor acts as more of a pump than a compressor at this inlet condition. Since the compressor geometry is less like a pump, the interest lies in the ability of the compressor to generate head in a useful manner.
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Figure 5a-Compressor Test with High Density Inlet Condition



Again, the compressor exit conditions change as the exit control valve position is modified. The inlet conditions show slight variability, while the compressor exit conditions have increasing head as typical upon valve closure. Figure 5b shows the head and flow coefficient plot for the high density inlet condition. The head and flow coefficient is comparable with that at the design point. This indicates that a power system can be successfully started with a high density condition that is meant to be operated at a region of much lower density. In this case the efficiency of the compressor is estimated to be 60%, and therefore the cycle could possibly be operated and make efficient power.
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Figure 5b-Flow Coefficient vs Head Coefficient, High Density Inlet, 50 krpm Shaft Speed



The next experiment presented is one with a compressor inlet at high density but is in the supercritical region with an inlet temperature of 309K and a density of 658 kg/m^3 as shown in figure 6a. The power required of the motor at this condition at 50,000 is more than other areas. Due to the high power and speed, the compressor test duration was limited and therefore the data set is limited. The head and flow coefficient is calculated from the limited data set (figure 6b), but is comparable to the intended compressor design condition.
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Figure 6a- High Compressor Inlet Density Test Data as Corrected on Performance Map 0.5
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Figure 6b-High Pressure, Raised Temperature Inlet Test
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The next experiment presented is one with a compressor inlet at relatively low density but is in the supercritical region with an inlet temperature of 301K and a density of 265 kg/m^3 as shown in figure 7a. The head and flow coefficient is calculated for the data and is comparable to the intended compressor design condition as well as the high density test data, figure 7b. A compiled data set is shown in figure 8.
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Figure 7a-High Pressure, Raised Temperature Compressor Inlet Test, 658 kg/m3
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Figure 7b-Low Density Inlet Condition, 50 krpm Compressor Speed



Figure 8- Test Data for All Compressor Inlet Conditions
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4 Conclusion Several tests were performed on the Sandia compression test loop. Four different compressor inlet conditions with temperature variations of 300K to 309K and density variation of 265 kg/m3 to 700 kg/m3. The calculated head and flow coefficients indicate the compressor can operate over a wide density range in a predictable manner.
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