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A partially averaged Navier–Stokes method with a new expression of fk based on the rotation-corrected energy spectrum is proposed. It is coupled with the shear-stress transport turbulence model to simulate two typical rotating flows: rotating channel flow and flow in a centrifugal pump impeller. The results of two traditional energy spectrum-based fk expressions (ES1 and ES2) and DNS/experimental results are used for comparison. The results show that the fk distribution predicted based on the rotation-corrected energy spectrum is more reasonable. In the region with enhanced turbulence, more turbulence scales exist, such as the pressure side in the rotating channel flow, where the fk value is low and more turbulence scales are resolved. While in the region with suppressed turbulence, fewer turbulence scales exist, such as the suction side, where the fk value is relatively high. The model with a new fk expression can produce better results since it can give a more reasonable fk distribution. At the same time, the new model is more efficient since it shows better calculation performance with the same mesh scale and low cost with comparable calculation performance.
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INTRODUCTION
Rotating machinery, such as pumps and turbines, is widely used in engineering practice (Thangam et al., 1999), and their internal flow has large curvature and high rotation speed characteristics. These flow characteristics that play an important role in the performance need to be investigated in-depth (Huang X. et al., 2019), and the relationship between the external characteristics of the centrifugal pump and the internal flow state needs further study (Lin et al., 2022). For internal flow investigation, the computational fluid dynamics (CFD) method plays an efficient and reliable role in the simulation of complex flows (Zhang et al., 2020). In CFD, the Navier–Stokes equation is a mathematical expression that can adequately describe the motion of fluids. The direct numerical simulation (DNS) method concerns the direct application of this equation; thus, it can solve all turbulent flow fields. Nevertheless, according to Kolmogorov’s theory (Pope, 2000), when the DNS method is used, the length scale [image: image] and time scale [image: image] are very small, where [image: image] is the kinematic viscosity and [image: image] is the dispassion of turbulent kinetic energy. Consequently, the DNS method cannot be used to simulate the internal flow of rotating machinery with a high Reynolds number because of the unacceptable simulation cost. The large-eddy simulation (LES) method is used to resolve large vortices directly and model the small ones (Pope, 2000). Various studies have demonstrated that to simulate complex flows with multiple walls, LES requires meshes with an extremely high amount of elements, which leads to a very high number of calculations, making LES not suitable for engineering calculations. Currently, the Reynolds-averaged Navier–Stokes (RANS) method is widely used for its high performance-to-cost ratio (Pope, 2000). However, in the modeling process, the RANS method omits some key information, such as turbulence pulsation; thus, it is associated with some deficiencies when it comes to the simulation of flow with rotation and curvature characteristics. As a result, the balance between calculational accuracy and simulation cost is the main challenge for the turbulence models. In this aspect, hybrid models such as the partially averaged Navier–Stokes (PANS) model have shown their advantages.
Girimaji et al. (2003) proposed the PANS method, which is based on the ratio of the modeled to resolved turbulent kinetic energy, through which the conversion from DNS to RANS can be achieved. In the PANS method, the control parameters for bridging DNS and RANS are fk and fε (Girimaji, 2006; Girimaji et al., 2006) which are the modeled-to-total ratio of the turbulent kinetic energy and its dissipation, respectively. At high Reynolds number flows, there is little dissipation in the resolved scales; thus, it is reasonable that fε is set to unity (Girimaji et al., 2006; Lakshmipathy and Girimaji, 2010). When fk equals unity, the PANS model degrades to a RANS model, while when fk equals 0, it indicates a DNS simulation. For flows with a high Reynolds number, a reasonable fk distribution is a key factor for the PANS method. Based on different theories, several scholars have proposed different expressions of fk. For example, Abdol-Hamid and Girimaji (2004) introduced an original two-stage procedure to calculate fk, while Song and Park (2009) and Foroutan and Yavuzkurt (2014) deduced two different fk formulations based on different energy spectra. Hu et al. (2014) proposed a modified fk expression for unsteady cavitating flows, where fk varies as a function of water density and mixture density. In a simulation of the flow around a Clark-Y hydrofoil, their modified model can accurately predict the cavity evolution, vortex shedding frequency, and lift force fluctuation. More recently, Wang et al. (2020) proposed a novel Omega-driven dynamic model, where control parameter fk is automatically adjusted by the rigid vorticity ratio, and the results on three typical flows demonstrated that their model can improve the prediction accuracy.
At present, there is no general expression of parameter fk, and it is based on specific flow characteristics. According to the definition of fk, its expression based on the energy spectrum is more reasonable, and studies have indicated that the expression of the energy spectrum in a rotating flow differs from that in an ordinary (non-rotating) flow. Zeman (1994) investigated the spectral energy transfer in rotating homogeneous turbulence and found that the wavenumber [image: image] determines the turbulence length scale and affects the spectral transfer and energy spectrum form in rotating flows, where [image: image] is the Zeman number, and [image: image] denotes the rotation speed. Baroud et al. (2002) measured a rotating annulus and revealed that the energy cascade in rotating flow is [image: image] rather than the expected one, which is [image: image]. By simulating a helical shell model, Rathor et al. (2020) confirmed that with the decreasing Rossby number, which corresponds to an increasing level of rotation, the compensated spectrum to the left of the Zeman scale (Zeman, 1994) departs from the plateau with an additional scaling factor that asymptotes to [image: image]. Canuto and Dubovikov (1997); Zhou (1995) obtained the same result through theoretical derivation. Thangam et al. (1999) proposed a model that combines an eddy viscosity model with the rotation-corrected energy spectrum. Their new model can reproduce the rotating effect of rotating homogeneous shear and rotating channel flows, which confirms the rationality of the rotation-corrected energy spectrum.
Since there is no fk expression based on the rotation-corrected energy spectrum yet for the efficient simulation of the complex flow with rotation effect in the rotating machinery, in this paper, a new fk expression based on the rotation-corrected energy spectrum is deduced and coupled with the PANS model. The PANS model with the new fk expression is verified in the rotating channel flow. Then it is applied to flow simulation of a centrifugal pump impeller with complex flows of rotating stall and flow separation for further validation.
GOVERNING EQUATIONS
The PANS model
In the following analysis, the SST PANS model (Luo et al., 2014; Ranjan and Dewan, 2015; Pereira et al., 2015; Ranjan and Dewan, 2016; Pereira et al., 2018; Qian et al., 2020) is used. The transport equations of the SST PANS model are as follows:
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where u is the partially averaged velocity; partial averaging corresponds to filtering a portion of the fluctuating scales (Girimaji, 2006), and throughout the study, the words filtering and averaging will be used synonymously. ku is the unresolved turbulent kinetic energy, ωu is the unresolved specific dissipation rate, fω is the modeled-to-total ratio of the specific turbulence dissipation and [image: image], υ is the kinematic viscosity, [image: image] is the unresolved eddy viscosity, S is the invariant measure of the strain rate, [image: image] is the production term, [image: image], and [image: image], β, β*, σω2, and γ are constant coefficients. Moreover, [image: image] and [image: image] are Prandtl numbers, and their specific forms are as follows:
[image: image]
In addition, F1u and F2u are two blending functions for the SST PANS model, which are defined as follows:
[image: image]
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where y denotes the distance to the next surface.
fk Expressions Based on the Energy Spectrum
According to the Kolmogorov hypothesis (Pope, 2000), the energy spectrum without rotation is [image: image], where [image: image] is the energy spectrum, [image: image] is the Kolmogorov constant, [image: image] is the dispassion of turbulent kinetic energy, and [image: image] is the wavenumber. Several researchers derived different fk equations (Song and Park, 2009; Foroutan and Yavuzkurt, 2014; Qian et al., 2020) based on the Kolmogorov hypothesis. The fk expression deduced by Song and Park (2009) can be seen as follows:
[image: image]
Eq. 8 is named PANS-ES1. It is similar to that proposed by Song and Park (2009), and lturb, η, and Δ denote the turbulent length scale for RANS, Kolmogorov length scale (length scale for DNS), and grid size, respectively. The corresponding coupled model with SST k-ω PANS is called SST k-ω PANS-ES1 hereafter.
[image: image]
where kT is the total turbulent kinetic energy, which is equal to kr + ku. In addition, kr is the resolved turbulent kinetic energy, [image: image], where [image: image] is the instantaneous velocity and [image: image] is the time-averaged velocity.
Different from Song et al., Foroutan and Yavuzkurt (2014) adopted a von Kármán-like spectrum (Schiestel and Dejoan, 2005) and derived another fk formulation, (Eq. 10), which here is referred to as PANS-ES2, and the corresponding coupled model with SST k-ω PANS is called SST k-ω PANS-ES2 hereafter.
[image: image]
For the rotation-corrected energy spectrum, the energy spectrum between κl and κη is divided into two parts by the Zeman number [image: image] (Zeman, 1994), which is defined as [image: image], where [image: image] denotes the rotation speed. More specifically, when [image: image], [image: image], while when [image: image], [image: image] (Figure 1).
[image: Figure 1]FIGURE 1 | Rotation-corrected energy spectrum.
From the definition of fk, [image: image] (different from kT in Eq. 9), it is assumed that for PANS simulation, the grid spacing is located between the turbulent length scale (lturb) and the Kolmogorov length scale (η) (Song and Park, 2009). Therefore, the total turbulent kinetic energy kt can be obtained as follows:
[image: image]
For the small turbulent length scale (large wavenumber, κΔ∼κη), the turbulent kinetic energy cannot be resolved directly; thus, if [image: image],
[image: image]
and if [image: image],
[image: image]
Based on the study proposed by Thangam et al. (1999), it was assumed that [image: image]. Consequently, the final fk form for the rotation-corrected energy spectrum is as follows:
[image: image]
It should be noted that when [image: image], the above two equations are equivalent. Here, the fk equation based on the rotation-corrected energy spectrum is referred to as PANS-RCES, and the corresponding coupled model with SST k-ω PANS is called SST k-ω PANS-RCES hereafter. In all PANS simulations, the dispassion of turbulent kinetic energy, [image: image], is calculated by [image: image], where [image: image] is a constant coefficient.
VERIFICATION AND APPLICATION
Verification in Rotating Channel Flow
In rotating channel flows, the channel rotates in the spanwise direction with a constant angular velocity and is significantly affected by rotating flow characteristics, such as typical asymmetric distribution, streaks near the pressure side, and Taylor–Götler (TG) vortices (Grundestam et al., 2008), which is suitable for verifying the new fk expression based on the rotation-corrected energy spectrum. In the present study, rotating channel flows with a Reynolds number of 7,000 and rotation numbers of 0.3 and 0.6 are simulated. The Reynolds number is defined as [image: image], where h is the half channel height and [image: image] denotes the kinematic viscosity. In addition, rotation number Ro is defined as [image: image], where ω denotes the angular velocity of the rotation and [image: image] is the bulk velocity along the x coordinate. The simulation domain is exhibited in Figure 2, where [image: image] are the dimensions along with the x (streamwise), y (normal), and z (spanwise) directions, respectively. The positive x coordinate is the inflow direction.
[image: Figure 2]FIGURE 2 | Simulation domain of rotating channel flow.
Subsequently, the SST k-ω PANS-ES1, SST k-ω PANS-ES2, and SST k-ω PANS-RCES models are used to simulate the rotating channel flow. The new turbulence models are compiled in OpenFOAM, and the simulation results are compared with the DNS data (Yang et al., 2012). For all PANS simulations, the PISO algorithm is applied to pressure–velocity coupling. A “Gauss linear” scheme with second-order accuracy is chosen for both the gradient term and the divergence term. A second-order implicit backward scheme is used for the time scheme.
The simulation results of the velocity and Reynolds stress analyzed in this study were time-, spanwise-, and streamwise-averaged:
[image: image]
where [image: image] is a transient physical quantity, Lx and Lz are the streamwise and spanwise lengths, respectively, and T is the duration for time averaging. The half-height of the channel, h, is set as the reference scale for the length. Furthermore, the plane y/h = 0 is at the position of the pressure side, and y/h = 2 is at the position of the suction side.
Grid Convergence Study
A grid convergence study is performed for rotating channel flow to investigate grid dependence. The details of grid information and a part of the corresponding simulation results are shown in Table 1. The mesh elements vary in the y-direction (Kamble et al., 2019) as shown in Table 1. In the present grid convergence study, two rotation numbers of rotating channel flow are selected. Four meshes coupled with three different fk expressions, 12 cases for each rotation number in total, are simulated. In Table 1, only the results of Ro = 0.6 calculated by SST k-ω PANS-RCES are shown, which are similar to results obtained by the other two fk expressions. The same time step is used in all calculations, and the maximum Courant–Friedrichs–Lewy (CFL) number is all less than unity in the calculation process. For the y+ on the pressure surface (PS) and suction surface (SS) of the four meshes in the table, the y+ of the four meshes is all around unity, and the maximum is no more than 2, especially for the three grids except mesh1, the y+ is all below unity. By comparing the y+ of the PS and the SS (the first layer height of the PS and SS meshes are the same), it can be found that under the same grid, the y+ of the pressure surface is larger than that of the suction surface.
TABLE 1 | Parameters of grid convergence for rotating channel flow at Ro = 0.6.
[image: Table 1]The magnitude and distribution of fk are key parameters that can determine the calculation accuracy of PANS models. Figure 3 plots the time-space-averaged results of the three fk expressions in rotating channel flow. Four different meshes and two different rotation numbers are used in the simulation, and the legend is the same for both figures. For the same fk expressions, the figures show that the magnitude of fk decreases with the increase of grid points. By comparing the fk distributions obtained using the three different expressions, the SST k-ω PANS-RCES result is much smaller than the results of SST k-ω PANS-ES1 and SST k-ω PANS-ES2, and the distribution pattern is also different. For all the three different fk expressions, the fk value is smaller in the region far from the wall than that in the region near the walls. However, the fk profiles near the pressure and suction surface of the SST k-ω PANS-RCES are different from the ones of the other two fk expressions. The fk value based on the rotation-corrected energy spectrum near the walls is generally lower than those of the other two fk expressions under both rotation numbers as shown in Figure 3, which may contribute to the better simulation performance near the walls.
[image: Figure 3]FIGURE 3 | fk distribution in rotating channel flow under different meshes: (A) Ro = 0.3 and (B) Ro = 0.6.
Due to the Coriolis effect, the mean streamwise velocity profiles are increasingly asymmetric with an increasing rotation rate, and their slope is equal to the rotation number at the main flow region of the channel (Kristoffersen and Andersson, 1993; Huang et al., 2017). The mean streamwise velocities obtained by the different fk equations coupled with four meshes at Ro = 0.3 and 0.6 are presented in Figure 4, and the legend is the same as in Figure 3. It can be observed that reasonable results are obtained with different fk expressions for all four meshes, and the slope of the mean streamwise velocity profiles is equal to the rotation number. For the same fk expression, with the increase of mesh points, the numerical simulation results gradually approach the DNS results, and it converges when the number of mesh points increases to mesh3 at Ro = 0.3, and it happens at mesh2 when Ro = 0.6. For both two rotation numbers with four meshes, the results obtained by SST k-ω PANS-RCES are better than those obtained by SST k-ω PANS-ES1 and SST k-ω PANS-ES2. Especially, even with fewer meshes (mesh1, black solid lines), the SST k-ω PANS-RCES shows better performance than the other two PANS models with more mesh points (mesh2, red dotted, and dashed lines).
[image: Figure 4]FIGURE 4 | Mean streamwise velocity profiles in rotating channel flow: (A) Ro = 0.3 and (B) Ro = 0.6.
Near-Wall Velocity and Turbulence Statistics
The profiles of mean streamwise velocity in the near-wall area at both rotation numbers are shown in Figure 5 and Figure 6. According to the grid convergence study, results of Ro = 0.3 with mesh3 and results of Ro = 0.6 with mesh2 are discussed in this section. When Ro = 0.3, the results of SST k-ω PANS-RCES and SST k-ω PANS-ES1 are close to each other and consistent with DNS results, while the results of SST k-ω PANS-ES2 show some deviations. As for the velocity near the pressure side of Ro = 0.6, the results of the three models are relatively consistent. On the suction side, it can be observed more clearly that the SST k-ω PANS-RCES model has a more obvious advantage in predicting the near-wall velocity distribution under both rotation numbers, which is due to the more reasonable distribution of fk near the suction side shown in Figure 3.
[image: Figure 5]FIGURE 5 | Comparison of mean streamwise velocity distribution in the near-wall area at Ro = 0.3: (A) pressure side and (B) suction side.
[image: Figure 6]FIGURE 6 | Comparison of mean streamwise velocity distribution in the near-wall area at Ro = 0.6: (A) pressure side and (B) suction side.
The profiles of root-mean-square (RMS) velocity and Reynolds shear stress under the two rotation numbers are exhibited in Figures 7, 8, respectively. vrms is the RMS velocity in the normal direction. Since the results of the streamwise and the normal RMS velocity are similar, they are not presented here. The RMS velocity and Reynolds shear stress are normalized by [image: image] and [image: image], respectively. It was found that the RMS velocity and the Reynolds shear stress are higher on the pressure side and decrease from the pressure side toward the suction side. This suggests that the rotating effect strengthens the turbulence intensity at the pressure side and suppresses it at the suction side, which has also been confirmed by Kristoffersen and Andersson (1993). As for the normal RMS velocity at Ro = 0.3, at the near-wall area (y/h = 0–0.5 and y/h = 1.5–2), the result of the SST k-ω PANS-RCES model agrees well with the DNS results, while the other two models show some deviations in all regions. As for the Reynolds shear stress near the pressure surface (near y/h = 0–0.5) where the turbulence is enhanced, SST k-ω PANS-ES1 and SST k-ω PANS-RCES models show more convincible results than that of SST k-ω PANS-ES2 model. Near the suction side, only the SST k-ω PANS-RCES model can accurately predict the correct profile of Reynolds shear stress, which may be due to the decreased tendency of fk at the near suction surface shown in Figure 3. Whether it is near the pressure side or the suction side, the SST k-ω PANS-ES2 model fails to predict the correct results.
[image: Figure 7]FIGURE 7 | Comparison of turbulence statistics at Ro = 0.3 (A) normal RMS velocity (B) Reynolds shear stress.
[image: Figure 8]FIGURE 8 | Comparison of turbulence statistics at Ro =0.6 (A) normal RMS velocity (B) Reynolds shear stress.
When Ro = 0.6, the vrms results demonstrate that the SST k-ω PANS-RCES model performance is consistent with the DNS results. Especially in near-wall areas, the SST k-ω PANS-RCES model results agree well with the DNS data. As for the Reynolds shear stress, both the SST k-ω PANS-ES1 and SST k-ω PANS-ES2 model results exhibit some deviation at the mainstream region (y/h = 0.5–1.5), while the SST k-ω PANS-RCES model can accurately predict the correct profile in the whole area.
TG Vortices
Johnston et al. (1973) were the first to experimentally observe the TG vortices, and later, in a DNS study, Kristoffersen and Andersson (1993) observed the TG vortices as well. TG vortices are induced by the unstable flow near the pressure surface, and when the Reynolds number increases, their presence generates complex flow structures. Hence, the TG vortex is an important large-scale structure and a prominent physical phenomenon in rotating channel flows. To isolate the TG vortex, the fluctuation velocity is defined as follows:
[image: image]
That is, the fluctuation velocity is the difference between the instantaneous velocity and the time-, streamwise-, and spanwise-averaged velocities. The TG fluctuation is defined as the streamwise average of the fluctuation velocity:
[image: image]
When the rotation number increases, the TG vortex becomes unstable. According to the DNS results of this example (Yang et al., 2010), the TG vortex becomes unstable and difficult to capture at Ro = 0.6; thus, in this section, the TG vortices at Ro = 0.3 with mesh3 are analyzed (Figure 9).
[image: Figure 9]FIGURE 9 | Comparison of Taylor–Götler vortices at Ro = 0.3: (A) SST k-ω PANS-ES1, (B) SST k-ω PANS-ES2, (C) SST k-ω PANS-RCES, and (D) DNS.
As can be observed in Figure 9, SST k-ω PANS-ES1 can predict only a pair of apparent vortices (z/h = 2 and z/h = 5), whereas SST k-ω PANS-ES2 predicts two pairs of vortices, and the vortex boundaries are very clear. Nevertheless, they are significantly different from the three pairs of TG vortices predicted by DNS. Only the SST k-ω PANS-RCES can capture all three pairs of vortices as DNS does. The vortex distribution on the right side of the flow channel is more apparent, while that on the left side is more ambiguous. By comparing the results, some discrepancies among the PANS results could be observed. Overall, the SST k-ω PANS-RCES results are better than those of SST k-ω PANS-ES1 and SST k-ω PANS-ES2, which further indicates that the SST k-ω PANS-RCES model based on the rotation-corrected energy spectrum is more suitable for predicting rotating flows.
Simulation Cost
For turbulence models, the balance of the simulation accuracy and cost is always the main target. According to the grid convergence study in Section 3.1.1, SST k-ω PANS-RCES with mesh1 can obtain similar results to the calculation accuracy of SST k-ω PANS-ES1 and SST k-ω PANS-ES2 with mesh2. For a better comparison of simulation cost, the time consumption (Tc) of four cases with two meshes at Ro = 0.6 is shown in Table 2. The statistical time consumption is 5,000 time steps after all calculations are stabilized. The Intel Xeon(R) Gold 5120 CPU with 2.2 GHz and 28 cores is installed in the simulation workstation. From Table 2, for the first three cases, it can be seen that the expression of RCES takes the shortest time to calculate the 5,000 time steps. In other words, for similar calculation accuracy, the newly developed fk expression can save more calculation resources than the other expressions. For the last three cases with the same meshes, the time consumption is almost the same. Combined with the simulation performance, it can be found that the PANS model with the new fk expression balances the simulation accuracy and the simulation cost commendably for rotating channel flow.
TABLE 2 | Time cost of different fk expression for rotating channel flow at Ro = 0.6.
[image: Table 2]Application in a Centrifugal Pump
The flow in a centrifugal pump is another typical rotating flow type. The large curvature and multiwall characteristics of the pump structure make the accurate prediction of the internal flow very difficult. In this study, a low specific speed centrifugal pump is used to verify the applicability of the new fk expression based on the rotation-corrected energy spectrum. The pump has a rotating speed of 725 r/min, inlet diameter of D1 = 71 mm, and outlet radius of R2 = 95 mm, and the Reynolds number based on the inlet diameter D1 and the rated fiow rate Q0 was approximately 5.5×104. The calculation domain is illustrated in Figure 10, and the grid points are approximately 2.78 million, which is determined based on previous simulations of this flow case (Byskov et al., 2003; Huang et al., 2015). In addition, the flow rate at the design condition was 3.06 L/s, and at the stall condition, it was 0.76 L/s. The corresponding experimental and simulation results are found in the studies by Pedersen et al. (2003) and Byskov et al. (2003).
[image: Figure 10]FIGURE 10 | Computational domain of the centrifugal pump impeller.
Under the design conditions, the streamlines are smooth. Nevertheless, under part-load conditions, a stall happens in the impeller. More specifically, under stall conditions, a stall vortex is generated and blocks the channel. Therefore, the flow becomes more unstable, and the requirements for the turbulence model become higher (Pedersen et al., 2003; Zhou et al., 2014; Tao et al., 2014; Yao et al., 2016; Huang X.-b. et al., 2019). In this study, both the design-load condition, 1.0Q0, and the part-load condition, 0.25Q0, are used to verify the accuracy of the SST k-ω PANS-RCES (abbreviated as PANS hereafter) model. The mass flow rate is used as the inlet boundary condition, a pressure outlet boundary condition is used at the outlet, and a no-slip condition is set at the walls.
The Q = 1.0Q0 flow condition results of the velocity vector distributions in the impeller mid-height at the different radial positions of r/R2 = {0.65, 0.75, 0.90, 1.01} obtained by PANS and laser Doppler velocimetry (LDV) (Pedersen, 2000) are depicted in Figure 11. Under the design-load condition, the velocity vectors in the six flow channels are the same. The main feature is that the velocity at the suction surface (SS) of blades is large at 0.65 R2 and 0.75 R2, and the velocity at the pressure surface (PS) is small. The velocity distribution at 0.90 R2 is more uniform. At 1.01 R2, the velocity of the pressure surface is slightly greater than the velocity of the suction surface. This may be due to the secondary flow of the low specific speed centrifugal pump that causes the jet-wake flow at the exit to occur (Brun and Kurz, 2005; Zhang et al., 2019). The results of PANS and LDV show that PANS can capture the above phenomenon well. A more detailed comparison of the velocity distribution at 0.5 R2 and 0.75 R2 is shown in Figures 12, 13. From the figures, it is more obvious that the results of PANS are consistent with those of LES and PIV results, indicating that the velocity distribution can be well predicted in both near-wall and mainstream regions, and the newly developed fk expression RCES can accurately predict the flow field in the design-load condition.
[image: Figure 11]FIGURE 11 | Velocity vector distributions at different radial positions under the design-load condition: (A) PANS and (B) LDV.
[image: Figure 12]FIGURE 12 | Comparison of time-averaged velocity at Q = 1.0Q0 flow condition: (A) 0.5R2 radial velocity and (B) 0.5R2 tangential velocity.
[image: Figure 13]FIGURE 13 | Comparison of time-averaged velocity at Q = 1.0Q0 flow condition: (A) 0.75R2 radial velocity and (B) 0.75R2 tangential velocity.
The velocity vector in the impeller mid-height under the part-load condition is shown in Figure 14. Under this working condition, the velocity vector of adjacent flow passages is different, which can be marked as non-stall Passage A and stall Passage B, respectively. It can be seen from Figure 14 that only one vortex appears on the suction surface in the non-stall Passage A. A smaller vortex appears at the inlet of the stall passage, and a larger one appears near the exit of the passage. The results of PANS are consistent with those of LES. Figure 15 shows the velocity vector results of r/R2 = {0.50, 0.65, 0.75, 0.90}. For stall passage, backflow occurs on the suction surface at the inlet, which is an important factor to generate stall vortices. The results of PANS and LES can accurately predict this result. For other flow direction positions, PANS also shows good prediction accuracy.
[image: Figure 14]FIGURE 14 | Velocity vector distributions in the impeller mid-height under 0.25Q0 flow condition: (A) PANS and (B) LES.
[image: Figure 15]FIGURE 15 | Velocity vector distributions in the impeller mid-height at different radial positions: (A) PANS, (B) LES, and (C) LDV.
CONCLUSION

1) An SST k-ω PANS model with a new expression of fk based on the rotation-corrected energy spectrum is proposed in this study. The new model is verified in the rotating channel flow at two different rotation numbers, and then it is applied to a centrifugal pump impeller for further validation.
2) It was found that the fk distribution of the new model is reasonably distributed in the rotating channel flow. In the near-wall area, the reasonable reduction of fk allows the new model to have better performance in near-wall flow calculation. In the region near the pressure side with turbulence enhanced, the fk value turns out to be small, and it increases toward the suction side since the turbulence is suppressed. The fk distribution shows that it corresponds to the flow characteristics well, and the simulation results, including mean velocity, RMS velocities, and TG vortexes, agree well with the DNS data. From the calculation cost results, it was found that the new model shows a better performance than the other two PANS models with the same mesh points, and it shows comparable performance even with fewer mesh points.
3) The application of the new model in a centrifugal pump impeller shows that it can accurately capture the time-averaged flow fields including stall vortices under part-load conditions and velocity vector distributions under both design-load and part-load conditions. In addition, the new PANS model can predict the tangential and radial velocities well under both flow conditions, showing that the new model is appropriate for the simulation of flows with rotation effects.
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