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Abstract

:

The losses of supercritical CO2 radial turbines with design power scales of about 1 MW were investigated by using computational fluid dynamic simulations. The simulation results were compared with loss predictions from enthalpy loss correlations. The aim of the study was to investigate how the expansion losses are divided between the stator and rotor as well as to compare the loss predictions obtained with the different methods for turbine designs with varying specific speeds. It was observed that a reasonably good agreement between the 1D loss correlations and computational fluid dynamics results can be obtained by using a suitable set of loss correlations. The use of different passage loss models led to high deviations in the predicted rotor losses, especially with turbine designs having the highest or lowest specific speeds. The best agreement in respect to CFD results with the average deviation of less than 10% was found when using the CETI passage loss model. In addition, the other investigated passage loss models provided relatively good agreement for some of the analyzed turbine designs, but the deviations were higher when considering the full specific speed range that was investigated. The stator loss analysis revealed that despite some differences in the predicted losses between the methods, a similar trend in the development of the losses was observed as the turbine specific speed was changed.
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1. Introduction


The use of supercritical carbon dioxide as the working fluid has been identified as a promising power generation technology candidate for producing electricity with reduced environmental impacts and high conversion efficiency. The supercritical CO2 (SCO2) power cycles have been identified as potential candidates for several applications such as future nuclear reactors, waste heat recovery, concentrating solar power as well as suggested as potential replacement technology for the steam turbine power cycles, including the typical large-scale fossil fuel power plants [1]. If the SCO2 gas turbine technology is used together with oxy-combustion, large-scale power plants with extremely high efficiencies with full carbon capture could be realized [2].



It has been observed that the efficiency of the SCO2 power cycle is highly affected by the efficiencies of turbines and the compressors of the cycle [3]. The cycle heat exchanger design has been also observed to have influence on the turbomachinery performance of SCO2 power cycles as the pressure ratio over the turbomachines is influenced by the pressure drop over the heat exchangers [4]. To be able to maximize the power output and efficiency of SCO2 power cycles it is highly important to investigate and increase the knowledge on the operation of the turbomachines operating with supercritical CO2. In general, in large-scale systems, the axial [5] type of turbines have been often considered, whereas in smaller scale systems the radial inflow turbines, e.g., [6,7,8] have been considered as the most suitable turbine type for SCO2 power cycles. In the indicative technological categorization for the SCO2 turbogenerator technical solutions presented by Fuller et al. [9], axial turbines and single shaft solutions have been recommended for about and above 10 MW scale SCO2 systems, whereas the radial inflow turbines and multiple shaft process layouts have been considered as a more feasible choice for smaller scale SCO2 power plants with power levels below 10 MW. In addition to the use of axial and radial types of turbines in SCO2 applications, the use of radial outflow turbines has been investigated and proposed [10]. Lee et al. [11] evaluated suitable loss correlations for both axial and radial type of turbomachines including turbines and compressors. They highlighted that the accuracy of the existing correlations for predicting losses of different types SCO2 turbomachines and designs should be further investigated and validated. In a recent review on SCO2 technology, it is shown that most of the existing turbomachinery designs are for low power outputs of below 300 kW, whereas there are only a few systems in where MW scale turbomachines have been designed and constructed for SCO2 power systems [12].



In this study, the analysis is concentrated on the radial-inflow type of turbines. In the literature, there are several studies investigating the design and performance of SCO2 driven radial inflow turbines. Lv et al. [6] made an analysis on the design and loss distributions in SCO2 radial inflow turbines. A comparison of 1D loss correlations with the computational fluid dynamics (CFD) analysis results with a turbine design having the specific speed close to 0.4 was carried out. Based on their results, a set of loss correlations was recommended that provided the highest accuracy in respect to the CFD results. Recently, Zhou et al. [7] investigated the performance and losses of a 1 MW SCO2 radial turbine by using CFD analysis. The investigated turbine had the design specific speed of close to 0.3, based on the given turbine design values. Both the design and off-design conditions were investigated, and it was concluded that the turbine can reach high isentropic efficiencies at both design and off-design operating conditions. Turbine efficiency of above 85% was reported at the design conditions. They also observed that the tip clearance height had a notable effect on the efficiency. In a study by Qi et al. [8], SCO2 radial turbine designs with power outputs of 100 kW and 200 kW were investigated. Turbine size parameters were used and efficiencies between 78% to 82% were reported. They also observed that the rotor passage loss is the source of the most significant losses in the investigated turbine expansion. In addition, the tip clearance loss and kinetic loss at the turbine exhaust were identified as significant sources of loss. In [13] isentropic efficiencies of 86% and 87% were reported for 178 kW and 213 kW power output SCO2 turbines designed for an experimental facility. Holaind et al. [14] studied the design of small-scale SCO2 centrifugal compressor and radial turbine by using the similarity approach and by using RANS CFD simulations for optimizing the 3D geometries. The analysis included the volute, stator and rotor. They observed an efficiency of about 70% at the nominal point for the investigated turbine and an efficiency of 76% for the compressor. Recently, Son et al. [15] investigated and developed and improved an off-design model for SCO2 turbomachines by using the set of loss correlations and a 1D method proposed by KAIST. In the model, they combined the 1D method with pre-trained deep neural network for predicting the off-design performance of SCO2 turbomachines.



The effect of specific speed (Ns) and power on geometry and loss distribution of supercritical CO2-driven radial inflow turbines was recently studied in [16]. The analysis was based on the use of existing turbine loss correlations. The radial inflow turbine design with flow rates of 1 kg/s, 3 kg/s, 9 kg/s, and 25 kg/s were investigated with turbine operating conditions typically suggested for the recompression CO2 cycles. The highest turbine efficiencies were predicted in the specific speed range of 0.5 to 0.6 which was in good agreement between the well-known Balje [17] and Rohlik [18] efficiency vs. specific speed graphs for generalized radial turbine designs. The highest turbine efficiencies were observed with slightly lower values of specific speed ranging from 0.2 to 0.5 in the recent study by Unglaube and Chiang [19] for 100 kW scale turbines. Lee and Gurgenci [20] investigated 300 kW, 1 MW, 10 MW and 20 MW turbines with equal design specific speeds. They used the Aungier’s, Moustapha’s, and Whitfield and Baines’ methods for evaluating turbine design and losses. Their study indicated that the Aungier’s and Moustapha’s models predicted comparable losses whereas slightly higher losses were predicted when following the design method by Whitfield and Baines. Persky et al. [21] investigated the design of a 30 MW scale radial turbine. They estimated a turbine efficiency of close to 90% for the turbine that was designed for a high temperature solar SCO2 Brayton cycle. Keep [22] investigated low specific speed radial inflow turbines for SCO2 power systems by using mean line design and CFD. In that study, it was observed that the efficiency of low specific speed turbine designs was highly influenced by the rotor-stator interspace.



The previous studies have shown that SCO2 radial turbines are capable of reaching high efficiencies, ranging from about 80% to over 90%. In addition, the turbines are characterized by small dimensions together with the requirement of high rotational speeds, even at high power scales. Despite the previous studies on SCO2 turbines, it is still unclear how accurate the different loss models are when predicting losses in SCO2 radial turbines. Especially, the investigations on the accuracy of the models with different design specific speeds have not been fully studied in the present literature, as in most of the previous studies only a single turbine design speed or a very narrow design speed range has been considered and investigated (e.g., [6,7,20,22]). In addition, the final turbine design rotational speed is not often selected based only on the optimal turbine design, but also includes considerations on the mechanical design and it can be also influenced by the compressor design if the compressor and turbine are assembled on a single shaft. Thus, it is important to further investigate the applicability of the different existing loss models for predicting losses in radial turbines having different design rotation speeds (specific speeds). In the previous study by the authors [16], the 1D design of SCO2 radial inflow turbines with different specific speeds was investigated and the method for defining the turbine geometry and losses was presented. However, in that study, the turbine loss estimation was based only on using the 1D design method and by considering only a single passage loss model and thus, the loss predictions were not compared against any other loss prediction methods. In this study, the expansion losses occurring in a 1 MW scale radial inflow-turbines operating with supercritical carbon dioxide are investigated by using different passage loss correlations and comparing the results of loss correlations to the results obtained by using computational fluid dynamics (CFD) simulations. The specific focus of the study is on identifying the effect of design specific speed on efficiency and loss distribution of SCO2 radial inflow turbines with a turbine design mass flow rate of 9 kg/s and having operating conditions close to the typical ones suggested for recompression cycles. The novelty of the study, and the added value for the field of SCO2 radial turbine research, is to investigate how well the loss predictions of different loss correlations, originally developed based on operation and designs of air/exhaust gas-driven turbines, and CFD results are in line with turbine designs having varied specific speeds. The specific speed range of 0.35 to 0.65 was selected as this range is typically considered for high-efficiency radial inflow turbine designs. Based on the results of the study, recommendations especially on using different correlations for predicting the rotor passage loss with different radial turbine design specific speeds are provided and discussed and the effect of turbine design rotational speed on the turbine loss distribution and flow field is highlighted. The main findings of the study can be exploited by researchers and engineers to select suitable loss correlations and to evaluate the accuracy of the different correlations for predicting losses of SCO2 radial turbines. In addition, the results of this study can be utilized in the development of further improved loss models for SCO2 turbomachines and in providing insights on the effect of the turbine design specific speed on the performance of SCO2 cycles.




2. Materials and Methods


The turbine operating conditions for the study were selected based on previous studies for recompression SCO2 cycles [23,24]. A turbine inlet temperature of 550 °C, inlet pressure of 200 bar, and outlet pressure of 75 bar were selected for the study as the turbine design operating conditions. A design flow rate of 9 kg/s was used in defining the turbine geometries that correspond to about 1.05 to 1.1 MW turbine power depending on the turbine efficiency and design Ns. The methods for defining the turbine geometry and losses, the investigated turbine geometries as well as the methods used in the CFD analysis are described in this section. A radial-inflow turbine geometry, including the stator vanes and rotor, is presented in Figure 1a. An example of a typical velocity triangle shape at the rotor inlet is presented in Figure 1b.



2.1. Radial-Inflow Turbine Design


Radial inflow-turbines were designed by using the design approach and in-house code presented in the recent paper by Uusitalo et al., [16]. The mass flow rate, turbine inlet conditions, outlet static pressure and initial guess for the turbine efficiency were given as the inputs for the calculation. A commercial thermodynamic and transport property database Refprop [25] was used for defining the CO2 thermodynamic properties in the turbine design. The stator dimensions and the rotor geometry were defined based on the given inputs. The geometry definition and loss calculations were based on solving the Euler turbomachinery equation, velocity triangles and the flow continuity equation at the stator outlet/rotor inlet and at the rotor outlet. The methods by Rohlik [26] and Balje [17] were followed in the turbine design, including the selection of the optimal flow angle at the stator outlet and the selection of the rotor diameter ratios for the design with different Ns. The diffuser or volute design were not taken into account in this analysis. Once the turbine geometry was defined, the losses were evaluated by using different enthalpy loss correlations. The new turbine efficiency obtained from the loss estimation was used to update the geometry definition. The calculation was iterated until no significant changes in the turbine geometry or in the predicted losses and isentropic efficiency between the iteration rounds were observed. The turbine isentropic efficiency is defined as


   η s  =   Δ h   Δ  h s    =   Δ  h s  − Σ Δ  h  l o s s     Δ  h s     



(1)







The specific speed can be expressed as


   N s  =   ω    q v      Δ  h s     0.75      



(2)







The losses that were considered in the turbine design were the stator loss, rotor passage loss, tip clearance loss, and incidence loss. In addition, the kinetic energy at the rotor outlet was assumed as a loss since the use of the diffuser was not considered. The thermal losses or losses counted as parasitic losses, such as the disk friction loss, were not considered in this study as the analysis was concentrated on investigating the aerodynamic losses of the turbines. The used loss models represent the losses in a form of enthalpy loss. A summary of the used loss models and the corresponding literature references are summarized in Table 1. In the recent literature, different rotor passage loss models have been used for predicting losses in SCO2 radial inflow turbines. In this study, three different loss models for the passage loss were included and compared. The model by Balje, referred to as PLM1 in this study, has been recently used for example in the studies by Lee et al. [27] and Uusitalo et al. [28]. The passage loss model by Wassenbauer and Glassman [29], referred to as PLM2 in this study, has been recently suggested by Lv et al. [6] for radial turbines using SCO2 as the working fluid. The third loss model, referred to as PLM3, is the CETI model [30] that has been suggested to be used for SCO2 radial turbines by Cho et al. [31] as this model takes into account the frictional effects in the rotor and the geometric information, including the angles of relative velocities as well as the magnitude of the relative velocities. The PLM3 was also recently used in the study by Uusitalo et al. [16] for predicting rotor losses in SCO2 radial turbines with different design Ns. The other models that were selected for the study are the model of Whitfield and Baines [32] which is used for predicting the loss in the stator vanes, incidence loss model by Whitfield and Wallace [33], and tip clearance loss model by Jansen [34]. The exit kinetic loss was defined in the similar way as in [35].



The complete description of the 1D design method, as well as the validation of the method, is presented in detail in [16]. The turbine design code was validated against the data available in the literature for supercritical CO2-driven radial inflow turbines in [16] The PLM3 was used in this validation study. The design code was validated against the turbine designs presented by Qi et al. [8], Lv et al. [6] and Zhou et al. [7]. The comparison showed that there were only small deviations in the turbine geometries and efficiencies between the design code and the turbine designs presented in the literature. Deviations in the turbine radius from 0.3% to 6.8% and in blade heights of a maximum of below 10% was observed in the comparison. Deviations in the predicted turbine efficiencies from 0.3% to 4.9% were observed. The complete description of the code 1D validation is given in [16].




2.2. Investigated Turbine Geometries


The main geometric and operational parameters of the investigated turbines are presented in Table 2 and the turbine dimensions are obtained from the previous study by the authors [16]. The indicative stator and rotor geometries are shown in Figure 2a–d for the turbine designs with Ns = 0.35, 0.45, 0.55 and 0.65 to visualize how the different design specific speeds affect the geometry and 3D profiles of the blades. With the designs with low Ns, the turbine wheel has a larger diameter, and the inlet blade height is lower when compared to the designs with high Ns. On the other hand, with high Ns designs the required rotational speed is significantly higher when compared to the low Ns designs. It should be noted that as the turbine geometrical design is connected to the turbine losses, the use of different loss correlations leads to minor differences also in the radial turbine geometry. The geometries presented in Table 2 are results of the turbine designs, where the blade passage loss was defined by using PLM3. The geometries presented in Table 2. were also used for generating the 3D geometries used in the CFD analysis.




2.3. CFD Analysis


A commercial software, Ansys CFX, was used as the flow solver in the CFD analysis. The turbine stator and rotor 3D geometries were generated based on the turbine 1D designs presented in [16] by using software, Ansys BladeGen and Solidworks. The computational grids of structured type were generated by using the Pointwise software. The CFD analysis was carried out for similar geometries with similar dimensions and blade angle distributions, as shown in Figure 2a–d, with the exception that slightly lower blade thicknesses were adopted in the CFD analysis, especially at the rotor outlet, when compared to the geometries presented in Figure 2a–d. This deviation can be explained by the fact that in the grid generation the inlet and outlet blade thickness was defined as a fraction of the rotor inlet and outlet diameter for each design case, whereas in the 3D geometries generated with Ansys BladeGen and presented in Figure 2a–d, a constant blade thickness of 2 mm was used for all the designs. In addition to the geometries presented in Figure 2a–d, the CFD simulations were done also for turbines with Ns = 0.4, 0.5, 0.6 as well as for a design with Ns = 0.57 that has been observed to reach the peak efficiency in the previous design study [16]. Thus, a total of 8 turbine geometries were investigated with the CFD analysis. The radial tip clearance height of 0.3 mm was used for all the grids and the axial clearance was in the same order of magnitude. The turbine stator and rotor losses were defined by comparing the enthalpy change in the CFD results to the isentropic ones, defined from the inlet conditions and outlet pressure.



The Reynolds averaged Navier-stokes (RANS) method was used and a two-equation shear stress transport turbulence model by Menter (k-ω SST) [36] was used in the CFD simulations. The total energy model including the viscous work was used. A frozen rotor interface approach to connect the stationary and rotational domains was used. The mass flow averaged flow quantities were monitored at the stator inlet section, between the rotor and stator, as well as at the rotor outlet. The simulation was kept running until there were no significant changes in the convergence residuals or in the inlet-outlet mass flows. The grid was refined near the walls, and a grid size near the walls of close to 1 × 10−6 m was used. The wall functions were enabled in the simulations in order to ensure the correct treatment method for the flow near the walls, depending on the local y+. An example of computational grid is presented in Figure 3a, and a more detailed example of the grid refinement near the stator nozzle walls and rotor blades is shown in Figure 3b. A single stator and rotor flow channel were modelled using the periodic boundary conditions for representing the periodicity of the geometry. The grid dependency study is presented and discussed in the next section.



The total temperature (550 °C) and total pressure (200 bar) were used as the inlet boundary conditions and the static pressure (75 bar) was used as the outlet boundary condition. The pressure boundary conditions were used in order to ensure equal pressure ratio and comparable isentropic enthalpy change for the different turbine designs. The thermodynamic properties of CO2 were implemented to the flow solver by using a look-up table approach. The look-up table was generated by using the code by Ameli [37]. The thermodynamic properties in the look-up table were calculated by using the commercial thermodynamic database Refprop. More details on the method of using the look-up table and the effect of look-up table refinement on the CFD results with supercritical CO2 radial turbines are given and discussed in [37,38]. The method for generating the look-up table by using the properties of Refprop is described in detail in [37]. The stator and rotor losses analyzed from the CFD results were gained by using the following procedure. First, the isentropic enthalpy at the turbine outlet was defined with Refprop by using the turbine inlet entropy and modelled turbine outlet pressure. The stator loss was defined from the CFD results by comparing the modelled static enthalpy at the stator outlet to the corresponding isentropic stator outlet enthalpy that was defined by using Refprop and the modelled stator outlet pressure and inlet specific entropy. Once the stator loss was defined, the rotor loss was defined by using the modelled enthalpy at the rotor discharge and comparing the modelled enthalpy change over the turbine with the corresponding isentropic enthalpy change. The rotor loss was solved as,


Δhrotor loss = Δh2 − Δh2s − Δhstator loss



(3)









3. Results


In this section, the results and the main findings of the study are presented and analyzed. The results of the grid dependency study are presented first. Second, the CFD results and the results obtained with the loss correlations for the radial inflow-turbine designs with different design Ns are presented and compared.



3.1. Grid Dependency Study


The grid dependency study was carried out with three different grid sizes, to investigate the effect of the computational grid refinement on the CFD results. All the studied computational grids were of structured type. The turbine geometry with the specific speed of 0.55 was used in the grid dependency study. From the investigated grids, the coarse grid had total of about 0.4 million cells, medium grid had about 1.0 million cells and fine grid had about 2.4 million cells. The cell size at stator and rotor walls of 1 × 10−6 m were used with these grids. In addition, a fourth grid with the cell size at the walls of 1 × 10−7 m and having the number of cells comparable to the fine grid was investigated. This grid was included for having a comparison with a grid with lower y+ values and a higher number of cells within the boundary layer that reduces the need for using the wall functions near some location at the walls where the y+ was too high for modelling the flow without wall functions. The results with the different grids on the flow quantities at the rotor outlet block were compared.



With the coarse grid, a deviation in outlet pressure of 0.0004% and a 0.26% deviation in temperature were detected when compared to the results obtained with the fine grid. With the medium grid, a 0.05% deviation in the pressure and a deviation of 0.1% in the temperature were detected when compared to the results obtained with the fine grid. A deviation of 1.6% was observed with the coarse grid and a deviation of 0.7% was observed with the medium grid in the turbine isentropic efficiency, excluding the exit kinetic loss, when compared to the results obtained with the fine grid. The deviations in the turbine outlet mass flow rate were below 1.5% between the different grids. The comparison of the results at the rotor discharge obtained with the different grids are shown in Table 3. Overall, there were rather small deviations in most of the main flow quantities between all the grids, and especially in the results between the medium and fine grids. In addition, the results between the two fine grids having different cell size near the walls had only minor differences in the results. The grid sizes comparable to the fine grid were used in the CFD analysis presented for the turbine designs with different Ns to avoid inaccuracies in the numerical results caused by the insufficient grid size, despite the fact that according to the grid dependency study, also the use of computational grids with a reduced number of nodes and with faster computational time would have led to acceptable accuracy in the CFD results.




3.2. Comparison of Loss Correlations and CFD Results


In this section, the results obtained with the loss correlations and CFD for the turbine losses with turbine designs with different Ns are compared and analyzed. Because it is difficult to distinguish the different individual loss mechanisms, especially in the complex 3D rotor flow in the CFD results, the comparison for the CFD and loss correlations is made for total stator losses, total rotor losses, and for exit kinetic losses, not otherwise considering the contribution of each individual loss mechanism in the CFD results.



The results of the CFD analysis and the 1D loss correlation for the stator loss are presented in Figure 4 with different design specific speeds. Both methods show that the stator loss is decreasing as the turbine design Ns is increased, even though all the stator designs are designed with similar mass flow, pressure ratio and outlet flow velocity of 370 m/s +/− 10 m/s. This can be explained by the fact that with high Ns designs, the stator frictional losses are decreased due to the reduced vane and stator hub and shroud surface areas caused by the smaller stator inlet and outlet diameters with high Ns designs. In general, the CFD analysis shows about 15% to 40% lower stator losses when compared to the results of the prediction of the 1D correlation. A constant stator vane solidity of 1.35 was used in the 1D correlation for each stator design, which can differ slightly from the final 3D geometries analyzed with the CFD. In addition, the 1D loss model does not take into account directly the effect of the vane trailing edge thickness. As the stator loss was observed to be sensitive on the trailing edge thickness, part of the scattering in the CFD results for the different stator designs might be also explained by the small differences in the vane trailing edge thicknesses and vane setting angles of the different geometries, that has an effect especially on the loss caused by the viscous wake leaving from the stator vane trailing edge. The stator trailing edge thicknesses of about 0.3 mm to 0.4 mm were used in the investigated stator designs. If the trailing edge thickness was increased, the CFD results would become closer to the results of the 1D stator loss model. For example, by increasing the stator vane trailing edge thickness from 0.3 mm to 0.6 mm, the stator loss was increased from about 3.7 kJ/kg to over 5 kJ/kg in CFD analysis carried out for stator designs with Ns = 0.45. When decreasing the stator trailing edge thickness to below 0.1 mm the stator loss of about 3.3 kJ/kg was obtained. In addition, it should be noted that the 1D stator loss model considers the effect of surface roughness which has an effect on the predicted losses. The relative surface roughness of 0.0002 m was assumed in the 1D stator calculations. The effect of surface roughness was excluded in the CFD analysis since smooth walls were assumed in the CFD modelling. This fact can also at least partly explain why higher losses are predicted by the 1D correlation when compared to the CFD analysis, whereas the predicted trend for the stator losses with both methods is similar. When comparing the obtained stator loss results to the model by Benson [39], in where loss coefficients ranging from 0.05 to 0.15 are suggested for typical radial turbine stators [6], the obtained results for the stator loss are also well in line. The CFD results correspond to about 0.04 to 0.07 loss coefficients and the results of 1D correlation results correspond to about 0.05 to 0.12 loss coefficients, with an increasing loss coefficient value as the turbine design Ns is decreased.



The results on the passage loss obtained with CFD and with different passage loss models are shown in Figure 5. The passage loss presented includes the incidence loss, passage loss, and the tip clearance loss. Notable deviations in the predicted passage losses can be observed between the different passage loss models and the CFD. In general, when considering the investigated specific speed range, the best agreement between the CFD and 1D loss prediction was obtained when using the PLM3. The PLM1 and PLM2 both predict increasing losses as the turbine design specific speed is increased, whereas, with the PLM3, the lowest losses for the rotor are predicted for Ns values between 0.5 to 0.6. Of the studied passage loss models, with the investigated specific speeds, excluding the design with the lowest Ns of 0.35, the PLM3 have clearly the best agreement with the CFD results. For specific speeds of 0.45 and 0.5 both the PLM2, PLM3 and the CFD analysis results have only minor deviations observed between the results obtained with the different methods. With the low specific speed designs, the PLM3 shows also the best agreement in respect with the CFD results, but with the lowest Ns of 0.35 the deviation between the PLM3 model and CFD are notable as the rotor losses predicted in the CFD analysis were about 80 % of the losses predicted by the loss correlations. It is unclear what causes the notably lower losses in the CFD analysis with Ns = 0.35, when compared to the Ns = 0.4 and 0.45 designs, as no significant differences in the flow fields and flow pattern between these different cases were observed when post-processing the results. One explanation could be that the Ns = 0.35 design has the highest number of blades, which can reduce the losses related to the flow separation in the rotor. In addition, the Ns = 0.35 has the lowest angle of relative velocity at the rotor outlet and it also has the highest relative clearances that influence the accuracy of the loss models. Based on the results, the PLM3 can be recommended to be used for predicting rotor losses in SCO2 radial turbines, especially for the turbine designs having Ns ranging from 0.4 to 0.65. In addition, the PLM2 has good agreement between the model results and CFD especially at Ns 0.45 and 0.5. PLM1 has significant deviations when compared to the other models and CFD and based on the results, this model cannot be used for accurately estimating the passage losses with different specific speed designs, especially with low Ns turbine designs. However, with the highest investigated specific speeds from 0.55 to 0.65, the loss predictions of PLM1 and CFD are relatively close to each other.



When considering the three different models, the PLM1 is based on only the velocities, whereas both the PLM2 and PLM3 take into account also the angle of the relative velocity (channel curvature). In addition, the PLM3 is the only one out of the three models that takes into account the actual dimension of the rotor, including the ratio of the outlet to inlet radius and blade height. In addition, the PLM3 takes into account the effect of the hydraulic length and hydraulic diameter in evaluating the losses. This could explain why the PLM3 resulted into best agreement with the CFD results for the different designs. The loss prediction of PLM2 could be improved by adjusting the coefficient K in the model as in this study the coefficient of 0.3 was used for all the investigated rotor geometries. This coefficient was defined based on the experiments with ideal gas-driven radial turbines [29], but it is unclear if this coefficient is valid for real gas turbines and especially for rotor designs with different specific speeds. Based on the obtained results, by using lower values for the coefficient for high Ns designs (K ≈ 0.2) and higher values for low Ns designs (K ≈ 0.4), the results of the PLM2 and CFD would be more in line. It should be also highlighted that the presented passage loss obtained with the CFD analysis includes the losses also caused by the tip clearance loss and incidence loss. Thus, the deviations in the predicted losses between the models and CFD are not only originating from the passage loss model but can be also caused by the inaccuracies in the tip clearance and incidence loss models for the different turbine design cases. It should be also emphasized that it is difficult to distinguish the contribution of different individual loss mechanisms from the CFD results due to the complex flow field of radial turbine rotors.



The results for the exit kinetic energy loss at the turbine rotor outlet, obtained with the 1D turbine design analysis and with the CFD are presented in Figure 6. In general, the exit kinetic loss is not significantly changing between the 0.35 to 0.57 specific speed designs as the rotor discharge flow area can remain comparable between these designs. This results to comparable rotor discharge velocities. With the turbine designs having the highest specific speeds, the maximum value of 0.7 for the inlet to outlet tip diameter ratio suggested by Rohlik [26] is reached, leading to increased exit kinetic loss as the specific speed is increased. There are also some deviations in the magnitude of exit kinetic loss calculated from the turbine 1D design and the CFD results, especially with the turbine design having the specific speed of 0.35 and 0.4. This can be partly explained by the small differences in the total blade blockage area used in the rotor outlet between the 1D calculation and CFD analysis. In addition, in the 1D turbine design the rotor discharge velocity was assumed to be completely axial, whereas in the CFD analysis results the rotor discharge flow is not completely axial in any of the designs but has a small swirl in the flow.



The turbine isentropic efficiency, excluding the exit kinetic loss, is presented in Figure 7a, and the efficiency, including the exit kinetic loss, predicted with the different loss correlations and CFD results, is presented in Figure 7b. In the CFD results, there are no significant changes in the CFD predicted efficiencies between the different designs having the specific speeds ranging from 0.35 to 0.6. Both the CFD method and the loss correlations predict that the efficiency is reducing quite notably when the turbine is designed for a specific speed greater than 0.6 if the exit kinetic energy is considered as a loss. This reduction is caused especially by the increasing rotor discharge velocity that results into high exit kinetic loss. In this study, the use of diffuser was not considered, and it is possible to increase the efficiency of especially the high Ns designs by recovering part of the kinetic energy at the rotor discharge with a diffuser. Even though the use of PLM3 resulted in the best agreement with the CFD results in predicting the rotor losses, the use of PLM3 results in notable deviation in the predicted turbine isentropic efficiency with low specific speed designs. This can be mainly explained by the fact that the stator losses predicted by the CFD are significantly lower than the ones predicted with the loss correlation, which increases the overall turbine efficiency significantly, especially with the low Ns designs in where the contribution of the stator loss is higher when compared to the designs with high Ns.



The specific entropy contours for the turbine design with Ns = 0.45 is presented in Figure 8 to show the flow regions of the highest entropy generation and losses in the turbine. The main entropy generation regions are relatively similar for all the turbine designs and therefore the entropy contours are only shown for the Ns = 0.45 design. The velocity magnitude in the turbine stator and the rotor streamlines are presented in Figure 9a–d for Ns = 0.35, Ns = 0.45, Ns = 0.55 and Ns = 0.65 to visualize the flow acceleration in the stator and to present the streamlines in the rotor with designs having different specific speeds. In general, the flow has comparable flow structures with all the studied stator and rotor geometries. The viscous wake from the stator blade trailing edge causes some losses in the flow as can be observed as the increase in the specific entropy in Figure 8. In the streamlines presented in Figure 9a–d, the flow through the tip clearance gap can be clearly observed. In addition, there is a flow separation region starting near the rotor blade leading edge on the blade suction side that can be observed in the figures. This type of flow pattern can be considered as typical for radial inflow turbines and can be observed as a flow area with increasing specific entropy in Figure 8. This secondary flow structure in the blade suction side can also contain losses originating partly from the incidence loss, despite the fact that the contribution of the incidence loss can be considered to be rather low when running the turbine at design conditions. The main flow pattern is almost comparable in all the studied stator designs, except the small differences in the stator outlet flow angles and viscous wake thicknesses between the different cases. In general, the low Ns design leads to longer nozzles increasing the frictional losses, whereas in the high Ns turbine designs, the relative blockage of the stator vanes and the vane trailing edge becomes more significant, due to the smaller stator outlet diameter of high Ns design turbines. As the simulations were of steady type, the effects and losses related to the stator and rotor interaction were not considered.



The different losses with the loss correlations using PLM3 passage loss model and the loss distribution obtained from the CFD analysis are presented in Figure 10a,b. The figures show that the total loss predictions between the two methods arein the same order of magnitude, especially with the specific speeds from 0.5 to 0.65. However, more notable differences between the methods are noticeable at lower specific speeds. It should be acknowledged, that the CFD rotor losses include also the incidence and the tip-clearance losses and their overall shares are comparable between the 1D and CFD approaches. The main reason for the observed discrepancies between the methods are especially caused by the differences in the precited stator and exit losses.





4. Conclusions


A loss analysis for supercritical CO2 radial inflow turbines with 9 kg/s design mass flow rate and having outputs close to 1 MW was carried out by using CFD and different loss correlations for predicting the turbine losses. The turbine designs having design Ns ranging from 0.35 to 0.65 were investigated. In general, both the use of loss correlations and the CFD analysis using 2-equation k-ω SST turbulence model had a relatively good agreement in the results. The stator loss model by Whitfield and Baines and the CFD results indicated similar trend for the decrease in the stator loss as the turbine design Ns was increased even though some differences in the predicted losses between the methods were observed. The effect of stator trailing edge thickness was observed to have significant effect on the stator loss and deviation between the CFD analysis and 1D model could be partly explained by the relatively sharp trailing edges used in the stator simulations. The use of three different rotor passage loss models were investigated and the results obtained by the correlations were compared to the results of the rotor losses of the CFD analysis. The CETI passage loss model, together with the incidence loss of Whitfield and Wallace and the tip clearance loss model by Jansen had the best agreement with the CFD results for predicting rotor losses, specifically with turbine designs having design Ns above 0.4. For the lowest investigated design specific speed of 0.35 a significant deviation in the losses estimated by CFD and the correlations were observed. Thus, the use of CETI loss correlation for the passage loss is recommended for SCO2 radial turbine designs with a specific speed range of 0.4 to 0.65. In addition, the passage loss model by Wasserbauer and Glassman had a relatively good agreement with the CFD results, especially with specific speeds of 0.45 and 0.5. A better agreement with this model would have been reached by adjusting the coefficient K in the equation, especially for low and high specific speed designs. The results obtained with the model by Balje and the CFD had significantly better agreement with the high specific speed designs when compared to the low specific speed turbine designs.



In future studies, the turbine losses are recommended to be studied with unsteady simulations, in order to include the effect of stator-rotor interaction on the expansion losses. It is also important to study and consider more in detail the manufacturability and strength limitations of the rotor blades and stator vanes, as the turbines have small dimensions and high rotational speeds. Thus, the effect of the stator vane trailing edge thickness and rotor blade thickness on the efficiency, mass flow and loss distribution is recommended to be included in future studies in more detail. Finally, it is worth highlighting that it is crucial to carry out more experimental studies on supercritical CO2 radial turbines with different design specific speeds for validating and improving the accuracy of the numerical methods, as well as for developing further improved loss correlations for SCO2 turbines for the improved prediction of the different losses.
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Nomenclature




	
U

	
peripheral velocity, m/s




	
C

	
absolute velocity, m/s




	
W

	
relative velocity, m/s




	
D

	
diameter, mm




	
b

	
blade height, mm




	
n

	
rotational speed, rpm




	
Z

	
number of blades, -




	
α

	
absolute flow angle




	
β

	
relative flow angle




	
tc

	
tip clearance height, mm




	
η

	
efficiency, -




	
Ns

	
specific speed




	
h

	
enthalpy, kJ/kg




	
f

	
friction factor




	
L

	
length, mm




	
ω

	
angular speed, rad/s




	
qv

	
volumetric flow rate, m3/s




	
Subscripts




	
0

	
stator inlet




	
1

	
stator outlet/rotor inlet




	
2

	
rotor outlet




	
h/hyd

	
hydraulic




	
m

	
meanline
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Figure 1. A radial-inflow turbine rotor geometry and stator vanes (a) and example of a typical rotor inlet velocity triangle (b). 
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Figure 2. Turbine geometries with different specific speeds, (a) Ns = 0.35, (b) Ns = 0.45, (c) Ns = 0.55 and (d) Ns = 0.65. 
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Figure 3. Example of (a) computational grid with one stator flow channel and one rotor flow channel modelled. (b) is showing an example of the grid refinement at the stator and rotor walls. 






Figure 3. Example of (a) computational grid with one stator flow channel and one rotor flow channel modelled. (b) is showing an example of the grid refinement at the stator and rotor walls.



[image: Energies 14 03561 g003]







[image: Energies 14 03561 g004 550] 





Figure 4. The comparison of CFD results and the results of 1D stator loss model. 
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Figure 5. The comparison of CFD results and the results of different passage loss models of rotor losses including the passage loss, clearance loss and the incidence loss. 
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Figure 6. Turbine rotor exit kinetic loss predicted by using CFD and 1D design. 
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Figure 7. Turbine efficiency: (a) without the exit kinetic loss and (b) with exit kinetic loss. 
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Figure 8. Example of specific entropy distribution in turbine stator and rotor. The contours are presented for design with specific speed of 0.45. 
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Figure 9. Effect of turbine design specific speed on turbine flow field, (a) Ns = 0.35, (b) Ns = 0.45, (c) Ns = 0.55 and (d) Ns = 0.65. In the stator the velocity magnitude is presented and the velocity scale in m/s is also given. In the rotor flow streamlines are shown in a rotating frame. 
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Figure 10. The turbine loss distributions (a) obtained with the loss models (PLM3) and (b) the CFD results for the losses. 
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Table 1. Summary of enthalpy loss correlations used in the radial turbine design.






Table 1. Summary of enthalpy loss correlations used in the radial turbine design.





	Loss
	Equation
	Model/Source





	Stator loss
	   Δ  h  s t a t   = 4  f  n o z z l e    C  a v g     2     L  h y d , n o z z l e      D  h y d , n o z l l e       
	Whitfield and Baines [32]



	Passage loss (PLM1)
	  Δ  h  p a s s   =  Φ  1.75       ( 1 +  K I  )  2   8   z I   U 2    2   

zI = 0.88 − 0.5ɸ, ɸ = Cr1/U1, KI = Cr1/Cr2
	Balje [27]



	Passage loss (PLM2)
	  Δ  h  p a s s   = K (  W 1    2  C O S  β 1    2  +  W 2    2  ) / 2  

K = 0.3
	Wasserbauer and Glassman [29]



	Passage loss (PLM3)
	  Δ  h  p a s s   =  K p   (     L h     D h    + 0.68  [  1 −    R  2 m      R 1     ]    C O S  β  2 m        b 2   c     )  0.5  (   W 1    2  +  W 2    2   )   

Kp = 0.11, c = Z/cosβavg
	Moustapha et al. [30]



	Tip clearance loss
	   Δ  h  t c   = 0.6    t c     b 1        4 π    b 1  Z    C  u 1     3   C  r 2      R  2 , t i p     2  −  R  2 , h u b     2     (   R 1  −  R  2 , t i p    )   (  1 +    ρ 1     ρ 2     )        
	Jansen [34]



	Incidence loss
	   Δ  h  i n c i d e n c e   = 0.5  W  u 1     2    
	Whitfield and Wallace [33]



	Exit kinetic loss
	   Δ  h  e x i t   = 0.5  C 2    2    
	Rahbar et al. [35]
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Table 2. Main geometrical parameters of the investigated radial turbine designs.
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	Ns
	0.35
	0.4
	0.45
	0.5
	0.55
	0.6
	0.65





	n [krpm]
	60.6
	69.4
	78.2
	86.9
	95.7
	104.4
	112.7



	D1 [mm]
	110.4
	97.3
	86.9
	78.5
	71.5
	65.2
	59.5



	b1 [mm]
	4.8
	4.9
	5.0
	5.1
	5.2
	5.3
	5.4



	b2 [mm]
	16.7
	16.8
	16.8
	16.9
	16.9
	16.0
	14.6



	D2, tip [mm]
	47.7
	48.0
	48.1
	48.2
	48.3
	45.6
	41.7



	D2, hub [mm]
	14.3
	14.4
	14.4
	14.5
	14.5
	13.7
	12.5



	α1
	78.8
	77.7
	76.7
	75.6
	74.5
	73.5
	72.4



	Z [–]
	16
	15
	14
	14
	13
	12
	12
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Table 3. Grid dependency study. Results are shown for the properties at the rotor discharge. The relative differences presented in the table are compared to the results obtained with the fine grid.
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	Property
	Coarse
	Rel. Diff. %
	Medium
	Rel. Diff.%
	Fine (Reduced y+)
	Rel. Diff.%
	Fine





	s, [J/kgK]
	2762.1
	0.11
	2760.4
	0.05
	2759.8
	0.02
	2759.1



	h, [J/kg]
	907,735
	0.23
	906,467
	0.09
	906,261
	0.07
	905,607



	ρ [kg/m3]
	56.1
	0.28
	56.2
	0.15
	56.3
	0.04
	56.3



	T [K]
	707.23
	0.26
	706.14
	0.1
	705.98
	0.08
	705.4
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