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Abstract

:

The supercritical carbon dioxide (S-CO2) Brayton cycle efficiency increases as the compressor inlet condition approaches the critical point. However, the thermodynamic properties of CO2 vary dramatically near the critical point, and phase change is most likely to happen. Both cavitation and condensation bring about significant adverse effects on the performance of compressors. In this paper, the quantitative effects of nonequilibrium condensation and cavitation on the performance of an S-CO2 centrifugal compressor with different inlet-relative entropy values are investigated. The properties of CO2 were provided by the real-gas property table, and the nonequilibrium phase-change model was adopted. The numerical simulation method with the nonequilibrium phase-change model was validated in the Lettieri nozzle and Sandia compressor. Furthermore, simulations were carried out in a two-stage centrifugal compressor under conditions of various inlet-relative entropy values. The type of nonequilibrium phase change can be distinguished by inlet-relative entropy. Cavitation makes the choke mass flow rate decrease due to the drop in the speed of sound. Condensation mainly occurs on the leading edge of the main blade at a large mass flow rate, but cavitation occurs on the splitter. The condensation is more evenly distributed on the main blade, but the cavitation is mainly centered on the leading edge.
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1. Introduction


With the growing problem of energy scarcity and the increase in people’s awareness of environmental protection, society has been placing a great emphasis on an efficient and environmentally friendly power cycle. Various countries are now developing clean and renewable energy, reducing greenhouse gas and harmful gas emissions, optimizing current energy systems and improving cycle efficiency.



The Brayton cycle of supercritical carbon dioxide (S-CO2) is an attractive power generation technology that offers potential advantages in terms of cycle efficiency [1,2]. As a working fluid, CO2 has good stability and abundant storage. In a supercritical state, CO2 has large specific heat capacity, large compressibility, large density, low viscosity and other qualities that can significantly reduce the compression work and then improve the cycle efficiency [3]. The closer the inlet condition is to the critical point, the greater the system performance is [4,5,6]. However, when the compressor inlet condition approaches the critical point, the thermophysical properties of CO2 will change dramatically, deviate significantly from the ideal gas and show a strong real-gas effect [7,8]. On the other hand, the critical point is the end of the saturation line. When the inlet condition of a compressor approaches the critical point, cavitation and condensation may be triggered in the impeller blade channel due to the local flow acceleration [9]. In Figure 1, the processes of phase change are illustrated on a pressure–temperature diagram. The working fluid expands isentropically from the supercritical region (point A) to the gas region and then reaches the saturation line (point B). The phase change manifests as condensation, where the droplets are generated in a gas environment. Condensation does not occur immediately when the saturation line is reached but continues to expand isentropically in the form of gas. The working fluid enters a metastable state until it arrives at the Wilson line (point D), where the spontaneous nucleation process will be triggered [10,11]. Finally, the fluid will return to equilibrium (point E). If condensation is equilibrium, the fluid will condense along the saturation line (from point B to point C). Cavitation process starts in supercritical conditions (A’), which are closer to the liquid phase. The fluid also expands isentropically, passes through the liquid region and reaches the saturation line (point B’). The fluid has low compressibility, which results in a small temperature drop and a large pressure drop. The fluid continues to expand to point D’ and then cavitation occurs. The phase change usually occurs on the suction side. Condensation and cavitation do not occur at the same time. Condensation occurs in the gas environment, and cavitation occurs in the liquid environment. Condensation droplets on the impeller blade may further deteriorate the performance of the compressor or cause erosion [11,12,13,14]. Cavitation can generate large amounts of bubbles, and bubbles occupy most of the channel, resulting in blockage [15,16,17]. Also, it is possible for the temperature and pressure of S-CO2 fluid to decrease below the critical point and pass through the saturation line, causing the phase change under the compressor’s start–stop and off-design settings. Few experiments have been conducted on the flow and phase change of S-CO2 compressors. The studies of Sandia National Laboratories have shown that an S-CO2 compressor can work stably no matter what phase the inlet condition is in [18,19,20]. Noall [21] believed that a compressor could achieve a long-term stable operation with a two-phase inlet condition, which is limited to a low rotational speed. The preceding investigations are concerned with the overall performance of a compressor and do not provide a clear picture of the specific internal flow characteristic of an S-CO2 compressor. It is still difficult to measure the internal flow through experiments due to the small size of the impeller. Although some studies state that the phase change has little effect on a compressor’s performance, most studies consider a potential two-phase operation as a high risk and do not recommend it for a high-reliability system [22]. Therefore, it is necessary to investigate the quantitative effect of the near-critical nonequilibrium phase change on the performance of a S-CO2 centrifugal compressor and provide theoretical guidance for the design and operation strategy for S-CO2 compressors.




2. Numerical Investigation


2.1. CO2 Condensation in Lettieri Nozzle


2.1.1. Condensation Model


The multiphase model is set to a mixture model, and the Lee Model is chosen as the condensation model. The slip effect can be neglected due to the fast expansion rate. The liquid–vapor mass transfer is governed by the vapor transport equation [23]:


    ∂   ∂ t       α   v     ρ   v     + ∇ · (    α   v     ρ   v       V   v    →   ) =     m  ˙    e v a p   −     m  ˙    c o n d   ,  



(1)




where   v   represents the vapor phase,     α   v     is the volume fraction of the vapor,     ρ   v     is the vapor density,       V   v    →    is the vapor-phase velocity and       m  ˙    e v a p   ,     m  ˙    c o n d     are the rates of mass transfer due to evaporation and condensation, respectively. The units of the rates of mass transfer are kg/s/m3.



The mass transfer can be described as follows:


      m  ˙    e v a p   =   K   e v a p     α   l     ρ   l         T   l   −   T   s a t         T   s a t                   T   l   >   T   s a t   ,  



(2)






      m  ˙    c o n d   =   K   c o n d     α   v     ρ   v         T   s a t   −   T   v         T   s a t                   T   v   <   T   s a t   ,  



(3)




where     T   s a t     is the saturation temperature and     K   e v a p       and     K   c o n d     are the Lee model coefficients.



In the saturation conditions, temperature and pressure can be expressed by the Clausius–Clapeyron equation:


    d P   d T   =   L   T     1  /    ρ   v     −   1  /    ρ   l         ,  



(4)




where   L   is the latent heat.



When the temperature and pressure are close to the saturation line, the Equation (4) can be simplified as:


    P −   P   s a t     = −   L   T     v   v   −   v   l         T −   T   s a t     ,  



(5)







The evaporation–condensation flux, based on the kinetic theory for a flat interface, can be expressed by Hertz Knudsen equations:


  m ′ =   α   c      M   2 π R   T   s a t      ( P −   P   s a t   ) ,  



(6)




where   m ′   has units of kg/s/m2,     α   c     is the accommodation coefficient,   M   is the molecular mass and   R   is the universal gas constant. In the process of condensation,     α   c     is the ratio between the condensation rate in the experiment and the maximum theoretical condensation rate.



Using the above equation in the Hertz Knudsen equations:


  m ′ =   α   c      M   2 π R   T   s a t      L     ρ   l     ρ   v       ρ   l   −   ρ   v         T −   T   s a t       T   ,  



(7)







Assume all bubbles have the same diameter. The interfacial area density can be expressed as:


    A   i   =   6   α   v     α   l       d   b     ,  



(8)




where     d   b     is the bubble diameter, and the phase source term can be:


    m ′ A   i   =   6     d   b       α   c      M   2 π R   T   s a t      L     ρ   l     ρ   v       ρ   l   −   ρ   v     [   α   v     α   l       T −   T   s a t       T   ] ,  



(9)







From the above equation, the Lee model coefficient is defined as:


    K   e v a p   =   6     d   b       α   c      M   2 π R   T   s a t      L     α   v     ρ   v       ρ   l   −   ρ   v     ,  



(10)






    K   c o n d   =   6     d   b       α   c      M   2 π R   T   s a t      L     α   l     ρ   l       ρ   l   −   ρ   v     ,  



(11)




where     K   e v a p       a n d     K   c o n d     represent the inverse of the relaxation time of evaporation and condensation, respectively, which can control the rate of evaporation and condensation. For different kinds of numerical simulation, the Lee model coefficient should be different. The Fluent Theory guide suggests to set the coefficient as 1000 [23].




2.1.2. Simulation in Lettieri Nozzle


The internal flow of the S-CO2 centrifugal compressor is approximately the isentropic flow with local expansion processes. Therefore, numerical simulations under various, different near-critical conditions can be carried out in a relatively simple geometric model, which is the Laval nozzle. The simulations are to test the reliability of the nonequilibrium phase-change model and the corresponding two-phase-flow simulation method. The characteristics of the nonequilibrium phase-change flow field have been analyzed, and the results have been compared to the experimental data of Lettieri [10]. The experimental test apparatus consists of a blowdown test rig filled with high-pressure CO2. The exhaust gas flows through the Laval nozzle. The nozzle length is 91.3 mm, the throat area is 20 mm2, the height of the throat is 3.09 mm, and the distance from the throat to the exit is 61.3 mm. The inlet-to-throat and outlet-to-throat area ratios are 4.1 and 1.3, respectively. The grid independence analysis is carried out with three kinds of mesh sizes. The inlet conditions are set as 7.4 MPa and 310 K. The pressure distribution along the axial center of the nozzle is shown in Figure 2. It is evident that the distribution of pressure has no significant difference between 1,176,277 cells and 2,293,147 cells. Therefore, the mesh size is set as 1,176,277 cells, as shown in Figure 3.



In the numerical procedure, Fluent was used as the numerical solver of the mesh model to solve the governing equations and the addition nonequilibrium phase-change model. A 3D steady-state simulation was carried out in Fluent. Two turbulence equations of the   k − ω   SST model were applied to calculate the turbulence characteristics of the flow. The coupled algorithm was utilized for the coupling of the pressure-velocity field, and second-order upwind discretization was used for the continuity, momentum and energy equation. The boundary conditions were set as adiabatic, no-slip and smooth wall. The inlet and outlet boundary conditions were set as pressure boundary conditions. The turbulent intensities at the inlet and outlet were set at 5%. The inlet hydraulic diameter was set as 17.16 mm, and the outlet hydraulic diameter was set as 9.89 mm. The inlet vapor volume fraction was set to 1. When the relative residuals of energy and other dependent variables were less than 1 × 10−6, respectively, and the mass flow rate between the inlet and outlet was less than 1 × 10−4, the numerical program could be considered to converge. The inlet conditions are shown in Table 1, which is the same as in the Lettieri experiment [24]. Due to the strong real-gas effect near the critical point, the real-gas properties table (RGP table) was used in the simulation. The thermophysical properties of CO2 are provided in the form of a table, which is a function of the temperature and pressure. These properties come from the Nation Institute for Standards and Technology (NIST) database, using the Span and Wagner equation of state (S-W EOS). The RGP table can save calculation time with a certain accuracy. The real-gas properties table bounds vary from 220 K, 0.1 MPa, to 400 K, 30 MPa. There are 500 temperature, pressure and saturation points in the table.



The nozzle with different Lee model coefficient values was simulated under an inlet condition with a relative entropy of 1.18. The pressure profile in the nozzle for various Lee model coefficient values is illustrated in Figure 4. In Figure 4, P0 is the inlet pressure, L is the length of the nozzle, and P is the pressure at the centerline. When the Lee model coefficient is 10 or 0.1, the effect on the flow field is almost insignificant, and the pressure profile is the same as the profile without phase change. If the coefficient is 1 × 106, the effect on the flow field is too strong. The pressure deviates from the experimental data, and the flow will approach equilibrium soon. When the working fluid passes through the saturation line, condensation occurs immediately, behaving as equilibrium condensation. Finally, the coefficient of 1 × 104 is adopted in this paper. The pressure profile with this coefficient matches the experiment data very well, which manifests as nonequilibrium condensation. Nonequilibrium condensation is a delayed condensing phenomenon affected by flow velocity. The fluid will not condense on the saturation line due to the short timescale of condensation to expansion until it reaches the Wilson line with a certain value of subcooling.



As the high-pressure CO2 fluid expands and accelerates in the throat, the fluid speeds up into supersonic flow with a decrease in temperature and pressure. When the fluid enters the liquid region, condensation occurs. The comparison of the condensation onset between the experiment results and numerical simulations is shown in Figure 5. Figure 5a shows the results of the Lettieri experiment. The white region is the condensation place of CO2, the black region is the non-condensation region, and the red line indicates the throat. Figure 5b shows the contour of the predicted liquid CO2 volume fraction by Brinckman [25]. When the relaxation time coefficient in the Lee model approaches infinity, the fluid-phase transition rate also approaches infinity. Condensation will occur as long as the fluid passes through the saturation line, which can be regarded as an equilibrium phase-change model. Figure 5c is the contour of the liquid CO2 volume fraction with a smaller relaxation time coefficient, which is the outcome of a nonequilibrium condensation simulation. Figure 5d is the contour of the liquid CO2 volume fraction with a bigger relaxation time coefficient, which is the result of an equilibrium condensation simulation. The numerical simulation can better predict the trend of condensation onset under various inlet pressures. In addition, due to the high precision of the real-gas property table and the nonequilibrium condensation model, the prediction results in this paper are more accurate than those of Brinckman. The RGP table contains subcritical and supercritical thermophysical properties and fully considers the thermophysical properties of the two-phase region. The supercritical thermophysical properties can be read directly from the table and have sufficient resolution near the critical point. For the properties of the metastable region, the thermophysical properties will be interpolated. Secondly, the simulation considers the nonequilibrium condensation model. When the fluid passes through the saturation line, condensation will not occur immediately, but it will take a certain amount of relaxation time. As the picture indicates, the condensation onset will move to the inlet with the increase in inlet-relative entropy. The throat has a small area, and the density will change drastically. The difficulty of convergences will also increase, and the prediction of case 5 deviates slightly more from the experimental data. Comparing Figure 5c and Figure 5d, the condensation onset of the equilibrium condensation model is closer to the inlet, and the volume fraction of liquid CO2 is larger.



The comparison of pressure and temperature profiles between the nonequilibrium condensation model and the equilibrium condensation model in case 3 is shown in Figure 6. The temperature and pressure are 294.97 K and 5.96 MPa, respectively, which are measured at the condensation onset of the equilibrium condensation model. The saturation pressure at 294.97 K is 5.97 MPa, which is slightly higher. Considering how the RGP table works, the temperature and pressure are estimated by interpolation, and there will be some errors. Therefore, this point can be regarded as saturated. However, the temperature and pressure are 286.47 K and 5.31 MPa, respectively, in the nonequilibrium condensation model. The pressure is much lower than the saturation pressure of 286.74 K, which means this point is far from the saturation line. As a result, the CO2 fluid will not condense immediately after passing through the saturation line but will continue to expand isentropically as a gas below the critical point before condensation occurs.



A quantitative comparison of condensation onset is described in Figure 7. The relative entropy is the ratio of the inlet entropy to the critical entropy. The numerical calculation prediction findings are closer to the throat than the experimental data, and the curve distribution variations follow a similar pattern. The flow field of the nozzle becomes unstable when modeling nonequilibrium phase-change condensation. However, the condensation onset is dictated by thermodynamic conditions, so it can be considered practically unchanged.



The Wilson line is plotted using the data from Figure 7. Figure 8 shows the comparison between the Wilson line calculated by Fluent and the experimental test data. T is the temperature at condensation onset, and Tc is the critical temperature. The Wilson line can be regarded as a kind of material property of condensing vapor substance [11], which is affected by the expansion rate. Bigger expansion rates cause the Wilson line to shift towards greater subcooling. The Wilson line is used to assess the subcooling of nonequilibrium condensation. These two lines exhibit a similar trend, and the simulation prediction is closer to the throat. As the inlet entropy approaches the critical point, the difference between them decreases because condensation occurs faster at this point. The nonequilibrium condensation phenomenon is more drastic with increasing inlet entropy, and the condensation shows noticeable hysteresis. The degree of subcooling before condensation is underestimated by the Fluent numerical simulation. In comparison to the Lettieri experimental results, the nonequilibrium phase-change model and the associated two-phase-flow simulation method employed above are reliable and can be applied to the subsequent compressor research.





2.2. Verification of Sandia Compressor Simulation


Sandia Laboratory previously conducted the S-CO2 centrifugal compressor experiment and published more comprehensive geometric parameters and experimental data [20]. This section mainly focuses on this compressor and carries out numerical simulations. The two-dimensional and three-dimensional models of the compressor have been reconstructed according to the geometry parameters released by Sandia Laboratory. The design inlet’s total pressure is 7.678 MPa, the total temperature is 305.3 K, the mass flow rate is 3.53 kg/s, the rotation speed is 75 krpm, the pressure ratio is 1.818, and the efficiency is 66.38%. Because the operating temperature and pressure range of the Sandia compressor are identical to those of the Lettieri nozzle experiment, the same real-gas property table can be employed. The geometry parameters of the compressor impeller are shown in Table 2. Figure 9 depicts the reconstructed Sandia compressor impeller. The inlet width of the vaneless diffuser is the same as the outlet width. In order to have the same pressure ratio as the vaned diffuser, the radius of the vanless diffuser is larger. The vanless diffuser outlet radius is 31.5 mm, and the ratio of the outlet radius to the inlet radius is 1.7.



Due to the difficulty of modeling the S-CO2 centrifugal compressor, the drastic change in thermophysical properties and various inlet conditions make it difficult to simulate and compare all the experimental data. Additionally, the experimental data at a speed of 50 krpm is more comprehensive than the publicly available data. Therefore, the simulation shaft speed was set to 50 krpm. The same numerical solver was adopted. Two turbulence equations of the   k − ω   SST model were applied, and a coupled algorithm was utilized for the coupling of the pressure-velocity field. The inlet boundary condition was set at 305.3 K and 7.687 MPa. The outlet was set as a mass flow outlet. Since there are no significant strong temperature gradients in the flow field, the assumption of adiabatic walls was used. No-slip boundary conditions were taken into account on the walls, and a constant rotation speed was applied to the hub and impeller.



The comparisons between the experimental data and the results from computational fluid dynamics (CFD) simulations are shown in Figure 10. The trends of the pressure ratio and the efficiency of the numerical simulation are close to the experiment data. The pressure ratio is the ratio of the inlet’s total pressure to the outlet’s total pressure. With the increase in the mass flow rate, the pressure ratio of the compressor gradually decreases, while the efficiency initially increases before decreasing. The maximum error could result from the volute, which is not taken into account during the simulation, and only some parameters of the compressor are provided in the Sandia report. There may be differences between the simulated impeller geometry and the prototype impeller. The aforementioned reasons contribute to a slight deviation from the experimental results.



The contour of the liquid CO2 volume fraction at 0.5 span is presented in Figure 11. The mass flow rate is 2.543 kg/s. The low-pressure and low-temperature regions are found at the leading-edge suction sides of blades. The regions result from the flow acceleration around the suction side of the blade’s leading edge, which is caused by the geometrical curvature. Due to the short passage before the impeller inlet, only a small amount of energy can be added to the fluid converted from the mechanical energy of the blades, which is insufficient to compensate for the internal energy decline caused by flow acceleration. If the speed of the CO2 working fluid is very high, the impeller does not have enough time to work on the fluid. The S-CO2 may slip into a two-phase region, where condensation might take place in those regions. The condensation place is marked out in Figure 10, and the maximum CO2 liquid volume fraction is 2.91 × 10−5. As the working fluid continues to flow through the passage, the impeller interacts with the fluid, leading to an increase in temperature and pressure beyond the critical point, resulting in the disappearance of condensation.



The aforementioned findings demonstrate that simulating an S-CO2 compressor can effectively utilize the condensation model and two-phase-flow simulation methods. This method will be applied in the next section to investigate the quantitative impact of the phase change on the compressor’s aerodynamic performance at various inlet conditions.





3. Main Compressor Simulation


3.1. Geometry of Main Compressor


Simulations of a two-stage centrifugal compressor for an 8 MWt S-CO2 power cycle test rig were carried out in this section. The design parameters of the main compressor are shown in Table 3. The two-dimensional and three-dimensional diagrams of centrifugal impellers are shown in Figure 12. The first stage of the main compressor has seven main blades and seven splitters, the return channel has fifteen blades, and the second stage has eight main blades and eight splitters. The splitters can reduce the choke at the impeller. In order to obtain a wide operation range, a vanless diffuser was used.




3.2. Numerical Simulation for Different Inlet Conditions


The same numerical solver and settings are used for the numerical calculation of this compressor. The fluid domains of the first and second stages are defined as rotating domains with the same rotational speed. The fluid domain of the return channel is defined as a static domain.



The overall aerodynamic performance of the compressor at its design point is assessed in Figure 13 in terms of the pressure ratio and efficiency. The relative mass flow rate is the ratio of the compressor mass flow rate to the design mass flow rate. The design speed N is 25 krpm, and the performance of the compressor at five speeds was calculated. In the simulations, the back pressure was adjusted to alter the compressor mass flow rate. At low rotation speeds and mass flow rates, the pressure ratio is relatively small, and the stable operation range will be narrower. The pressure ratio from the simulations demonstrates a nearly linear dependence on the mass flow rate. As the rotation speed increases, the pressure ratio also increases. However, stability issues in the simulations arise when dealing with a large mass flow rate, resulting in a rapid decline in efficiency. The primary inefficiency in the numerical simulation presented in this paper stems from the omission of the volute’s influence on the compressor.



This section concentrates on the specific internal flow field of the compressor at various inlet conditions. In terms of the compressor inlet temperature, it is much easier to fluctuate than pressure. Assuming that the isothermal lines are at 305.15 K, 306.16 K and 307.15 K, 11 exemplary inlet conditions are taken into consideration, where the relative entropy varies from 0.897 to 1.133. The detailed information is shown in Table 4, and the inlet points are plotted in the Temperature-Relative entropy diagram in Figure 14. The solid black line is the saturation line. The green points represent cavitation inlet conditions, and the red points represent condensation inlet conditions.



As we all know, the intake of a compressor features nearly isentropic suction phenomena. If the relative entropy is smaller than one, the S-CO2 fluid behaves like a liquid. The working fluid will first pass through the liquid region and then penetrate within the two-phase region; moreover, the phase change occurs as cavitation. The compressor has a large pressure ratio and a small temperature rise, reflecting the characteristics of a pump. The small temperature rise is consistent with the fact that compressibility in liquid states is low. If the relative entropy is greater than the critical point, the working fluid will pass through the gas region rather than the liquid region and then arrive at the two-phase region. The S-CO2 fluid behaves like a gas. In this situation, the phase change occurs as condensation. The temperature rise is large due to the compressibility of the fluid—the low density of the fluid results in a significantly low dimensional pressure rise in the compressor. In case 5 and case 9 inlet conditions, Figure 15 compares the performance curves of the compressor with and without phase changes. Cavitation has little effect on the pressure ratio of the compressor, but it does affect the compressor’s choke mass flow rate. Cavitation reduces the choke mass flow rate of the compressor, but condensation makes the compressor pressure ratio increase slightly.



Performance curves for the various relative entropy inlet conditions are illustrated in Figure 16. If the inlet-relative entropy is smaller than one, the surge mass flow rate remains nearly the same, but the choking-limit mass flow rate decreases as the relative entropy increases due to the drop in the speed of sound. The simulation indicates that at high mass flow rates, the flow may transition into transonic flow, as shown in Figure 17. Figure 17 depicts the contours of the compressor for large mass flow rates, which include density, local sound of speed and relative Mach numbers. A sharp decline in pressure takes place, leading to a sudden drop in density and the speed of sound, and then the relative Mach number will rise, which may cause the blockage to come into being earlier. If the relative entropy is greater than one, the stable operation mass flow rate becomes smaller since the density decreases with the relative entropy.



The volume fraction contours for various relative entropy and mass flow rates are compared in Figure 18. Each row represents the same inlet condition. From left to right, the mass flow rate increases gradually. The phase change becomes drastic with an increase in the mass flow rate. When the relative entropy approaches one, the phase change will also become drastic. Now, consider cases of cavitation. As the mass flow rate increases, the suction on the pressure side will suddenly increase, and the front loading will also increase. A well-defined low-density and low-speed sound region is found in both the main blade and splitter. What is more, cavitation becomes more severe, and a wide range of two-phase regions come into being at the leading edge of the splitter. At this time, the cavitation is more severe at the leading edge of the splitter than that in the main blade. As this region grows, the two-phase region will become wide enough to cover the channel, resulting in blockage. The same phenomenon will happen with an increase in the relative entropy of the inlet. In cases of condensation, the severity of condensation increases with the higher mass flow rate. However, condensation primarily occurs on the leading edge of the main blade at a large mass flow rate rather than on the splitter blade, which differs from cavitation. The condensation is more evenly distributed on the main blade, while the cavitation is mostly centered on the leading edge.



Two realistic thermodynamic states are simulated, both of which have the same relative entropy. These two conditions represent the high temperature (313.15 K) and low temperature (306.15 K), respectively. Figure 19 illustrates the contours of the temperature, pressure, vapor volume fraction of CO2, and density on the blade-to-blade surface at a 90% span for case 4 and case 5. The pressure of the CO2 working fluid progressively increases along the flow passage throughout the first stage, and the total pressure at the exit of the first stage is roughly 1.95 times greater than the inlet pressure. After that, the fluid will go through the return channel with a little bit of pressure drop and then go through the second stage with a pressure rise. The temperature trend is similar to the pressure trend. On the whole, the temperature rises along the flow passage. However, there will be a localized low-temperature and low-pressure region on the leading edge of the blade. This phenomenon occurs in both the first and second stages due to the acceleration at the leading edge of the blade. There are three main reasons causing the acceleration, namely, the incidence, loading on the front suction side and choke of the leading edge. After the pressure and temperature rise in the first stage, the inlet temperature and pressure are very high. Therefore, the low-temperature and low-pressure region of the second stage is far away from the critical point, so the phase change will not occur in the second stage. A local low-temperature and low-pressure region also developed at the tail of the blade as a result of the fluid mixing on the pressure side and suction side of the main blade tail. Due to the nonequilibrium phase-change effect, cavitation does not occur at the leading edge of the blade, even if the local low-temperature and low-pressure region in case 4 is below the critical point. A well-defined region of low density is observed at the leading edges and trailing edges of the blade in case 5, which can indicate the occurrence of cavitation.





4. Conclusions


In this paper, a series of simulations of an S-CO2 centrifugal compressor operating under various inlet conditions are conducted. The phase change involves cavitation and condensation, which occur at the leading edge of the blades. This study investigates the quantitative effect of the nonequilibrium phase change on the performance of an S-CO2 centrifugal compressor. Here are the conclusions as follows:



(1) The real-gas properties table includes the supercritical and subcritical thermophysical properties of CO2, with a thorough consideration of the properties in the two-phase region. The metastable properties are calculated by inverse interpolation. The nonequilibrium condensation model and the related multiphase flow simulation method are validated using test data in the Lettieri nozzle. The onset of condensation and the Wilson line are well predicted using the nonequilibrium condensation model in combination with the RGP table. As the inlet-relative entropy approaches one, the onset of condensation becomes closer to the inlet, and the condensation becomes more drastic and rapid. The performance curve of Sandia is in good agreement with the experimental data. The condensation at the leading edge of the blades is well predicted.



(2) The phase change is significant in the compressor, and the inlet-relative entropy can distinguish the type of phase change. If the inlet-relative entropy is smaller than one, the S-CO2 behaves like a liquid. The phase change occurs as cavitation on the leading edge of the blade. The choking-limit mass flow rate decreases with the increase in relative entropy due to the drop in the speed of sound. As the mass flow rate increases, cavitation becomes more severe, resulting in a wider range of cavitation regions in the splitter. However, condensation primarily occurs on the leading edge of the main blade at a large mass flow rate. When this two-phase region grows wide enough to cover the channel, the choke will soon happen. The stable operation range may be significantly reduced. If the inlet-relative entropy is greater than one, the S-CO2 behaves like a gas. The phase change occurs as condensation. The stable operation range will shift to the small mass flow due to the lower density. The condensation is more evenly distributed on the main blade, but the cavitation is mostly concentrated on the leading edge.



The compressor aerodynamic losses caused by the phase change (condensation or cavitation) under different inlet conditions need further study.
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Nomenclature




	Pt
	total pressure



	Tt
	total temperature



	S
	entropy



	Pc
	pressure of CO2 critical point



	Tc
	temperature of CO2 critical point



	Sc
	entropy of CO2 critical point



	P0
	inlet pressure of nozzle



	L
	total length of nozzle



	N
	shaft speed



	mr
	relative mass flow rate



	CFD
	computational fluid dynamics



	RGP
	real gas properties
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Figure 1. Nonequilibrium phase change and metastable state. 
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Figure 2. Pressure distribution along the axial center of the nozzle with different mesh sizes. 
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Figure 3. Grid of Lettieri nozzle. 
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Figure 4. Pressure profile in the nozzle for various Lee model coefficient values. 
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Figure 5. Comparisons of condensation onset: (a) Lettieri experiment; (b) Brinckman numerical simulation; (c) the numerical simulation in this paper (nonequilibrium condensation model); and (d) the numerical simulation in this paper (equilibrium condensation model). 
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Figure 6. Comparison of pressure and temperature profile. 
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Figure 7. Quantitative comparison of condensation onset. 
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Figure 8. Wilson line computed from Fluent compared with test data from the experiment. 
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Figure 9. Geometry of Sandia impeller: Reconstructed impeller mesh. 
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Figure 10. Comparisons of performance curve simulated to experiment data: (a) pressure ratio and (b) efficiency. 
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Figure 11. Liquid CO2 volume fraction contour at 50% span. 
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Figure 12. Design diagram of centrifugal impeller: (a) 2D and (b) 3D. 
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Figure 13. Main compressor performance curve: (a) pressure ratio and (b) efficiency. 






Figure 13. Main compressor performance curve: (a) pressure ratio and (b) efficiency.



[image: Energies 17 00854 g013]







[image: Energies 17 00854 g014] 





Figure 14. Relative entropy–temperature state diagram of CO2. 
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Figure 15. Comparison of compressor pressure ratio curve. 
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Figure 16. Performance curve for various inlet conditions. 
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Figure 17. Contours of the compressor at 90% span for large mass flow rate. 
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Figure 18. Comparison of volume fraction contours at 90% span. 
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Figure 19. Contours of the compressor at 90% span for different temperatures. 
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Table 1. Inlet conditions of nozzle.






Table 1. Inlet conditions of nozzle.





	Case
	Pt (MPa)
	Tt (K)
	S (J/Kg·K)
	Pt/PC
	Tt/TC
	S/SC





	1
	5.9
	310
	1830
	0.8
	1.02
	1.28



	2
	6.7
	310
	1766
	0.9
	1.02
	1.23



	3
	7.4
	310
	1695
	1.0
	1.02
	1.18



	4
	8.0
	311
	1634
	1.1
	1.025
	1.13



	5
	8.4
	312
	1548
	1.2
	1.027
	1.08










 





Table 2. Geometry parameters of Sandia main compressor impeller.






Table 2. Geometry parameters of Sandia main compressor impeller.





	Parameters
	Value





	Number of main blades
	6



	Inlet hub radius (mm)
	2.537



	Inlet hub angle at tip (°)
	17.88



	Exit blade radius (mm)
	18.682



	Tip clearance (mm)
	0.254



	Exit blade back-sweep angle (°)
	−50



	Number of splitters
	6



	Inlet shroud radius (mm)
	9.372



	Inlet blade angle at tip (°)
	50



	Exit blade width (mm)
	1.954



	Blade thickness (mm)
	0.762



	Shaft length (mm)
	15.9










 





Table 3. Design parameters of the main compressor.
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	Parameters
	Value





	Mass flow rate (kg/s)
	26.0



	Inlet pressure (MPa)
	8.0



	Inlet temperature (K)
	306.15



	Outlet pressure (MPa)
	24.0



	Rotation speed (rpm)
	25,000



	Pressure ratio
	3.0



	Choke mass flow rate at rated rotation speed (kg/s)
	30.5



	Surge mass flow rate at rated rotation speed (kg/s)
	17.5










 





Table 4. Inlet conditions of the main compressor.






Table 4. Inlet conditions of the main compressor.





	Case
	Pt (MPa)
	Tt (K)
	S (J/kg·K)
	St/Sc





	1
	8.50
	305.15
	1.286
	0.897



	2
	8.50
	306.15
	1.304
	0.909



	3
	8.00
	305.15
	1.313
	0.916



	4
	8.50
	307.15
	1.325
	0.924



	5
	8.00
	306.15
	1.324
	0.936



	6
	8.00
	307.15
	1.392
	0.971



	7
	7.50
	305.15
	1.531
	1.068



	8
	7.55
	305.15
	1.577
	1.100



	9
	7.50
	306.15
	1.594
	1.112



	10
	7.50
	307.15
	1.613
	1.125



	11
	7.55
	307.15
	1.625
	1.133
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