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Abstract

:

The influence of the ratio of dimple depth-to-print diameter ( λ ) on the highly loaded compressor cascade NACA0065-K48 is investigated based on the Reynolds-averaged Navier–Stokes (RANS) method. Simulations are conducted with a validated shear-stress transportation (SST) turbulence model coupled with the Gamma-Theta (  γ −   Re  θ   ) transition model at the inlet Mach number of 0.7. At 5~25% of the axial chord on the suction surface, four rows of dimples are arranged in parallel, and the dimples’ spacing is 4 mm. Moreover, there are five kinds of  λ , ranging from 0.125 to 0.875, which determine the pressed arc of a spherical dimple. Three flow regimes (diffuser–confuser flow, tornado-like vortex and horseshoe vortex) with the same topological structure are observed in these dimples, which affect the flow and performance of the cascade by changing the energy distribution. The distribution of turbulent kinetic energy (TKE) reflects the disturbance of the tornado-like vortex in the inferior arc dimples (  λ = 0.375  ) intensely, whereas the disturbance of the horseshoe vortex in superior arc dimples (  λ = 0.625 ,   0.875  ) is relatively weak. Numerical results indicate that the loss of the corner separation can be reduced with a dimples array, which is mainly related to the vertical climbing of the lateral flow that delays the starting point of the corner separation and weakens the mixing process. However, the loss in the wake of the dimpled cascades increases, which is caused by the thickened boundary layer induced by the high turbulent vortices. The dimpled cascade with   λ = 0.625   can achieve the most significant loss reduction (13.47%), while ensuring the pressurization capacity.
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1. Introduction


A highly loaded axial compressor with maximizing work is one of the primary pursuits of aero-engine designers, which is conducive to elevating the thrust–weight ratio [1]. According to the theory of the elementary stage, the work output of the compressor cascade mainly depends on wheel speed and the swirl velocity difference of airflow. Meanwhile, the change in swirl velocity is mainly determined by parameters related to the boundary layer [2]. Therefore, flow control technology is applied to minimize the influence of the boundary layer.



The flow control method is generally divided into active and passive modes [3]. The active control method means that appropriate external energy is needed to decrease the low-energy fluid, which has the potential to achieve an optimal performance of the full working conditions, such as boundary layer suction [4] and injection [5]. Pulsed injection/suction [6,7] gives the active control method more advantages than the conventional one under the same control flow rate, mainly because the generated higher momentum fluid stimulates the boundary layer through additional vortex structures. On the contrary, air jets have also been described as expanding the vortex to the flow field to improve the mixing process by injecting the flow that blocks the mainstream [8]. A twisted tape [9] structure of swirling impinging jets was proved to enhance the overall heat transfer rate. Similarly to Ref. [6], acute three-dimensionality was obtained by changing the injection angle, which transports more momentum. Compared with active control methods, passive control technologies garner more attention because there are no worries about weight increase and additional systems, including vortex generators (VGs) [10], rough surfaces [11], riblets [12] and so on. In addition to the above methods of energy redistribution by induced vorticity, it is also a passive strategy to change the flow field by installing a wedge [13] to generate oblique shock in supersonic flow. For the corner separation in compressor cascades, an end wall design [14] and end wall fence [15] were used to passively and effectively control the secondary flow.



The essence of the dimpled surface is a kind of VG, which can result in an earlier transition in the boundary layer. The exploration of this mechanism is driven by its excellent performance in drag reduction and heat transfer enhancement. In 1974, Achenbach [16] found that compared with smooth spheres, the critical Reynolds number of spheres roughened with glass spheres was smaller, and the drag coefficient was reduced. This is mainly because the flow after the transition has a stronger ability to resist separation. Generally, the resistance decrease in the dimpled surface is attributed to the reduction of pressure drag related to the wake. Inspired by drag reduction, Ananthan et al. [17] employed shallow dimples to suppress the trailing-edge noise of the airfoil. The generation and separation of the boundary layer were delayed by the suction and slip effect of the semicircular groove on the vehicle body, and the aerodynamic noise was also effectively controlled [18]. Previous studies have discovered that the concavity surfaces enhance heat transfer while reducing drag losses. Lin et al. [19] demonstrated the internal flow structure of staggered hemispherical cavities arranged on the high-aspect ratio channel by numerical simulations. There were two kinds of vortex structures in each hole, which have significant effects in enhancing the surface heat transfer. Ligrani et al. [20] gave the temporal and spatial evolution patterns of vortex structures that were shed from dimples in the flat channel through a smoke tracking test. In the flat channel, the mechanism of these spherical dimples was still explored through experiments or numerical methods [21,22]. Isaev et al. [23] found that with the increase in dimple depth, the corresponding jet–vortex flow pattern changed from a thin separation on the leeward side to an asymmetric tornado-like flow, and the heat transfer efficiency increased due to the enhancement of the vortex flow. Interestingly, the asymmetric dimples transformed a pair of vortexes into a monovortex tornado-like structure, thereby improving the heat transfer capacity [24]. Furthermore, the spherical dimples have been developed into a set of one-row oval-trench dimples, which can obtain a higher recirculation flow velocity. For the turbine that is in urgent need of cooling technologies, the research reported on the dimpled surface precedes the mechanism [25].



Since low-pressure turbines (LPT) are prone to separation, Lake et al. [26] processed dimple structures with a depth of 1.59 mm on the suction surface of a Pak-B blade. When a spacing of 2.2 mm was arranged in a single row near the separation point, the loss coefficient was relatively reduced. Zhang et al. [27] tried to use two different devices, surface trips and vented air jets, to eliminate laminar separation bubbles (LSB) in ultra-high-lift LPT and found that round dimples with a depth of 0.29 mm had less total pressure loss at the lowest Reynolds number. In the field of wind turbines and hydrofoils, the effect of dimpled surfaces to control separation, which is used to improve the lift coefficient, is also concerned. Sobhani et al. [28] simulated the two-dimensional NACA0021 airfoil of a darrieus vertical axis wind turbine and found that the average efficiency could be improved by 25% with a circular dimple. Then, Yoo and Oh [29] further optimized the position, size and depth of a single dimple on the suction side, aiming at the power coefficient, and explained that the dimple could delay the flow separation and weaken the blade wake. For another form named the horizontal wind turbine, Sedighi et al. [30] declared that dimples with an appropriate radius, spacing and locations could increase the generating torque by around 16.08% by delaying or eliminating separations. D’Alessandro et al. [31] pointed out that the dimpled surface that could weaken the LSB was related to the vortices around the dimple: the flow was accelerated after one rotation in the hole, which improved the turbulent kinetic energy and enhanced the ability to resist separation.



There is little literature on the effects of dimples in a compressor cascade. Lu et al. [32] made relevant efforts on a highly loaded linear cascade NACA0065-K48. It was found that four rows of dimples with a depth of 0.2 mm arranged parallelly in the vicinity of the blade-leading edge could eliminate LSB under an inlet Mach number of 0.3 to 0.8. Meanwhile, there are also several geometrical parameters of a dimple that determine the control ability to be studied. As Kim and Shin [33] pointed out, the ratio of depth-to-print diameter of the dimple played the most important role in its function.



For the purposes of exploring the flow control ability of the dimple depth-to-print diameter ratio in a high-speed and high-load compressor cascade, in the present study, the NACA0065-K48 blade with dimples placed at the forward suction surface is numerically analyzed. The simulation is carried out by solving RANS equations completed by a   γ − R  e θ    SST turbulence model. From the geometric analysis, dimples are divided into three forms (inferior arc, semicircle arc, superior arc) with a depth-to-print diameter ratio of 0.5 as the boundary. The effect of the dimples is evaluated by the aerodynamic performance (total pressure loss coefficient and deviation angle) of the cascade, then it is divided into the two aspects of wake and corner separation for discussion. Furthermore, the boundary layer of the suction surface and the secondary flow in the corner region are described in detail to clarify the effect of the dimple. In addition, the flow structures over the dimples are shown and modeled to illustrate the disturbance mechanism of the dimples.



This manuscript is organized as follows. The geometric parameters of the reference cascade and dimples are introduced in Section 2. Section 3 provides the governing equations, the numerical setting and its experimental validation. The simulation results are shown in Section 4, including the performance parameters of the cascade (Section 4.1), the flow structure in the cascade passage (Section 4.2) and the vortex structures in the dimples (Section 4.3). Finally, four conclusions are listed in Section 5.




2. Geometric Details of Cascade and Dimple


A linear compressor cascade of NACA0065-K48 [32] was employed as the computational model, which was operated at a Mach number of 0.7. The liner cascade was constructed by stretching a blade directly along a height of 100 mm. It had a minimum loss at the incident angle of   − 6 °  , and the present study is based on this condition. The primary cascade parameters are summarized in Table 1, and the schematic of the cascade is shown in Figure 1.



Figure 2 shows the schematic of the dimples. Four rows of spherical dimples were arranged in parallel on the suction surface (SS) of the blade at a position of 5–25% of the axial chord (   b x   ). The depth of the dimple was 0.2 mm, which was considered to achieve a better performance in Ref. [34]. The spacing between dimples in the streamwise and spanwise directions was 4 mm, which is an empirical value and will be discussed further in the future. The ratio of dimple depth-to-print diameter (  λ = h / D  ,  h  is the dimple depth,  D  is the dimple print diameter) between 0.125 and 0.875, which was adjusted by changing the print diameter  D  while keeping the depth  h  unchanged, was studied. The geometric relation   d / h = 0.125  (  1 /  λ 2  − 4  )    can be obtained from Figure 2a, which explains that a dimple can be determined only with the parameters of the ratio  λ  and the depth  h . The portion of the dimple with   λ < 0.5   that invades the blade is an inferior arc (INF). When the ratio meets   λ = 0.5  , the depth  h  equals the radius  R  of the sphere, and the part of the dimple immersed in the blade is a semicircular arc (SEM). When   λ > 0.5  ,  d  becomes negative, which means that the immersion is a superior arc (SUP). In order to cover all shapes, the schemes of the dimple and the corresponding specific parameters are shown in Table 2.




3. Computational Methodology


3.1. Definition of Aerodynamic Parameters


In this section, the aerodynamic parameters of this work are specified. Parameters used to evaluate the cascade performance include the total pressure loss coefficient ( ω ), the static pressure rise coefficient ( π ) and the deviation angle ( σ ):


  ω =       P t  ¯    i n   − P t       P t  ¯    i n   −     P s  ¯    i n      



(1)






  π =       P s  ¯     o u t            P s  ¯     i n         



(2)






  σ =  β  k , o u t   −  β  o u t    



(3)




where   P t   is the local total pressure of the calculation point,   P  t  i n     is the inlet total pressure,   P  s  i n     denotes the inlet static pressure, and   P  s  o u t     is the outlet static pressure. As can be seen in Figure 1,    β  k , o u t     is the geometric outflow angle, and    β  o u t     is the outflow angle. The mass flow weighted average   X ¯   is calculated by the following formula:


   X ¯  =   ∑   i = 1  n     m i  ·  X i     m i     



(4)




where  n  is the number of nodes of the region to be measured, and  m  is the mass flow of measured microelements.



The boundary layer momentum thickness (   δ  ∗ ∗    ) and axial vorticity (   Ω x   ) are the parameters that describe the flow field:


   δ   ∗ ∗    =   ∫  0 δ    ρ v    ρ 0   v 0     (  1 −  v   v 0     )  d z  



(5)






   Ω x  =   ∂ w   ∂ y   −   ∂ υ   ∂ z    



(6)




where  x ,  y  and  z  are axial, pitch and span direction, respectively, and  υ  and  w  represent velocity components of pitch and radial direction, respectively.    δ   is the thickness of the boundary layer. The subscript 0 indicates the freestream flow.




3.2. Computational Domain and Mesh


In order to save computing resources, the computational domain was constructed based on a single blade passage with half-span. The inlet was located at 1.0b upstream of the leading edge and 2.0b downstream of the trailing edge for the outlet. Hexahedral structural meshes were generated with an H-O-H topology in Ansys ICEM, shown in Figure 3. For mesh details inside the dimple, a C-shaped topology, which is conducive to maintaining the orthogonality at dimple junctions, was used, as shown in Figure 4. Therefore, the angle of the generated mesh is more than   30.6 °   and the mesh warpage is less than   28.8 °  . The first mesh layer height (  Δ y =  y +    μ / ρ  u ∗   ) was estimated at   1 ×   10   − 6     m to ensure a    y +    value of approximately 1, which ensures that the turbulence model used in this simulation could accurately capture the transition boundary layer. Meanwhile, the growth rate of the grids was set to 1.1 to prevent divergence.



Table 3 lists the results of the gird independence study of cascades without dimples (ORI) and with dimples (DIM). The control nodes of ORI are the grids around the blade along the axial direction. As the number of nodes on the edges of the C-type grid increases from   4 × 4 × 4   to   10 × 10 × 10  , the total number of grids of DIM increases from 4.45 million to 9.31 million. The error refers to the absolute difference between the average of small fluctuations and the fluctuations themselves. The fine grid was 1,740,000 for ORI, as its error is small and the    y +    begins to stabilize. The parameters of the DIM had a slight difference after the grid number reached 7.22 million, and the grid with 8,174,000 cells was used for subsequent calculations to clearly show the flow of details in the dimples.




3.3. Boundary Conditions and Experimental Verification


The effects of dimples on the performance of the cascade under Mach number 0.7 are concerned. Therefore, the compressible Reynolds-averaged Navier–Stokes (RANS) solver equations and the shear-stress transport (SST) turbulent model were implemented to solve the problem. The SST turbulence model was solved using the   k − ω   model in the boundary layer, and the   k − ε   model outside the boundary layer was used to combine their advantages [35]. In order to capture the separated bubbles on the suction surface of the highly loaded blade accurately, the   γ − R  e θ    transition model [36] was coupled on the basis of the SST model. ANSYS CFX was employed as the numerical solver. A high-resolution scheme was used to determine the turbulence term to ensure the high accuracy and robustness of the solution. The fluid material was an ideal gas suitable for the calculation of compressible flow in this study. Translational periodic interfaces and the symmetric boundary were set on lateral and half-span surfaces, respectively (Figure 3).



Before further study, the reliability of the numerical method needs to be checked. The experimental results come from the high-speed linear cascade wind tunnel of Dalian Maritime University (Figure 5), which could make the inlet Mach number of tested objects reach 0.95. During the experiment, the continuous transformation of the incidence angle could be realized by rotating the rotary plate. Here, nine blades were placed on the blade cascade to create the periodicity of the flow passages. An L-shaped five-hole probe was used to sense the pressure on the outlet section of the medial blade (No. 5), and the distance between it and the trailing edge was about 0.5b. The pressure scanning model (DAS3217) and the thermocouple temperature measurement module (DTS3250) transmit the pressure and temperature information to the computer. The local total pressure, static pressure and velocity vector of measurement points are calculated by the interpolation program of the calibrated five-hole probe. The measured range covering the half-cascade passage (  50   mm × 33   mm  ) is assigned point-by-point, driven by two vertically distributed stepper motors. Therefore, the steady-state performance of the cascade can be evaluated.



The measurement error should consider the precision of transducers, the accuracy of the displacement mechanism and the measurement errors of the five-hole probe. The precision of the pressure transducer was 0.05%, and the error of angle rotation was   0.000135 °  . After experimental measurement, the error of the angle and total pressure of the five-hole probe were determined as   ± 0.8 °   and 0.2%, respectively (Figure 6). Thus, the error of the measured angle (  Δ σ  ) was   ± 0.8 °  , and the accuracy of the measured total pressure (  Δ P  t  o u t   / P  t  o u t    ) was approximately 0.21%. Furthermore, the error of the total pressure loss coefficient (  Δ ω  ) was about   ± 0.01  , calculated according to the following equation:


  Δ ω =      (    ∂ ω   ∂ p  t  i n     Δ p  t  i n    )   2  +    (    ∂ ω   ∂ p  t  o u t     Δ p  t  o u t    )   2  +    (    ∂ ω   ∂ p  s  i n     Δ p  s  i n    )   2       



(7)







The boundary conditions were defined according to the experimental conditions. The average back pressure at the outlet was set to atmospheric value, and the solid surfaces were set to adiabatic and non-slip walls. The total temperature was 320 K at the inlet, where the total pressure was adjusted to maintain an inlet Mach number of 0.7. The inlet boundary layer was measured by the total pressure boundary layer probe and normalized by the maximum value. The thickness of the boundary layer ( δ ) was 8.1 mm, as shown in Figure 7. The distribution of inlet normalized total pressure was fitted as Equation (7), and its R-square was 0.9999:


   {      1.071 e x p  (  − 0.003889 H  )  − 0.2197 e x p  (  − 0.1884 H  )        H ≤ 12      1    12 < H ≤ 50        



(8)




where H is the height of blade. During the operation of the simulation, the convergence criterion were as follows: the residual error was less than     10   − 5     without fluctuation, and the Mach number of the inlet section was within the range of   0.7 ± 0.001  . For the present work, the solver invoked 22 CPUs (4.3-GHz processor) in parallel running for 30 h.



Firstly, Figure 8 shows the distribution of the pitch-weighted average of performance parameters along the spanwise direction. The errors of the deviation angle and total pressure loss coefficient were   ±   0.8  o    and   ± 0.01  , respectively. As shown in Figure 8a,b, the numerical results were in good agreement with the experimental data. However, due to complexity causing the probe to be inoperative near the end wall, there were some discrepancies between the numerical and measurement results. The experimental results show that the loss of the DIM (  λ = 0.375  ) in the corner (   H ′  ≤ 0.3  ) was smaller than that of ORI, which is consistent with the simulation results. Secondly, the limiting streamline on the suction surface indicated that the CFD method selected in this study could accurately capture the flow structure (LSB and corner separation), as shown in Figure 9. It should be noted that numerical calculations are insufficient to predict the flow in the separation bubble and the corner region. Overall, the numerical methods used in this study are credible, and the effectiveness of the dimple is also proved.





4. Results and Discussion


4.1. Performance Parameters of Cascade


A comparative analysis of the performance of the dimpled cascades and the prototype scheme (ORI), which is the main reference for evaluating the dimpled cascades, is carried out in this section. The evaluation is based on two parameters, the total pressure loss coefficient (    ω ¯   o u t    ) and the deviation angle (    σ ¯   o u t    ) of the outlet section, which correspond to the characteristics of efficiency and compression, respectively, as shown in Figure 10. The histogram in Figure 10 represents the relative change (Rc) in parameters between the dimpled cascade and the original cascade. The Rc is defined as:


  R c =   X −  X  O R I      X  O R I     × 100 %  



(9)




where  X  is the parameter to be estimated, and    X  O R I     is the corresponding variable of ORI. It is obvious that the loss of   λ = 0.625   was greatly reduced (13.47%) compared with the ORI, and its deviation angle was reduced by 0.85%. On the contrary, the performance parameters of   λ = 0.125   were the worst. In terms of efficiency,  λ  was effective as long as it exceeded 0.375 at the condition of   M  a  i n l e t   = 0.7  .



Compared with the overall change in outlet, the contribution of each region gives more intuitive data to study the impact of the dimples. Figure 11a shows the stacking of the pitch weighted average of the total pressure loss coefficient along the spanwise direction. In order to quantify the influence of the dimples, the area above    H ′  = 30 % H   was defined as the wake area, and the rest represents the corner area. It can be seen from the partially enlarged figure of the wake region that the total pressure loss coefficient increases when the blade is dimpled. The loss increases significantly in the dimpled cascade with the inferior arc, and it is similar to the secondary level in the dimpled cascade with the semicircle arc and the superior arc. It should be pointed out that the loss of the wake region in the dimpled cascade has a wavy trend. From the loss distribution at the corner region, it was observed that the value of the inferior arc dimpled cascade fluctuated near the ORI, and the loss expressed by the distribution curve of   λ = 0.625   was significantly less than that of ORI.



In order to explain the above trend more clearly, Figure 11b,c shows the Rc of the losses of dimpled cascades after averaging the mass flow in the wake and corner area, respectively. It can be seen that an excellent image of the dimpled surface was established in the corner region, whereas there is a poor one in the wake area. The dimpled cascade with   λ = 0.125   is useless. Subsequently, with the increase in  λ , the situation in the wake area improved until   λ = 0.625  , and the loss increment was only 0.37%. At the same time, the corner separation loss continued to decline, decreasing by 13.83% until   λ = 0.625  . When   λ = 0.875  , the situation of the loss deteriorated again.




4.2. Flow Structure in Cascade Passage


The performance of the cascade is an overall reflection of the flow field, and further analysis of the corresponding flow characteristics is helpful to grasp the mechanism. Figure 12 is a 3D streamline near the suction surface and the end wall, which generally means the low-energy fluid. The S3 sections were established in the passage along the axial direction to reflect the development of flow loss. Compared with the loss development on the upper part of the blade, the INF dimples (  λ = 0.125  ,   λ = 0.375  ) rolled the high-loss area into a wavy shape, and it thus became larger. As shown in Figure 12b, the range of high-loss contour at   125 % b   extends in the spanwise direction, which explains the increased wake loss of the dimpled cascades. This effect could not be identified well when    λ   is greater than 0.375, and further discussion is conducted with boundary layer.



The influence of dimples on the corner separation is mainly related to the range of upward climbing and the forward invasion of the lateral low-energy flow (blue lines) from the pressure surface (PS). Since the centrifugal force of bending motion cannot be balanced with the lateral pressure, this lateral flow rushed to the suction surface of the downstream blade, and the incoming flow (yellow lines) of the end wall boundary layer was lifted and mixed by the forward invasion flow. After that, one part of the mixed flow led to the formation of the passage vortex (PV), and the other part formed a concentrated shedding vortex (CSV) together with the wake. The backflow of ORI extended to the position before   40 %  b x    and climbed from here to the span. The high-loss layer near the hub wall began to thicken rapidly from   60 %  b x   , and the turbulence in PV was very serious (Figure 12a). After being excavated, the thickness of the hub wall boundary layer at   5 %  b x  ~ 40 %  b x    was thinner than that of the ORI. The reverse flow was compressed to about   60 %  b x    and flowed almost vertically to the higher position, and the downstream mixing process became mild (Figure 12b–e). For the inferior arc (Figure 12b,c), the complicated flows still remained in the corner region. As shown in Figure 12d–f, the CSV was relatively apparent, which was mainly caused by the fact that the lateral flow was more inclined to flushing the blade and reducing participation in the mixing behavior. The reflow of   λ = 0.625   (Figure 12e) was pushed further along the streamwise blade, and the high-loss contour contracted to a great extent at the location of   125 % b  .



Figure 13 shows the limiting streamline on the suction surface, which mainly shows three flow structures, including the laminar separation bubble (LSB), corner separation and the wall corner vortex (CV) inside. The CV was weakened by the concave surface, which could confirm that the height of the projection of CV on the suction surface was reduced from 0.02 to 0.01, even disappearing at   λ = 0.625  . The inferior arc schemes (  λ = 0.125  , 0.375) eliminated LSB. After   λ ≥ 0.5  , the LSB was weakened but still existed, and the weakening begins from the middle part of blade. The LSB with   λ = 0.625   could not cover the whole blade. The flow in the corner separation of the dimpled blade was improved as a whole. As shown in Figure 13e, the separation starting point S of   λ = 0.625   was pushed far to the position of    b x ′  = 0.46  , compared with    b x ′  = 0.3   of ORI in Figure 13a. The projected height of the corner separation of   λ ≥ 0.375   was reduced to the level of    H ′  = 0.34 ~ 0.35  , whereas it was    H ′  = 0.38   in the ORI. This value increased to    H ′  = 0.4   in   λ = 0.125  , which may be due to extension of the backflow impacted by the higher velocity inflows. Overall, the characteristics of the closed corner separation of dimpled blades were degraded and its range was reduced.



Due to the weakening or elimination of LSB, the flow blockage in the middle of the blade was reduced, which does not match with the increase in the wake loss of the dimpled cascade, and it needs further explanation. The boundary layer is a thin layer with sharp changes in the stress near the wall, which plays a decisive role in the flow field. According to the ten local vertical lines established on the suction surface at    H ′  = 0.45   and the range of   5 %  b x    to   90 %  b x    in Figure 14, the boundary layer on the suction surface can be extracted.



Figure 15 shows the boundary layer of    H ′  = 0.45   on the blade, and four axial positions (  20 %  b x   ,   30 %  b x   ,   60 %  b x   ,   90 %  b x   ) are shown to clarify the influence of the dimples. The boundary layer shape before   30 %  b x    was not full enough, indicating that it is a laminar boundary layer. The dimpled surface increased the flow velocity near the wall, making the boundary layer thinner, as shown in Figure 15a. This phenomenon can be explained by the wall slip effect described by Li [18]. The semi-circular dimple (  λ = 0.5  ) obtained the most favorable near-wall velocity due to slip effect. Combined with Figure 13b,   λ = 0.125   retains a vortex at   30 %  b x   , making it produce a negative velocity factor like the ORI. The reverse velocity of   λ = 0.5   and   λ = 0.875   appears at   60 %  b x    in Figure 15c, indicating that the separation bubbles in Figure 13d,f are detected. The boundary layers of   λ = 0.125   and   λ = 0.375   developed obviously beyond   60 %  b x   , which was caused by the disturbance of the vortexes generated by the dimples, as shown in the wavelike high-loss region in Figure 12b,c. Overall, the dimples with an inferior arc (  λ = 0.125  ,   0.375  ) could eliminate the LSB while introducing additional vortices, which still leads to the deterioration of the boundary layer. The dimples with a semicircular arc (  λ = 0.5  ) and a superior arc (  λ = 0.625  ,   0.875  ) could delay the separation of LSB and slightly reduce the thickness of the boundary layer.



The boundary layer momentum thickness (   δ  ∗ ∗    , defined by Equation (5)) of each position in Figure 14 is drawn to Figure 16. The momentum loss is divided into two stages of smooth and rapid development. The sudden rising point of   λ = 0.125   is about at   30 %  b x   , which is more forward than the position   50 %  b x    of the ORI, meaning the transition of the boundary layer occurred in advance. The further development of the turbulence boundary layer caused a great momentum loss. The location of the transition point (   T x   ) of the remaining scheme is equivalent to or more backward than that of the ORI, indicating that the disturbance of these dimples makes the boundary layer of the blade maintain a low loss state, due to the wall slip effect. However, the slope of the curve of momentum loss thickness becomes large once it passes over the transition starting point, which is related to the high-turbulence outflow from the dimples, which will be discussed in Section 4.3.




4.3. Vortex Structures in Dimples


When the flow passes over the dimple, a pair of vortices is formed inside it, which affects the flow state and the performance of the cascade. Mahmood [37] indicated that the augmentation of heat transfer in the channel was the result of differently sized vortex pairs that were shed periodically from dimples. Then, Kovalenko [38] tried to establish the boundaries of flow regimes in dimples by summarizing the existing experimental results, which were determined by the relative depth h/2R and the Reynolds number Re2R, where Re2R is based on the diameter of dimple. In this study, h/2R corresponding to   λ = 0.125 ~ 0.875   were 0.06~0.75 and Re2R were   5.28 ×   10  7  ~ 4.13 ×   10  6   , as shown in Table 4. The Reynolds numbers exceed the scope of Kovalenko’s research, which could be used as a supplement to it.



The disturbance of these vortices increased the turbulent kinetic energy (TKE) of the flow and injected dynamic energy into the inactive flow near the wall, thereby affecting the morphology of the boundary layer and the flow separation. The TKE parameter was provided by CFX. The mushroom-like vortex inside the dimple was observed in the spanwise-normal plane (section vertical to the flow direction) in [37], which meant that the parameter of axial vorticity (   Ω x   , defined by Equation (6)) could be utilized to display the same image in the calculation.



Figure 17a shows the normalized TKE contours and axial vorticity iso-surfaces of different schemes at    H ′  = 0.47   and    H ′  = 0.03  . The TKE normalized by the scope of values ranging from 0 to 1 near the suction surface (SS) is represented by a blue-red colored contour map. Meanwhile, the two vorticity iso-surfaces (   Ω x   ) restricted by the selected-value around the suction surface, yellow representing   1 ×   10  5    and purple representing −  1 ×   10  5   , are also plotted in Figure 17a. Secondary vortex pairs are generated inside the dimple and outward at the dimple’s diagonal direction, which is reinforced by downstream outflows (especially   λ = 0.125  ). These vortex-passed zones show the characteristics of high TKE and continue to exert impact on the downstream locations. This phenomenon can be confirmed by an experimental investigation by Zhou et al. [39] on the characteristics of turbulent boundary layer flows over a dimple with   λ = 0.2  . Note that with the increase in  λ , the high TKE region near the trailing edge becomes smaller and moves backward, which corresponds to the position where increments occur sharply in Figure 16. At the    H ′  = 0.03   region, the dimples weaken the vorticity near the end wall, which lighten the corner secondary flow.



Figure 17b–f are the normalized TKE and streamline in the dimple at the front of    H ′  = 0.47  , which show the limiting streamline and 2D streamline inside and near it. Three regimes (diffuser–confuser flow, horseshoe vortex and tornado-like vortex) exist within the dimples as the flow velocity or the depth of dimple increases, as mentioned in [38]. Tay [40] refined these regimes into five flow stages through dye flow visualization. A significant recirculation zone appears in the anterior part of the spherical depression, and its vortex core is suppressed at the bottom of the dimple, as shown in Figure 17b. This behavior is consistent with stage Ⅱ discovered in [40], which was also defined as diffuser–confuser flow in [38]. This further confirms that the flow in the dimple with h/2R < 0.1 is characterized by the diffuser–confuser flow summarized and analyzed by Kovalenko, and the corresponding h/2R = 0.06 for   λ = 0.125   is shown in Figure 17b. The limiting lines in Figure 17c,d show that there is a pair of asymmetric vortices (one of which dominates) in the sag body, which is coherent with stage Ⅳ of the experiment in [40], or the tornado-like vortex in [38]. The attachment point (N) of the tornado vortex is close to the front edge of the depression, and its axis is struck near the back edge and raised to the position of the bowl. The profile shows that the axis of the tornado vortex becomes very distorted in space, usually unstable. Figure 17e,f shows a pair of symmetrical horseshoe vortices attached downstream, and their axis is bending upstream. With the increase in velocity, the horseshoe vortex pair appears before the tornado pattern in [40], which indicates that the development of flow regimes depends not only on the flow velocity, but also on the relative dimple depth. These relationships are given in Table 4.



Each shape of the dimple drags two high TKE region-formed “braids”, distributed about the axis symmetrically on the margin. For tornado-type flows, the “braids” are almost covered with downstream plates, with the relatively uppermost TKE intensity. It can be seen from Figure 17a that although the dimples of   λ = 0.375   and   λ = 0.5   are much smaller than those of   λ = 0.125  , the “braids” extend even farther. The TKE caused by the horseshoe vortex within the dimples of the superior arc shape is slight but closer to the central axis.



It can be observed in Figure 17 that there are always two nodes (N) and a pair of saddle points (S) in the spherical cavity, indicating that the topological structure is independent of the Re2R or the  λ . Therefore, the topological structure of flow in the dimple can be represented by the same diagram (Figure 18). When the flow passes through the dimple, it is lifted by a three-dimensional vortex at the upstream rims (forming a separation line) and sucked into the cavity at the downstream rims (forming a reattachment line). During this process, the high-velocity fluid interacts with the low-velocity vortices to form a high-turbulence flow, then flows out of the dimple and stimulates the downstream flow field. A fraction of the high-turbulence flow is reengaged in the dimple and partially dissipated in the recirculation. The low-velocity fluid at the bottom of the dimple is transported to the upper space by the vortices, which ultimately mixes with the free-stream and forms the high-turbulence flow. For the dimples of different  λ , the locations of a pair of spiral points (N), the saddle point (S) on the downstream rims and the curvature of the rotation axis of the vortex are mainly affected.





5. Conclusions


Based on the highly loaded compressor linear cascade NACA0065-K48, computations have been performed to study the effects of suction surface dimple arrays with different ratios of dimple depth-to-print diameter (  λ = 0.125 ~ 0.875  ) on the aerodynamic performance and flow structures in detail in this paper, and the following conclusions have been obtained.




	
The ratio of dimple depth-to-print diameter determines three forms of intruded blade: inferior arc (  λ < 0.5  ), semicircular arc (  λ = 0.5  ) and superior arc (  λ > 0.5  ). Flow losses of the cascade increased significantly at   λ = 0.125   and decreased at   λ ≥ 0.375  .   λ = 0.625   can reduce the total pressure loss coefficient by 13% while maintaining the pressurization ability of the cascade.



	
The disturbance from the dimple depression reduces the loss caused by corner separation (below 30% blade height) by 13.83%, but increases the loss of the wake by 0.37%. The laminar separation bubbles on the suction surface are weakened (eliminated in the inferior arc and delayed in the semicircle and superior arc), and the excessive disturbance leads to the barbaric growth of the boundary layer and eventually increases the wake loss. The lateral flow near the hub wall of the dimpled cascades is suppressed and flows vertically, which degrades the characteristics of the closed corner separation. Therefore, the starting point of the corner separation is delayed and the range shrinks.



	
The vortices are formed in the flow passing the dimpled surface, and their shedding increases the turbulent kinetic energy of the downstream surface. Three kinds of flow regimes are observed within the dimple at the range of Re from     10  6  ~   10  7   , including diffuser–confuser flow (  λ = 0.125  ), tornado-like vortex (  λ = 0.375 ,   0.5  ) and horseshoe vortex (  λ = 0.625 ,   0.875  ). The scale of the dimple with   λ = 0.125   is large enough to make the vortex structure obvious, resulting in a significant increase in the loss of the wake. Turbulent energy density of the tornado is the highest. The three flow regimes have the same topological structure, and the influence of  λ  on them mainly lies in the locations of a pair of spiral points and a saddle point on the downstream rims, as well as the curvature of the rotation axis of the vortex.



	
For possible applications in the future, there may be some difficulties in the processing of the superior arc dimples, and 3D printing technology may have a significant contribution in solving this problem. The effect of dimples with   λ = 0.625   in those working conditions that deviate from the Mach number of 0.7 or incidence angle of   −  6 °    also needs to be discussed in detail. In order to minimize the flow loss of the cascade, the height of the dimples array in the spanwise distribution needs to be further optimized.
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Figure 1. Schematic of cascade. 
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Figure 2. Schematic of dimples. (a) Inferior arc (INF); (b) semicircular arc (SEM); (c) superior arc (SUP). 
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Figure 3. Computational domain and mesh distribution. 
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Figure 4. C-shaped topology in the vicinity of dimples. (a) Inferior arc (INF); (b) semicircle arc (SEM); (c) superior arc (SUP). 






Figure 4. C-shaped topology in the vicinity of dimples. (a) Inferior arc (INF); (b) semicircle arc (SEM); (c) superior arc (SUP).



[image: Aerospace 09 00422 g004]







[image: Aerospace 09 00422 g005 550] 





Figure 5. High-speed linear cascade wind tunnel. 
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Figure 6. Measurement error of five-hole probe. (a) Yaw angle; (b) total pressure. 
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Figure 7. Variation of inlet normalized total pressure along height. 






Figure 7. Variation of inlet normalized total pressure along height.



[image: Aerospace 09 00422 g007]







[image: Aerospace 09 00422 g008 550] 





Figure 8. Pitch weighted average of performance parameters along the spanwise direction (DIM represents the case of   λ = 0.375  ). (a) Total pressure loss coefficient; (b) deviation angle. 
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Figure 9. Limiting streamline on the suction surface of numerical and experimental results (DIM represents the case of   λ = 0.375  ). (a) CFD-ORI; (b) EXP-ORI; (c) CFD-DIM; (d) EXP-DIM. 
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Figure 10. Performance parameters of cascade. (a) Total pressure loss coefficient; (b) deviation angle. 
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Figure 11. The total pressure loss coefficient of the outlet. (a) The loss along spanwise direction; (b) the loss in the wake; (c) the loss in the corner. 
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Figure 12. Three-dimensional flow near the suction surface and the end wall. (a) ORI; (b)   λ = 0.125  ; (c)   λ = 0.375  ; (d)   λ = 0.5  ; (e)   λ = 0.625  ; (f)   λ = 0.875  . 
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Figure 13. Limiting streamline of suction surface. (a) ORI; (b)   λ = 0.125  ; (c)   λ = 0.375  ; (d)   λ = 0.5  ; (e)   λ = 0.625  ; (f)   λ = 0.875  . 
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Figure 14. Vertical lines of suction surface at middle of blade. 
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Figure 15. Change in the boundary layer along the axial direction. (a)   20 %  b x   ; (b)   30 %  b x   ; (c)   60 %  b x   ; (d)   90 %  b x   . 
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Figure 16. Development of the momentum thickness of boundary layer. 
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Figure 17. Normalized turbulent kinetic energy (TKE) distribution on suction surface and flow inside the dimple. (a) Normalized TKE and axial vorticity on suction surface; (b)   λ = 0.125  ; (c)   λ = 0.375  ; (d)   λ = 0.5  ; (e)   λ = 0.625  ; (f)   λ = 0.875  . 
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Figure 18. Flow diagram inside the dimple. 






Figure 18. Flow diagram inside the dimple.



[image: Aerospace 09 00422 g018]







[image: Table] 





Table 1. Values of key parameters of NACA0065-K48 [32].
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	Parameters
	Value





	  Chord   b   (mm)
	60



	  Axial   chord    b x    (mm)
	55



	  Pitch   t   (mm)
	33



	  Span   H   (mm)
	100



	  Geometric   inflow   angle    β  k , i n     (°)
	42



	  Geometric   outflow   angle    β  k , o u t     (°)
	90



	  Outflow   angle    β  o u t    (°)
	-



	   Inlet   Mach   number   M  a  i n     
	0.7
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Table 2. Geometric parameters of dimples.
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Style

	
    λ    

	
  h   (mm)

	
  D   (mm)

	
  d   (mm)

	
  R   (mm)






	
INF

	
0.125

	
0.2

	
1.600

	
1.500

	
1.700




	
0.375

	
0.2

	
0.532

	
0.077

	
0.277




	
SEM

	
0.500

	
0.2

	
0.400

	
0.000

	
0.200




	
SUP

	
0.625

	
0.2

	
0.320

	
0.036

	
0.164




	
0.875

	
0.2

	
0.227

	
0.067

	
0.133
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Table 3. Grid independency study.
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Type

	
Nodes

	
Number

   ( ×   10  4  )   

	
      ω ¯   o u t      

	
      π ¯   o u t      

	
     y +     




	
Result

	
Error (%)

	
Result

	
Error (%)

	
Result

	
Error (%)






	
ORI

	
80

	
72

	
0.0629

	
0.64

	
1.1912

	
0.13

	
0.6312

	
-




	
100

	
128

	
0.0619

	
0.96

	
1.1882

	
0.12

	
0.4681

	
-




	
150

	
174

	
0.0623

	
0.32

	
1.1885

	
0.09

	
0.3471

	
0.80




	
200

	
224

	
0.0627

	
0.32

	
1.1903

	
0.06

	
0.3527

	
0.80




	
DIM

	
4

	
444.8

	
0.0683

	
-

	
1.1545

	
-

	
2.8497

	
-




	
6

	
721.9

	
0.0401

	
0.00

	
1.2090

	
0.02

	
2.0792

	
0.01




	
8

	
817.4

	
0.0401

	
0.00

	
1.2092

	
0.00

	
2.0813

	
0.11




	
10

	
930.5

	
0.0402

	
0.25

	
1.2095

	
0.02

	
2.0766

	
0.12
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Table 4. Flow regime corresponding the parameter of dimple.
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	   λ   
	h/2R
	Re2R
	Flow Regime





	0.125
	0.06
	52,800,000
	diffuser-confuser



	0.375
	0.36
	8,600,000
	tornado-like vortex



	0.500
	0.50
	6,210,000
	tornado-like vortex



	0.625
	0.61
	5,100,000
	horseshoe vortex



	0.875
	0.75
	4,130,000
	horseshoe vortex
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