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Abstract

:

Supercritical carbon dioxide (S-CO   2  ) Brayton cycle system is a promising closed-loop energy conversion system frequently mentioned in the automotive and power generation field in recent years. To develop a suitable design methodology for S-CO   2   turbines with better performance, an understanding of the vortex flow patterns and associated aerodynamic loss inside a S-CO   2   turbine is essential. In this paper, a hundred-kilowatt level S-CO   2   axial turbine is designed and investigated using a three-dimensional transient viscous flow simulation. The NIST Span and Wagner equation of state model that considers the real gas effects is utilized to estimate the thermodynamic properties of the supercritical fluid. The numerical methods are experimentally validated. The results indicates that the aspect ratio and tip-to-hub ratio are different in the S-CO   2   turbine from that in the gas turbine, and the vortex flow patterns are influenced notably by these geometrical parameters. Both the vortex structure and moving tracks of passage vortices are changed as a result of large centrifugal force. An interaction between tip leakage vortex and hub passage vortex is observed in the impeller passage and its formation and development mechanism are revealed. To further explore the aerodynamic loss mechanism caused by vortex interaction, the energy loss in the impeller passage is analyzed with the enstrophy dissipation method, which can not only accurately calculate the energy loss but also estimate how the vortical motions occur. It is found that the enstrophy and energy loss can be effectively reduced by vortex interaction between tip leakage vortex and hub passage vortex. The results in this study would increase the knowledge of vortex flow patterns in S-CO   2   turbine and the proposed enstrophy production method can be used intuitively to provide a reference for flow vortical motion study in turbines.
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1. Introduction


Supercritical carbon dioxide (S-CO   2  ) Brayton cycle system is a promising candidate for power converters that could potentially make the system with high thermal efficiencies, simple and compact physical layouts, and good operational flexibility in coping with the uncertain availability of any renewable energy sources. Among all the advantages of the S-CO   2   Brayton cycle system, its compact size, simple structure, and closed-loop system make the S-CO   2   Brayton cycle suitable for the transportation field. These features are necessary advantages for the future utilizing vehicles such as flying cars and interstellar spacecraft. Multiple availabilities of many power sources like nuclear power [1,2,3], solar power generation [4,5], gas turbines [6,7], and fuel cells [8,9,10] were frequently proposed dealing with S-CO   2   system in recent years.



In the S-CO   2   Brayton cycle system, turbine performance is studied to have a more significant impact on the overall thermal efficiency of the system than those of other components [11]. In the current study, low efficiencies of S-CO   2   turbines have become a bottleneck that affects the small-scale S-CO   2   system with hundred kilowatts output power. Utamura et al. from Tokyo Institute of Technology has developed a 10 kW S-CO   2   power system as a lab-scale demonstration test plan [12], the designed turbine showed very low efficiency during the experimental study and only 110 W net power was generated and recorded [13]. The Korea Institute of Energy (KIER) has developed several S-CO   2   power systems since 2013, and the S-CO   2   turbines were the core factor reported limiting the system performance [14,15,16]. No net electrical power was successfully generated from their first test loop during experiments [16,17] and the updated new turbine also reported efficiency problem later [15]. Maxence et al. reported their S-CO   2   turbine, which was designed for a 50 kW power system in the European I-ThERM project, showed only 70% isentropic efficiency in numerical simulations [18]. Wang et al. conducted several investigations on a 75 kW S-CO   2   turbine and CFD results indicated that turbine efficiency was only 66.27% [19]. Therefore, further study on S-CO   2   turbine is expected to develop a suitable design methodology for S-CO   2   turbines with better performance.



Some investigations have been conducted in understanding the connection between the internal flow mechanism and the aerodyanmic loss sources based on air turbines and gas turbines in the last decades. Langston et al. and other researchers have studied the multi-vortex flow in the turbine and proposed five representative models of the flow pattern [20,21,22,23,24]. Yamamoto, Tallman, Dreyer and other researchers have successively carried out several recognized studies on the tip leakage flow [25,26,27,28]. And different loss models were further researched based on these flow mechanism studies [29,30,31]. However, different from an ideal gas, supercritical carbon dioxide has a large density that is similar to those of a liquid and a low viscosity that is similar to those of a gas. The high operating pressures and densities make a significant reduction in turbine size and hence lead to high rotational speeds of the designed turbine as a result of maintaining high isentropic efficiency. Small diameter and higher rotational speeds are associated with a small blade span, low aspect ratio, high hub-to-tip ratio, and a large tip clearance ratio. All of these geometrical and operational characteristics might influence the internal flow structures, make the flow characteristics inside S-CO   2   turbine different from those of ideal gas turbines, and ultimately lead to remarkable aerodynamic loss.



Recognizing the importance of flow characteristic study to S-CO   2   turbine, some researchers started to make investigations on S-CO   2   turbine internal flow. To investigate the secondary flow loss mechanism in the S-CO   2   turbine, Han et al. have conducted several CFD simulations to study the flow characteristics of the logarithmic layer and viscous sublayer in a high-pressure S-CO   2   axial turbine [32]. Uusitalo et al. [33] have discussed the expansion losses distribution in a S-CO   2   radial inflow turbine. In the work, the loss predictions obtained with the different methods for turbine designs with varying specific speeds were compared, and high deviations of predicted rotor losses were observed, which indicated that the traditional passage loss models are not suitable for S-CO   2   turbine. Tu et al. [34] have designed a 30 kW partial admission S-CO   2   axial turbine and analyzed its impeller aerodynamic losses. The tip leakage flow has been found to have the largest impact on turbine performance and the influence of the flow angle between the tip leakage flow and mainstream on the tip leakage flow was discussed. Ying et al. [35] have made investigations on the influence of impeller shroud structure through analyzing 4-stage S-CO   2   axial turbines, the influence of impeller blade tip leakage flow and shroud leakage flow has been discussed. Du et al. have studied the leakage characteristics and the effects of different seal methods in a 1.5-stage S-CO   2   axial-inflow turbine [36,37].



Apart from the investigations on the internal flow and aerodynamic losses in the S-CO   2   turbines, the design parameters and methodology were also discussed. Qi et al. from the University of Queensland have carried out studies on designing 100–200 kW S-CO   2   radial inflow turbines, the relationship between turbine geometry, loss distribution, and other design parameters were discussed through numerical simulations [38,39,40]. Wang et al. have compared and analyzed the influence of solidity structures on turbine aerodynamic performance with S-CO   2   and air, respectively [41]. Salah et al. have investigated the influence of design parameters on a single-stage 100 kW S-CO   2   axial turbine from both mechanical and aerodynamic performance perspectives [42].



Although it is known that the S-CO   2   turbines have different flow structure, there is still little scientific understanding on how the internal flow characteristics in the S-CO   2   turbines is and how these flow influence the turbine performance. In the current paper, a 160 kW S-CO   2   axial turbine is designed and numerically investigated to explore the detailed vortex flow characteristic and associated energy loss mechanism. The numerical method was validated through the experimentally test of the designed S-CO   2   turbine. The formation and development of tip leakage vortex and passage vortices in the S-CO   2   turbine were revealed. The process of vortex interaction between tip leakage vortex and hub passage vortex was investigated. Energy loss mechanism caused by the vortex interaction was investigated through enstrophy dissipation analysis, which is method that can not only accurately calculate the energy loss but also estimate how the vortical motions occurs. The remaining part of the paper proceeds as follows: Section Two begins by laying out the theoretical dimensions of the research, including some fundamental concepts of vortex dynamic and enstrophy dissipation method. The third and fourth part give a brief overview of the designed S-CO   2   turbine and the numerical method. Subsequently, detailed flow structure and vortex patterns were analyzed combined with energy loss investigation based on the simulation results. At last, some conclusions are obtained.




2. Fundamental Theory of Vortex Dynamics


Vortices are a special existence form of fluid motion with origin in the rotation of fluid elements. The physical quantity characterizing the rotation of fluid elements is the vorticity (  ω = ∇ × u  ), but the more fundamental quantity is the velocity gradient (  A = ∇ u  ). The intrinsic decomposition of   ∇ u   into symmetric and antisymmetric parts gives the strain-rate tensor and vorticity tensor. According to the second-order tensor calculus, there are independent invariants between the three eigenvalue equation of the   ∇ u  , namely, the first, second, and third invariant.


  P =  λ 1  +  λ 2  +  λ 3   



(1)






  Q =  λ 1   λ 2  +  λ 1   λ 3  +  λ 2   λ 3  =  1 2    Ω  i j    Ω  i j   −  e  i j    e  j i    =  1 2     | | Ω | |  2  −   | | E | |  2    



(2)






  R =  λ 1   λ 2   λ 3  =  1 3    e  i j    e  j k    e  k i   + 3  Ω  i j    Ω  j k    e  k i     



(3)




where


    | | Ω | |  2  =  Ω  i j    Ω  i j   =  1 2    | ω |  2   



(4)




and


    | | E | |  2  =  e  i j    e  j i    



(5)







  e  i j    represents rate of strain tensor and   Ω  i j    represents vorticity tensor in the equations.



2.1. Vortex Tracking Method


Among three variants, Q represents the extent that the amplitude of the local vorticity term exceeds that of the local strain term. In three dimensions the question on how much the vorticity should prevail over the strain rate within the eigenvalue equation may have an answer of   Q > 0  , this comes to the known vortex identification method, Q-criterion [43]. With the additional condition that the pressure should be lower than the ambient pressure, it is believed that vortices may exist in the region with positive Q values.




2.2. Enstrophy Dissipation Analysis Method


Enstrophy is a quantity directly related to the kinetic energy in the flow model that corresponds to dissipation effects in the fluid in vortex dynamics. It is derived from the decomposition of the strain tensor. Owing to the Föppl theorem, the integral of vorticity vector  ω  cannot tell the total amount of shearing in a flow domain. Thus, the enstrophy was used for such a measurement similar to the kinetic energy in turbulent flow. The effects of enstrophy play an important role in the analysis of turbulent fluid motion and energy loss, large enstrophy represents strong vortical motions which can lead to preferential concentration of inertial particles. Similar to kinetic energy, enstrophy is defined as


  Ω =  1 2   ∫ V   ω 2  d V  



(6)







However, as for turbulent flow, the total vorticity can be separated into two terms after the Reynolds time averaged process: the average vorticity (  ω ¯  ) and the fluctuating vorticity (  ω ′  ). Correspondingly, the total enstrophy, which is denoted by   Ω tot  , has the following definition


   Ω tot  =  1 2   ∫ V    ω ¯  +  ω ′   ·   ω ¯  +  ω ′   d V =  Ω ¯  +  Ω ′  +  ∫ V   ω ¯  ·  ω ′  d V  



(7)




a circulation preserving flow  u  within the equation is assumed and it is is disturbed to   u =  u ¯  +  u ′    with    u ′  = 0   on the boundary. The identity is used to handle the integral in the equation.


  ∇ ·   u ′  ×  ω ¯   =  ω ¯  ·  ∇ ×  u ′   −  u ′  ·  ( ∇ ×  ω ¯  )   



(8)




since   ν ∇ ×  ω ¯  = ∇ σ  ,    u ′  · ∇ σ = ∇ ·   u ′  σ    and    u ′  = 0   on   ∂ V  , the integral could be obtained as


   ∫ V   ω ¯  ·  ω ′  d V =  ∫  ∂ V   n ·   u ′  ×  ω ¯  −  1 ν   u ′  σ  d V = 0  



(9)







Finally we acquire    Ω tot  =  Ω ¯  +  Ω ′   , in which the   Ω ¯   represents the average enstrophy and the   Ω ′   represents the fluctuating enstrophy generated in the turbulence flow.   Ω ¯   can be obtained from the velocity field with the modulus of vorticity,


   Ω ¯  =  1 2       ∂  w ¯    ∂ y   −   ∂  v ¯    ∂ z    2  +     ∂  u ¯    ∂ z   −   ∂  w ¯    ∂ x    2  +     ∂  v ¯    ∂ x   −   ∂  u ¯    ∂ y    2    



(10)




while   Ω ′   cannot be obtained from the simulation results directly. Earlier study on the turbulence flow has proposed a relationship with large Re number


   〈  1 2   ω i ′   ω i ′  〉  ≈  〈  e  i j  ′   e  i j  ′  〉   



(11)




with the definition of turbulence dissipation rate, we could obtain the fluctuating enstrophy


   Ω ′  =  1 2   ω i ′   ω i ′  =  e  i j  ′   e  i j  ′  =  ε  2 ν    



(12)




the sum of these two terms thus can be calculated and the enstrophy in the passage can be obtained.



Based on the enstrophy equations, the enstrophy dissipation rate can also be proposed analogous to the kinetic-energy dissipation rate.


   Φ ω  = μ ∇  ω z  = μ      ∂ 2  v   ∂  x 2    −    ∂ 2  u   ∂ y ∂ x     i →  +     ∂ 2  v   ∂ x ∂ y   −    ∂ 2  u   ∂  y 2      j →  +     ∂ 2  v   ∂ x ∂ z   −    ∂ 2  u   ∂ y ∂ z     k →    



(13)







The vorticity is a three-dimensional vector, but in the impeller passage, the streamwise vortex is the main object. Hence, the streamwise vorticity, which is the   ω z   was considered when calculating the enstrophy dissipation rate.





3. Preliminary Design of a S-CO   2   Axial Turbine


To investigate the turbine internal flow, a S-CO   2   turbine is designed as the first step. The nominal thermodynamic conditions of the designed turbine are summarized in Table 1. In this paper, the axial configuration was adopted since the authors believed that the axial turbine is more appropriate for small-scale S-CO   2   systems. For power outputs below a megawatt, small size and high operating pressure of S-CO   2   turbine lead to a high rotational speed. The high rotational speed brings about many difficulties on the stable and efficient operation, and the large absolute pressure difference leads to large leakage flow losses within the turbines [35]. Compared with the radial turbine, the axial structure could reduce either turbine rotational speed and stage pressure ratio by adding expansion stages. And partial admission could also be utilized with axial configuration if the turbine was operated at low power output conditions.



The fundamental design methodology of the axial turbine has been developed and discussed in books and scientific papers. Since there lacks a suitable design method for the S-CO   2   turbine, this paper still follows the introduced turbine design methodology. At the beginning of the design, non-dimensional parameters including degree of reaction, flow coefficient, and loading coefficient are used to help to select a geometry optimizing efficiency using a limited set of variables. The degree of reaction indicates the distribution of the isentropic enthalpy drop in the turbine. Different reaction degree values correspond to different velocity distribution and pressure distribution. Due to the large pressure drop through the S-CO   2   turbine, the axial force is largely related to the pressure distribution and it could influence the availability of the bearings. Zero degree of reaction is chosen considering the bearings and impeller exit velocity. The flow coefficient has to be 0.5 if zero degree of reaction and free vortex were adopted, according to the Ref. [44]. Other geometrical parameters such as the blade angles are further determined based on these non-dimensional parameters and one-dimensional analysis. The final specifications of the designed turbine can be found in Table 2, the 3D geometric model of the S-CO   2   axial turbine is presented in Figure 1. It can be seen that the designed turbine has the geometrical features as discussed in the previous. Although the turbine output power is 160 kW, the turbine has only a 4 mm blade span and a 24 mm hub radius. Small size and large power lead to a small aspect ratio and a large hub-to-tip ratio of the blades, which is 0.37 and 0.86 respectively.



To further analyze how blade geometrical features influence on the turbine internal flow, a similar S-CO   2   axial turbine with a larger aspect ratio and a smaller hub-to-tip ratio was developed and investigated as a comparison. To distinguish these two turbines, the originally designed turbine is referred to as “Designed Turbine (D Turbine)” in the following, and the turbine developed for comparison is referred to as “Compared Turbine (C Turbine)” in the following. All the operational and geometrical parameters of the C Turbine are the same as D Turbine except the blade span. C Turbine has a blade span of 8 mm, which is twice as much as that of D Turbine. As a result, the blade aspect ratio of the C Turbine is 0.75, which is larger than that of the D Turbine. The hub-to-tip ratio of the C Turbine is 0.75, which is smaller than that of the D Turbine. The tip clearance ratio remains 2.5% for two turbines to avoid the influence of tip leakage flow. The schematic diagrams of D Turbine and C Turbine are presented in the Figure 2.




4. Numerical Methods


The operating pressure of the designed S-CO   2   turbines is 12 MPa, accurate captures of S-CO   2   flow structure in the turbines through experimental methods thus become very difficult and time-consuming. Numerical simulations on the designed turbine are used in this paper to conduct investigations on turbine internal flow characteristics. Viscous turbulent computational fluid dynamics (CFD) methods were carried out at the turbine nominal condition with the mature commercial solver, ANSYS CFX 19.2. The discretization for the spatial terms in the governing equations was the second-order implicit upwind difference scheme. The time term was discretized by the second-order backward difference Euler scheme.



4.1. Turbulence Model


Due to the importance of the secondary flows within S-CO   2   impeller passage and high Reynolds numbers, ANSYS CFX solver guide specifies that the two-equation k-omega based Shear-Stress-Transport (SST) model by Menter [45] instead of the widely-used k-epsilon model are preferred as the turbulent model [46]. The widely used solution for three dimensional turbulent flows is the Reynolds Averaged Navier-Stokes (RANS) equations.




4.2. Computational Model and Mesh Generation


Since the blades are periodically distributed in the circumferential direction, the calculations were conducted with a single-channel computational model. The software TurboGrid was used to generate the structured mesh as shown in Figure 1b. Mesh refinements were required to accurately predict the flow separation with the selected turbulence model, the first layer within the mesh should be sized to retain y+ close to 1. For representative inlet conditions, density is two orders of magnitude greater for S-CO   2   than air. This leads to a first layer height in S-CO   2   turbine mesh 2 orders of magnitude smaller than for gas turbines with the same y+. As a result, a low y+ value and low aspect ratio in the mesh are difficult to be guaranteed at the same time, unless the mesh was generated with a very large number of nodes. In this paper, the final mesh had an average y+ close to 1.5 in the first layer, except in regions near the nozzle blade hub, where y+ can reach values as high as 5. Figure 1a reveals the computational model and its y+ value distribution. The mesh independence verification was assessed based on turbine outlet mass flow using steady-state simulations, results can be seen in Figure 1c. For the designed Turbine, final mesh was created with a total grid number of 2,015,613 nodes, 886,895 for the nozzle, 1,128,718 for the impeller.




4.3. Fluid Properties


Unlike in the S-CO   2   compressors, the bulk fluid in the S-CO   2   turbines has a high compressibility factor close to 0.9 during expansion. Therefore, no rapid rate of property change and a non-equilibrium phase change process is expected in the turbine. The NIST Span and Wagner (S-W) equation of state model, established by Reference Fluid Thermodynamic and Transport Properties Database [47], was utilized and incorporated in the CFD solver in the form of lookup tables. The Real Gas Property (RGP) lookup table was sized at 1500 × 1300, the pressure ranged from 2 MPa to 17 MPa with 1 kPa as an increment, the temperature ranged from 250 K to 900 K with 0.5K as an increment.




4.4. Boundary Conditions and Solution Settings


All simulations were carried out at design point with the operating conditions summarized in Table 1 unless otherwise noted. Boundary conditions were set as total conditions at the inlet and static pressure in the stationary frame at the exit of the domain. The inlet flow to the nozzle is modeled with a flow angle of 37   ∘  , this flow angle was obtained from another simulation with full-channel nozzles, impellers, and a volute. Inlet flow was assumed to be fully turbulent, and 5% turbulence intensity was modeled. For steady-state simulations, the mixing plane interface based on stage average total pressure was adopted in this single-channel model. The impeller blade was modeled with a space of 0.4 mm between the start of the rotating domain and the blade leading edge. An extension of five times the impeller blade axial chord length was added to the impeller mesh to minimize the influence of boundary conditions. Tip clearance was modeled with a gap of 0.1 mm between the impeller blade tip surface and shroud surface. The shroud surface is modeled as nonrotating. No-slip, adiabatic wall boundary conditions were applied on the blade and endwall surface. Periodic boundary conditions were applied as only one blade passage for both the nozzle and the impeller is modeled.



Solutions were deemed to be converged when RMS residuals for mass, momentum, and turbulence had reduced by at least 7 orders of magnitude. Otherwise, two criteria were utilized to demonstrate the computation convergence, namely less than 1% difference between inlet and outlet mass flow rate, less than 1% fluctuation in pressure and temperature.




4.5. Experimental Validations


Validation of the numerical method is a necessary part of the simulations to ensure the accuracy of the simulation results. As the experimental data for the S-CO   2   turbine is scarce in the open literature, the D turbine is thus manufactured and tested, the introduction of the experimental apparatus and the concrete experimental process can be found in Refs. [48,49]. Due to the low power of the heat source, the manufactured turbine adopted a partial admission nozzle to reduce the mass flow rate.



Since only specific data could be collected, the mass flow rate and the turbine isentropic total-to-static efficiency were used to validated the simulation results. The isentropic total-to-static efficiency is defined in Equation (14).


   η  T S   =   P  o u t p u t     m ˙   (  h 01  −  h 4  )    ·  1   η m   η  e l      



(14)







The   η m   represents the mechanical efficiency and the   η  e l    represents the electrical efficiency. The values were provided by the cooperative manufacturer of the prototype. The   η m   is 0.94 and the   η  e l    is calculated with Equation (15). These two efficiency values are only used when calculating the experimental data.


   η  e l   = 0.0000025275 * n + 0.0157347619  



(15)







The simulated and experimental results are displayed in Figure 3. The simulated results are presented with lines and the experimental results are presented with symbols. Due to the rotational speed of the S-CO   2   turbine was fluctuating during the experiments, the symbols that indicates the experimental results of turbine rotational speed between 31,000 rpm and 36,000 rpm cover a larger area in the figure. But it can be still seen that the simulated results matches well with the experimental results. The numerical models used in this paper thus is believed to be feasible and the simulation results of S-CO   2   turbine are credible.





5. Results and Discussions


The detailed investigations on the flow field in the turbines are presented in this section. All the flow fields are extracted from three-dimensional steady-state simulation results. However, the flow patterns and the energy transfer process are more easily understood from the point of view of a two-dimensional but unsteady flow. Hence, an analogous translation along the streamwise direction to the moving time is proposed. More specifically, the flow status in different axial locations can be represented by the unsteady flow at different times. It implies that the evolution of the cross-plane flow structure (including vortices strength and position) at different streamwise locations is similar to that at different times, when viewed from a moving reference frame. All the discussion and analysis in the current paper are carried out based on this analogy. Note that in descriptions of the flow field, the generic term “Secondary Flow” is used to represent any deviation from the streamwise flow direction within the impeller passage, and should not be misinterpreted as the term “Passage Vortex”.



5.1. Overall Secondary Flow Features in the Passage


The overall flow visualization results in the D Turbine are presented in Figure 4. The D Turbine is the designed S-CO   2   axial turbine with a low aspect ratio and large hub-to-tip ratio. A detailed flow structure can be seen in Figure 4a with fluid streamlines coloring with the streamwise vorticity. The positive streamwise vorticity in the figure represents the vorticity that has the same direction as the mainstream flow, and the negative value represents the vorticity that has the opposite direction as mainstream flow. Through streamlines distribution, the tip endwall flow, hub endwall flow, and the tip leakage flow in the passage can be identified.



The hub secondary flow is generated near the suction side and moves towards the blade tip along the blade, main flow in the middle section and near-wall flow next to the blade suction surface is entrained to enhance the flow strength of the hub secondary flow. While in the shroud section, the secondary flow structure is more complex. The passage flow is rolled up as a result of the shear-across leakage jet near the blade tip and leading edge. This roll-up formed a secondary flow and downstream the inner core of the leakage vortex, which is one source of the increase in vorticity in the shroud section. At downstream, the leakage vortex entrains more leakage jet and increases the size of the vortex. However, not all the passage flow is entangled in the inner core of the leakage vortex. The blue streamlines in the figure show that much of the passage flow is forced by the side of the vortex core instead of wrapping around it. Different from the secondary flow rolled by the tip leakage flow, the tip endwall flow is generated more upstream, at the location of around 50% axial chord. The color on the streamlines indicates that the tip endwall flow and the tip leakage flow have the opposite vorticity direction, which is used to distinguish these two flows. The tip leakage flow seems stronger than the tip endwall flow downstream as the blue streamlines are pushed away from the blade with a decrease in the vorticity. At the location of 90% axial chord, all of these three flows intertwine with each other and leave the impeller passage together.



The tangential velocity vector projected on the transverse planes (or called the S3-plane) at different axial chord locations, as is displayed in Figure 4b, is used to identify the detailed vortices distribution. In the figure, both the tip passage vortex and the hub passage vortex are formed at the location of 40% axial chord, while the tip leakage flow is still weak and squeezed by the tip passage vortex, the tip leakage vortex is not formed and is unclear. Downstream at the location of 50% axial chord, the tip passage vortex and the hub passage vortex are moving in the spanwise direction along the blade, and the tip leakage flow begins to roll up. Compared with the tip passage vortex, the hub passage vortex moves faster. The hub passage vortex reaches the mid-span when the tip passage vortex is still at around 0.75 span at the location of 60% axial chord. As the tip passage vortex moves away from the blade suction surface, the interaction between the tip passage vortex and tip leakage flow becomes smaller, the tip leakage vortex seems to form itself.



Considering the big vortex at the impeller outlet shown in Figure 4a and the positions of the tip leakage vortex, the tip passage vortex, and the hub passage vortex shown in Figure 4b, it is thus suggested that an interaction between these three vortices occurs in the passage. Therefore, Q-criterion is used to demonstrate the formation and development process of the vortices.



Figure 5 shows the streamwise Q-criterion distribution at different axial chord locations. A full formation process of vortices including the passage vortices and the tip leakage vortex can be seen through Figure 5a, and the detailed overviews of the vortex structure on the different S3 planes are provided in the Figure 5b. In the figure, the vortex moving tracks analyzed previously can be confirmed. The passage vortices are formed in the streamwise first half of the passage. At the location of 20% to 30% axial chord, a hub passage vortex with a large size and an oblate tip passage vortex with small size are presented. The authors speculate that the large centrifugal force is the main reason for this phenomenon. In the S-CO   2   turbine, the working fluid withstands a large centrifugal force in the passage due to the high density of supercritical carbon dioxide and the high rotational speed of the turbine. The structure of the hub passage vortex is elongated and thrown towards the outer casing under the action of this radial centrifugal force, while the tip passage vortex is squeezed and stays in the shroud section. With a large size of hub passage vortex, more main flows are entrained around the vortex and it moves quickly from the hub section to the mid-span section, as can be seen in the planes at 20%, 40%, and 60% axial chord. At the same locations, the tip passage vortex is formed and wrestling with the tip leakage flow and its associated vortex. In the downstream locations, the large part of the tip leakage jet and entrainment of the main flow make the tip leakage vortex gradually stronger than the tip passage vortex. Then the tip passage vortex is pushed away by the tip leakage vortex as shown in the Q-criterion contour at 80% axial chord. This kind of shear interaction between the tip leakage vortex and the tip passage vortex has been investigated in the gas turbines. The difference is that the tip leakage flow becomes dominant in the shroud section in this S-CO   2   turbine, though the tip clearance is only 0.1 mm (2.5% tip clearance ratio) in this case.



However, the moving tracks of the passage vortices shown in the Figure 5b seem different in the rear part of passage from that in the gas turbine impellers. Figure 5b indicates that the tip passage vortex is detached and further pushed away from the blade at 80% axial chord when the tip leakage vortex entangles itself with the hub passage vortex. As a comparison, Figure 6 gives the vorticity distribution in a normal gas turbine rotor cascade. It can be seen that in the gas turbine the hub passage vortex and the tip passage vortex touch with each other in the mid-span section near the blade trailing edge and the tip leakage vortex stays in the shroud section. And in the S-CO   2   turbine, the tip leakage vortex and the hub passage vortex have a contact. Without an obstruction of the tip passage vortex, the fast-moving hub passage vortex moves upwards and touches the enlarged tip leakage vortex in the shroud section. Closer inspection of Figure 4a shows that the hub passage vortex does not enter the innermost core of the leakage vortex, instead, it entrains around the leakage vortex. The final generated large vortex would be referred to as “Merged vortex”. The size of this merged vortex keeps increasing with the entrainment of the hub passage vortex. Although the merged vortex is still close to the blade, its inner core, which is the tip leakage vortex, already detaches from the suction surface of the blade. As the S-CO   2   turbine has a strong tip leakage flow, more fluid in the passage is entrained by the tip leakage jet and the tip leakage vortex. Therefore, the vorticity convection from the fluid near the outer-casing downstream is less influential to the structure of the tip passage vortex.



Same vortex interaction is not expected in traditional axial turbines, as shown in Figure 6, which displays the vortex flow patterns in a normal gas turbine. More concretely, an intuitive comparison of flow features is given in Figure 7. The D Turbine is the designed S-CO   2   turbine, and the C Turbine is a turbine with a large blade aspect ratio and small blade hub-to-tip ratio. The geometrical features of the C Turbine are similar to those of gas turbines. In the figure, the blue ribbon lines are streamlines in the shroud section, which indicates the tip flow, and the red ribbon streamlines indicate the hub flow. It can be found that the basic structure of flow patterns are similar in the two turbines, while the structure of the secondary flows near the trailing edge is different in the D Turbine from that in the C Turbine and the gas turbine (Figure 6). The large tip clearance ratio makes the tip leakage flows have a large effect on the main flow and influences more area in the passage, both in the C Turbine and D Turbine, while the hub endwall flow in the D Turbine moves towards the outer casing quickly and join the tip flows in the tip section. At the impeller outlet, the hub flows and the tip flows are separated structures in the C Turbine and the same flows are twisted together in the D Turbine. It identifies that the tip leakage vortex and the hub passage vortex have interacted with each other in the D Turbine.




5.2. Investigation on Vortex Interaction of Tip Leakage Vortex and Hub Passage Vortex


Although the interaction of the tip leakage vortex and tip passage vortex is a complex process investigated in the literature, the interaction of the tip leakage vortex and the hub passage vortex is an unanticipated flow structure and was not discussed in the previous study. As is shown in Figure 6, the normal vortex structure in the gas turbine is that the tip passage vortex and the hub passage vortex meet each other in the mid-span section, while the vortex patterns become different in the studied S-CO   2   turbine. The development mechanism of vortex interaction is thus investigated in this section.



To further analyze the detailed structure of vortices, an improved vortex tracking parameter,   Q  i m p r o v e   , is proposed in the present paper based on the Q-criterion.   Q  i m p r o v e    can either detect the vortex in the flow field or present the rotational direction of the vortex. Its definition is revealed in Equation (16).


   Q  i m p r o v e   =  ω  ω   ×   Q +  Q   2   



(16)







Figure 8a shows the distribution of   Q  i m p r o v e    value on the transverse plane at 60%, 80% and 90% axial chord. In the figure, the red region represents the clockwise vortex in the passage when it is observed along the mainstream, and it is referred to as the “Positive Vortex” in the following. The blue region represents the counterclockwise vortex, which is referred to as the “Negative Vortex” in the following. According to their formation processes, the tip leakage vortex and the hub passage vortex are classified as the positive vortices, the tip passage vortex is classified as the negative vortex.



From the figure, we can see that tip leakage vortex, tip passage vortex, and hub passage vortex can be recognized in the figure at 60% axial chord. While downstream in the S3 plane at 80% axial chord, the hub passage vortex moves towards the tip leakage vortex and these two vortices start to merge. Compared with the merged vortex, the tip passage vortex is pushed away, which has a smaller size and a lower vortex strength. At the location of 90%, the tip leakage vortex and the hub passage vortex finally become one vortex, and the tip passage vortex is almost dissipated. The trajectory of the vortices displays that the merged vortex is developed based on the tip leakage vortex. The hub passage vortex moves into the tip leakage vortex and causes the merge process.



Knowing the vortices’ positions and their direction, investigations on the detailed vortices merge process are carried out by analyzing the vorticity distribution. Figure 8b gives the vorticity contour in the positive vortices which can visually present the structural changes of the vortices when the interaction occurs. In the beginning, the tip leakage vortex is formed in the shroud section with the high vorticity concentrated in the upper part, and the hub passage vortex moves quickly towards it. Downstream at the 80% axial chord, the enlarged tip leakage vortex is instrumental in bringing the hub passage vortex into contact but does not itself display any strong deformation, while the hub passage vortex is greatly compressed when it touches the tip leakage vortex. The deformation occurs as a result of the intense collision of vortical particles at the interface of two vortices. The vortex is a helical structure with the fluid warping around the innermost vortex core. So the adjacent vortices with the same rotational directions have the opposite flow direction on the interface. Both the tip leakage vortex and the hub passage vortex are positive vortices, When two vortices touch with each other, the rotating fluid particles on the periphery of the vortices would meet, collide, and decelerate. Thus, the fluid rotating velocity and the streamwise vorticity of the vortex are decreased, the vortex strength is weakened, and the vortex size is reduced. Compared with the hub passage vortex, the tip leakage vortex has larger vorticity and stronger strength due to the high shear flow of the tip leakage jet. The hub passage vortex is stretched and thus has a larger size. Finally, the tip leakage vortex and the hub passage vortex merge into one vortex with a reduction of the vorticity in both vortices.



In summary, the vortex interaction of the tip leakage vortex and the passage vortex in the S-CO   2   turbine contains the interaction with both the tip passage vortex and the hub passage vortex. The interaction of the tip leakage vortex and the tip passage vortex is a process of vortex squeezing, while the interaction of the tip leakage vortex and the hub passage vortex is a process of vortex merge. The principle of the vortex interaction can be demonstrated in Figure 9, which is the schematic of the fundamental vortex structure both in the gas turbine and S-CO   2   turbine. In the figure, the red circle marked with a positive sign in the center is the positive vortex and the blue circle marked with a negative sign in the center is the negative vortex.



Figure 9b displays the modeled flow status in the gas turbine. The tip passage vortex is formed near the shroud section and it expands itself when moving towards the negative spanwise direction in the passage. The hub passage vortex is formed near the hub section and also expands itself when moving towards the positive spanwise direction. These two vortices meet and collide with each other in the mid-span section as displayed in Figure 6. This collision can also be explained by the vortex rotational direction. The two passage vortices have opposite rotational directions, the flow direction on the interface is the same and the fluid particles thus cannot intrude into the other vortex. Moreover, the tip leakage vortex in the gas turbine is small and weak compared with the tip passage vortex, it is squeezed and pushed by the tip passage vortex and stays in the shroud section.



However, the flow status displayed in the Figure 9b is different. As is discussed previously, The tip leakage vortex is strong in the S-CO   2   turbine impeller as a result of the large tip gap and strong tip leakage jet. The tip passage vortex is pushed by the tip leakage vortex in the pitchwise direction and squeezed by the centrifugal force in the spanwise direction. On the contrary, the hub passage vortex is stretched and moves towards the outer casing with the effect of centrifugal force. With the dissipation of the tip passage vortex, the fully formed tip leakage vortex gets intruded by the hub passage vortex. These two positive vortices are weakened by each other and finally merge into one vortex at the impeller outlet.




5.3. Energy Analysis Caused by Vortex Interaction


The performance of the turbine is closely linked to its energy loss characteristics, after investigating the vortex flow patterns and associated flow physics in the S-CO   2   turbine, a deeper understanding of the energy loss mechanism is significant and will be discussed in this section. To analyze the energy loss that occurs in the flow field, the total pressure loss method was proposed and applied in turbomachinery in the last decades. Figure 10 presents the total pressure loss coefficient distributions in both D Turbine and C Turbine.



As can be seen in Figure 10b, two energy loss caused loss coefficient increases can be recognized in the hub and shroud section. The positions and movements of the losses can be identified with the development of the hub passage vortex and the vortices in the shroud section. In the C Turbine, although the hub passage vortex still moves towards the positive spanwise direction, it does not reach the shroud region as discussed in Figure 7a. As the loss in the shroud section gradually enhances and the loss in the mid-span section gradually dissipates, two loss area exists at the impeller outlet. Except for the interaction between the tip leakage vortex and the tip passage vortex, the interaction between the tip leakage vortex and the hup passage vortex could not be observed. While in Figure 10a, different energy variation processes can be seen. The high loss area caused by the tip vortices and the hub passage vortex is small and weak in the D Turbine. Starting from the location of 70% axial chord, the two losses move closer and merge into one part. With increasing in the size of the loss area, the peak value of the total pressure loss coefficient in the area decreases, especially the loss caused by the tip leakage vortex. A comparative analysis of the loss transfer process in the D Turbine and C Turbine indicates that the aerodynamic loss generated by the tip leakage vortex does not enhance itself with the development of the vortex in the D Turbine. On the contrary, the energy loss dissipates with the vortex interaction between the tip leakage vortex and the hub passage vortex.



Since the total pressure loss coefficient can only capture the internal energy variation without the vortex flow characteristics of the fluid. Considering the active vortex flows in the S-CO   2   turbine, the enstrophy dissipation method is employed in the present paper to calculate energy loss as well as capturing flow characteristics of the fluid. The total enstrophy and the enstrophy dissipation rate thus were calculated within the impeller passage and displayed in Figure 11.



In these figures, what stands out is the variability of the relative enstrophy dissipation rate in both turbines. It can be clearly seen that the enstrophy dissipation rate in the D Turbine is higher in the streamwise front part of the impeller passage. At locations of 40% to 50% axial chord, the enstrophy dissipation rates in two turbines are similar and both reach their peak value. In the streamwise rear part, the enstrophy dissipation rate in the D Turbine drops dramatically and its value becomes smaller than the enstrophy dissipation rate in the C Turbine. This is the region where the vortex interaction between the tip leakage vortex, the tip passage vortex, and the hub passage vortex occurs. The enstrophy variation matches the enstrophy dissipation rate trend. The enstrophy is higher near the leading edge in the D Turbine as a result of more intense vortical motion in the small flow area. And the enstrophy starts to decrease when the tip leakage flow interacts with the tip passage vortex. The enstrophy falls to a low point at the location of around 80% axial chord, where the interaction between the tip leakage vortex and the hub passage vortex occurs. As is discussed in the previous part, both the vortex strength and the energy loss decrease with the vortex interaction, the enstrophy dissipation analysis thus confirms this assumption.



In general, the vortex interaction in the S-CO   2   turbine is a special vortex flow structure due to the fluid physical properties. The S-CO   2   turbine has a small size and a high rotational speed, it leads to a large impeller blade tip gap, high inertial force, and high centrifugal force. All of these features affect the vortices in the passage and cause the vortex interaction. Comprehensively considering the investigations of vortex patterns and energy loss in the S-CO   2   turbine, the vortex interaction is found not only changes the secondary flow patterns but also reduces downstream the vortex strength and associated aerodynamic losses in the passage. Similar findings on vortex interaction influence have been reported by Zhou et al. [50], who have conducted experimental and numerical studies on vortex dynamics in a turbine rotor cascade. They found that the vortex interaction between an external incoming swirling vortex and the tip leakage vortex could reduce the aerodynamic loss if two vortices had the same rotational direction. This exciting finding is significant to the S-CO   2   turbines since it illustrates that, with proper vortex inductions, the vortex interaction could be effectively utilized to design efficient S-CO   2   turbines.





6. Conclusions


The present investigations were carried out to explore the vortex flow patterns and the associated aerodynamic loss mechanism in a small-scale S-CO   2   axial turbine. A 160 kW S-CO   2   axial turbine was thus designed and simulated with validated numerical methods. Based on the simulation results, the following conclusions were drawn.



	1.

	
The geometric and operational features were found to play an important role in forming the vortice structure in the impellers. The small blade span, large tip clearance ratio, and low aspect ratio lead to the fully developed tip leakage vortex and passage vortices. These vortices are the dominant secondary flow in the passage, which generates the main aerodynamic losses.




	2.

	
A vortex interaction between the tip leakage vortex and the hub passage vortex was observed in the impeller passage, which is an unanticipated flow structure. Due to the large density of carbon dioxide and high rotational speed, the hub passage vortex is stretched by the large centrifugal force and thrown towards the outer casing. As a result, the tip leakage vortex was intruded by the hub passage vortex near the trailing edge, and downstream it mixes with the hub passage vortex and merges into one vortex at the impeller outlet. According to the authors’ knowledge, this is the first time that the vortex interaction between the tip leakage vortex and the hub passage vortex is reported and explained in the turbine passage.




	3.

	
The energy loss characteristic of vortex interaction was analyzed with the enstrophy dissipation method. It was found that both the streamwise vorticity and viscous dissipation of these two vortices are reduced with vortex interaction. Correspondingly, the aerodynamic losses caused by these two vortices are also reduced compared with the case without vortex interaction. The potential payoff from this finding is that the vortex interaction could be utilized with proper methods to improve the S-CO   2   turbine performance.







Some aspects remain to be investigated in future research to fully understand the mechanism of the interaction between the tip leakage vortex and the hub passage vortex, such as unsteady flow instabilities and vortex interaction control. Future work will be devoted to further study these questions.
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Figure 1. Single channel fluid domain mesh and y+ value distribution in the designed turbine. (a) Domain y+ value distribution; (b) Domain mesh; (c) Mesh independence. 
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Figure 2. Schematic diagrams of impellers of two turbines. (a) D Turbine; (b) C Turbine. 
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Figure 3. Comparison of simulations and experiments. (a) Mass flow rate; (b) Isentropic total-to-static efficiency. 
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Figure 4. Secondary flow distribution in the impeller passage of D Turbine. (a) Streamlines distirbution with streamwise vorticity; (b) Tangiental velocity vector projected on the transverse planes at different axial chord locations. 
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Figure 5. The Q-criterion distribution in the D turbine impeller passage. (a) Overall Q-criterion distribution; (b) Q-criterion projected on the transverse planes at different axial chord locations. 
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Figure 6. Vorticity distribution in the gas turbine rotor cascade. 
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Figure 7. The flow structure described in the two S-CO   2   turbine impeller passages. (a) Flow patterns in the C Turbine (Compared Turbine); (b) Flow patterns in the D Turbine (Designed Turbine). 
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Figure 8. Vortex interaction process in the D turbine impeller passage. (a) Improved Q criterion distribution in the passage; (b) Vorticity contour in the positive vortices. 
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Figure 9. Schematic of fundamental vortex structure in different impellers. (a) Modeled flow status in gas turbine; (b) Modeled flow status in S-CO   2   turbine. 
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Figure 10. Mass-averaged total pressure coefficient in different turbine impeller passage. (a) Total pressure loss coefficient distribution in D Turbine; (b) Total pressure loss coefficient distribution in C Turbine. 
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Figure 11. Energy loss comparison in D Turbine and C Turbine. (a) Streamwise area-averaged enstrophy variation; (b) Streamwise area-averaged enstrophy dissipation rate varation. 
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Table 1. Thermodynamic parameters of S-CO   2   cycle.
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	Parameters
	Unit
	Value





	Turbine inlet total pressure
	MPa
	12



	Turbine inlet temperature
	K
	493.15



	Turbine total-to-static pressure ratio
	-
	1.875



	Rotational speed
	rpm
	40,000



	Mass flow rate
	kg/s
	5.08



	Power
	kW
	160
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Table 2. Specifications of the designed S-CO   2   turbine impellers.
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	Parameters
	Unit
	Value





	Reynolds number based on   U 3   and C
	-
	1.2 × 10   7  



	Flow coefficient
	-
	0.5



	Hub radius (  R  h u b   )
	 mm
	24



	Blade span (h)
	 mm
	4



	Chord (C)
	 mm
	10.72



	Axial chord (  C x  )
	 mm
	10.68



	Pitch (s)
	 mm
	5.27



	Tip gap height ( τ )
	 mm
	0.1



	Aspect ratio (  h /  C x   )
	-
	0.37



	Hub-to-tip ratio (   R  h u b   /  R  T i p    )
	-
	0.86



	Tip clearance ratio (  τ / h  )
	%
	2.5
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