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Abstract

:

The biomimetic turbine has an excellent flow drag reduction ability and wide incidence adaptability, so it has the potential to achieve high efficiency within a wide working range of high-performance variable cycle engines. A biomimetic cascade that can broaden the effective working incidence angles was designed based on a high-loading low-pressure turbine cascade, and its flow mechanism and aerodynamic performance were studied using experimental and numerical methods under the incidences angle (i) of 0° to 15° and Reynolds number of 1.0 × 105. A series of counter rotating vortex pairs induced by the biomimetic cascade bring additional dissipation losses, but it accelerates the energy exchange between the boundary layer and mainstream, enhancing the dissipation of the pressure side leg of horseshoe vortex, and thus suppressing the flow separation and passage vortices. The undulating surface of biomimetic cascades can suppress the expansion of secondary flow in a spanwise direction in the end region, especially for large-scale separation under high incidence conditions. When i < 5°, the loss of biomimetic cascades is slightly higher than that of the original cascades, but the increase is only 0.5%; when i > 5°, the losses of biomimetic cascades are significantly reduced, with a maximum reduction of 70% at i = 15°.
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1. Introduction


As one of the key components of aviation engines, the low-pressure turbine (LPT) has the lowest Reynolds number (Re = 1 × 105~5 × 105) [1], but its efficiency improvement contributes the most to the overall efficiency improvement of the engine [2]. For the wide envelope working range of variable cycle engines, traditional LPT blades are unable to maintain efficient operation under conditions with such a low Reynolds number and such a wide range of incidence angles, which can lead to a sharp increase in losses such as secondary flow loss and separation loss [3].



To meet an aero engine’s requirements for LPT components, researchers have proposed various design methods, including synthetic jets [4], vortex generators [5], dielectric barrier discharge plasma exciters [6], a grooving or ribbing blade [7], and altering the turbine blade’s surface roughness [8]. However, these flow control methods each have their own drawbacks. Some increase the structural complexity, add to the overall structural weight of the engine, or complicate control, such as synthetic jets and vortex generators. Others can only achieve a higher efficiency within a specific range of operating conditions, but bring serious negative effects in a wide range of operating conditions. For instance, plasma excitation can only be used under low-speed conditions, and changing surface roughness is only effective under certain conditions. Therefore, the existing LPT flow control methods are still inadequate for ensuring an aero engine operates efficiently and stably across a broad range of operating conditions.



To address this need, researchers have proposed flow control methods that incorporate bionics, which are shown in Figure 1a. For instance, the fins of killer whales, which are not entirely flat and have protrusions called tubercles at the leading edge, have been applied to structures like drones and rudders [9,10]. It has been verified that its effect is akin to a vortex generator, capable of preventing or delaying the onset of airflow separation and significantly enhancing the airfoil’s performance within a large incidence angle range [11]. However, this causes the complexity of the flow field behind the tubercles to increase [12]. Another approach is to imitate the wings of eagles by designing serrated structures at the trailing edge position and applying them to wind turbine blades [13,14,15,16]. This has been found to effectively improve the tail vortex structure and reduce aerodynamic noise. Researchers have also studied the geometric shape of seals’ whiskers, which can effectively alter the vortex street behind the whiskers and reduce the vibration of the vortex shedding [17,18]. This led to the proposal of a turbine blade design based on the seals’ whiskers’ surface [19]. It has been verified that this can reduce up to 50% of aerodynamic loss by suppressing the width of the wake, widen the stable working incidence angle margin, effectively enhance the working efficiency of the LPT blade, and potentially reduce aerodynamic noise. Moin et al. [20] studied the grooving of the surface similar to scallops and proposed that the V-shaped groove on the grooving surface could suppress the movement of the vortex, thereby reducing their resistance to the aircraft wing. Hu et al. [21] found that the interaction between the top of the surface groove structure and the fluid produces a pair of “counter vortex pairs”, which can constrain the low-speed fluid at the bottom of the groove structure, make the near-surface flow field more stable, and ultimately reduce the turbulent friction resistance near the surface. Researchers have also studied the scale structure on the surface of shark skin [22] and found that the groove structure between the scales on the surface and the scales can effectively reduce the friction resistance between the surface and the water flow. Designing this structure on the fuselage surface can reduce about 6%~8% of the fuselage surface resistance [23,24].



In this study, a high-lift LPT blade inspired by bionics is designed, integrating tubercles, serrations, and seal whiskers. Comprehensive experimental measurements are conducted on the straight blades (original blades) and the newly configured blades (biomimetic blades) within the planar cascade. By measuring the static pressure on the blade suction surface and the post-cascade pressure data, comparisons are made between the biomimetic and original cascade under varying inflow incidence angles. These comparisons aim to investigate their influence on the airflow structure and aerodynamic performance within the cascade. Additionally, through numerical simulation, more in-depth analyses of the flow structure in the cascades of the original configuration and biomimetic configuration are performed under different inflow incidence angles.




2. Experimental and Numerical Approaches


2.1. Experimental Equipment


The experimental measurements are conducted on a low-speed wind tunnel, which is powered by a centrifugal fan with a boost of 3000 Pa. Following the divergent, settling, and contraction sections, the airflow enters the test section. The overall structure of the test section is depicted in Figure 2. A turbulence grid is installed at the test section’s inlet to regulate the inflow turbulence, and the inlet flow field’s uniformity and the outlet flow field’s periodicity are adjusted using four flaps. The cascade’s inflow incidence angle is modified by gears, and the cascade consists of seven identical blades. The physical parameters of the inlet and outlet flow fields are measured at the cross-sections located at the 60%Cx (axial chord) position at the inlet and the 40%Cx position at the outlet. A three-hole pressure probe is used to measure the quality of the inlet and outlet flow fields. It is confirmed that the maximum error values of the airflow angle, total pressure coefficient, and dynamic pressure coefficient of the inlet flow field are less than 5%, the inlet airflow turbulence is about 2.2%, the boundary layer thickness remains at about 3% of the span, and the outlet flow field exhibits a good periodicity. Once the experimental requirements are met, the experiment is conducted. The static pressure values on the blade surface under different inflow incidence angles are measured during the experiment, and a seven-hole pressure probe measures the pressure data of the flow field at the cascade outlet. By comparing the biomimetic cascade with the original cascade, the changes in the loss and flow phenomena of the biomimetic cascade are explored.



This article uses the post-loaded high-lift LPT blade IET-LPT A (Zw = 1.36) designed by the institute as the original cascade profile research object. The aspect ratio is 2.44, and the airflow turning angle is 90°. Table 1 contains the other parameters of the IET-LPT A.



To achieve the new biomimetic configuration design, this study applies a sinusoidal oscillation to the original cascade in the span direction. The distance between two adjacent “peaks” on the blade’s leading edge corresponds to one period of the sine curve, while the axial height difference between the “peak” and “valley” on the blade’s leading edge represents the amplitude of the sine curve. Following a multi-objective optimization via numerical simulation, it is determined that the blade features 16 periods distributed along the span, with a wavelength (λ) of 3.5r and an amplitude (A) of 0.25r, in which r represents the leading-edge radius of the LPT blades. The final biomimetic configuration of the LPT blade, as shown in Figure 3, incorporates leading edge tubercles, trailing edge serrations, and the complex 3D configuration of a seal’s whisker surface. A conversion band of concave and convex features appears on the blade’s suction side, located at the 45.8% suction side length (SSL) position.



This study obtains static pressure data on the blade surface by establishing a static pressure test points array with a diameter of 0.7 mm on the suction side surface. The test schemes were positioned in the mid-span section, as depicted in Figure 3a. Due to the unevenness and periodicity of the biomimetic configuration blade surface along the spanwise direction, three rows of static pressure holes are arranged on the blade in the spanwise direction. These are located at the peak, valley, and midway between the two, respectively referred to as Plane 1 (P1), Plane 2 (P2), and Plane 3 (P3) in subsequent discussions. P3 is located at 50% of the blade height, and P1, P2, and P3 are equipped with a 37, 35, and 27 static pressure test points array, respectively. By obtaining more data at various positions, the flow state and flow control mechanism on the blade surface are further analyzed.



In Figure 3a, the blade parameters of IET-LPT A are also displayed, where the inlet flow angle (αI) is the angle between the inlet flow and the axial direction, the outlet flow angle (αE) is the angle between the outlet flow and the axial direction, and the stagger angle (γ) is the angle between the line connecting the leading and the trailing edge points of the blade and the axial direction. Figure 3c also provides the three-view and the orthographic drawing of the biomimetic blade to help readers to understand its three-dimensional structure.




2.2. Numerical Method


This study uses the shear–stress–transport (SST) turbulence model in the commercial fluid simulation software ANSYS CFX 22.1, and couples it with the Gamma Re-Theta transition model, known for its high prediction accuracy for RANS method numerical simulations [25,26]. As shown in Figure 4, the calculation domain of the biomimetic cascade, which is meshed with the “HOH” type grid, has an inlet section length of 1.5Cx and an outlet section length of 2Cx. Figure 4 also labels the three-dimensional coordinate axis direction, where the x-axis points towards the spanwise direction, the y-axis points in the pitchwise direction, and the z-axis points in the streamwise direction. Figure 5 illustrates the impact of the number of spanwise grid layers and single-layer grid nodes on total pressure loss coefficient (k). When the grid layer number in each period of the biomimetic cascade is greater than 15 and the node number of a single layer is greater than 30,000, the loss of the biomimetic cascade is no longer affected by the number of grids; that is, it meets the requirements of grid independency. At these points, the entire computation domain, including the boundary layer mesh of end wall, has 233 layers of mesh, totaling approximately 5.8 million grid nodes. The thickness of the first layer of grid on the blade surface is 0.003 mm, ensuring that the y+ value under all conditions is less than 1, thereby meeting the calculation requirements of the SST turbulence model.



The inlet Reynolds number (Re) and flow direction are determined by specifying the inlet velocity magnitude and direction, where the inlet velocity is 40 m/s and Re is 100,000. The inlet flow turbulence intensity is set as 2.2%. The outlet employs a static pressure boundary, with the average static pressure at the outlet set to 1 atm. The surface and endwall of the cascade are assigned adiabatic no-slip boundaries, and the boundaries on both sides of the cascade pitchwise are established as translational periodic boundary conditions. The total residual root mean square (RMS) is defined as the mean square value of the changes in the overall flow parameters. When the total residual of the entire field falls below 1 × 10−6, it is considered that the iteration has converged.



To verify the above numerical method, Figure 6 compares the simulated results of the static pressure coefficient distribution of the IET-LPT A cascade with the experimental results. The computational results capture the separation bubble on the suction surface well (as shown in the platform area in Figure 6) and align closely with the experimental data. Therefore, the numerical method used in this paper could accurately simulate the flow field of the high-loading LPT cascade.




2.3. Data Processing


The data processing in this study uses the total pressure, static pressure, and speed at the inlet section as reference data. In the data processing, the following common coefficients are defined and the analysis of article is based on these coefficients.



Static pressure coefficient:


        C   p   =     P   o , i   −   P   s , l o c       P   o , i   −   P   s , i          



(1)







Total pressure loss coefficient:


      k =     P   o , i   −   P   o , l o c       P   o , i   −   P   s , i          



(2)







In the above formulas,     P   o , i    ,     P   s , i    ,     P   o , l o c    , and     P   s , l o c     correspond to the total pressure, static pressure, local total pressure, and local static pressure at the inlet section, respectively.



Furthermore, within the context of the Cartesian coordinate system and under the assumption that the fluid in the cascade is steady, inviscid, and unaffected by body forces, this study employs the vorticity calculation method outlined by Benner [27]. The vorticity vector, denoted as ω, is defined as the curl of the velocity vector U. The velocity components in the axial, circumferential, and spanwise directions are represented by u, v, and w, respectively. From these, the spanwise (ωx), circumferential (ωy), and axial (ωz) components of the vorticity are derived:


        ω   x   =   ∂ w   ∂ y   −   ∂ v   ∂ z        



(3)






        ω   y   =   1   u     v   ω   x   +   1   ρ     ∂   P   0     ∂ z          



(4)







The streamwise vorticity intensity (ωs) is defined as,


        ω   s   =   ω   x   c o s α +   ω   y   s i n α      



(5)




where α is the mass average outlet flow angle, defined as,


      α =   t a n   − 1        ∬  ρ u v d   y   ′   d z      ∬  ρ   u   2   d   y   ′   d z            



(6)







The dimensionless streamwise vorticity coefficient (Cωs) is defined as,


        C ω   s   =     ω   s     C   x       U          



(7)









3. Results and Discussion


In this experiment, the Reynolds number under investigation is Re = 100,000, which is dictated by the inlet velocity of the cascade and the axial chord (Cx). The range of incidence angles for the incoming flow includes 0°, 5°, 10°, and 15°. The blade outlet is characterized as an open boundary, with the outlet pressure equating to atmospheric pressure. Measurements are taken separately for the original cascade and the biomimetic cascade under these operational conditions.



3.1. The Impact of the Biomimetic Cascade Performance (EXP)


Figure 7 illustrates the distribution of the total pressure loss coefficient at the downstream 0.4Cx section under different incidence angle conditions for the original cascade and the biomimetic cascade. As the incidence angle increases, the k of both cascades increases to varying degrees, but the trends are different. In the original cascade, its k increases faster with the increase in the incidence angle. Especially when i = 15°, its k suddenly increases to 0.29, which is 70% higher than the 10° condition. This may be related to the large-scale open flow separation that occurs on the suction surface of the cascade under this condition. Compared with the original cascade, the k of the biomimetic cascade slightly increases under the 0° incidence angle, but the increase is only 0.5%. This may be related to the vortices’ loss induced by the biomimetic cascade and the viscous dissipation brought by the increased surface area. Considering the measurement error, this increase is almost within the range of measurement error. As the incidence angle increases, the growth rate of the k of the biomimetic cascade is gentler. When i ≥ 5°, the loss of the biomimetic cascade will be lower than the original cascade. Especially under the 15° condition, the loss coefficient of the biomimetic cascade is 36% lower than the original cascade, and it is only 20% higher than the 10° condition. This shows that under high incidence angle conditions, the biomimetic cascade can suppress the rapid growth of k, especially by suppressing the rapid increase in k under extreme incidence angle conditions (such as 15° incidence angle), which can effectively widen the effective working incidence angle range of the turbine cascade.



Figure 8 illustrates the static pressure coefficient (Cp) of the biomimetic and the original cascades on the suction surface under different incidence angles. For different cascades, the trend of the Cp with the inflow incidence angle remains consistent. As the incidence angle increases, the Cp at each position decreases to varying degrees. The Cp significantly decreases under the 15° incidence angle. The “platform area” of the Cp typically indicates separation. For the original cascade, the separation point is at 52% SSL at 0° and 5° incidence angles, and the reattachment point is at 54% SSL. When i = 10°, the separation position almost does not change, but the reattachment position moves backward to 55% SSL. However, when the incidence angle increases to 15°, an open separation appears on the suction side, and the separation starts at 49% SSL. For the biomimetic cascade, at P1, no separation occurs when i ≤ 10°, and open separation occurs from 67% SSL at 15°. At P2, the separation and reattachment positions are advanced. The separation position is at 53% SSL under the 0°~10° incidence angle, and the reattachment position is at 56% SSL. Open separation occurs at 80% SSL, and when i = 15°, the suction surface starts to experience open separation at 53% SSL. As for P3, the separation position when i ≤ 10° is at 53% SSL, the reattachment position is at 58% SSL, and the separation is advanced at 15°, located at 50% SSL, and no longer attached. Under different incidence angles, the peak Cp of each section of the biomimetic cascade is higher than that of the original cascade. The increase in Cp usually leads to the advance of separation and the increase in separation bubbles. However, under incidence angles which are not extremely high (0°~10°), the biomimetic cascade eliminates the separation bubbles at P1, and delays the appearance of separation bubbles at the P2 and P3s. Even under the 15° incidence angle, the biomimetic cascade can also reduce the size of the open separation area. This indicates that this configuration can suppress flow separation and restrict the separation bubbles to the trailing edge concave position, which is beneficial to the suppression of flow losses on the blade surface.



Figure 9 displays the circumferential distribution of the total pressure loss coefficient in the mid-span region of the cascade at the downstream 40% Cx at different incidence angle conditions. As can be seen from Figure 9, the high loss area at the cascade outlet corresponds to the cascade wake area. This is closely related to the separation bubble on the suction surface when the trailing edge radius remains unchanged. In the original cascade, as the inflow incidence angle increases, the size of the separation bubble on the suction surface also increases. This makes the wake width under high incidence angle conditions significantly larger than the 0° incidence angle condition. For example, the wake width increases by 9% at i = 5°. Although the wake width does not further increase at i = 10° and i = 15°, the loss coefficient peak value in the wake area increases by 26%. For the biomimetic cascade, as the incidence angle increases, the width of the wake area does not increase much. The wake area width at i = 15° only increases by 12% compared to the 0° incidence angle condition. This further verifies the previous discussion that the biomimetic cascade can effectively suppress the rapid increase in the size of the flow separation bubble with the incidence angle. Compared with the original cascade, although the wake width of the biomimetic cascade does not change much at i = 0°, it decreases by 5%, 7%, and 6% under the 5° to 15° conditions, respectively.



This phenomenon also verifies that the biomimetic cascade can suppress the size of the suction side separation bubble at high incidence angle conditions. However, the loss coefficient peak value in the wake area of the biomimetic cascade is increased compared to the original cascade. This may be related to the loss caused by the increased surface area of the biomimetic cascade and the dissipation induced by the vortex pairs. This shows that the impact of the biomimetic cascade mid-span section has two sides. On the one hand, it can reduce the profile loss by suppressing the separation on the suction surface. On the other hand, it will cause additional friction loss and vortex dissipation loss due to the cascade surface area increase and the generation of counter vortex. When i = 0°, the benefit of suppressing separation is not enough to offset the latter, which will cause an increase in biomimetic profile loss. On the contrary, under conditions with high incidence angles, the biomimetic cascade can bring profile loss benefits.



Figure 10 presents the contours of the streamwise vorticity coefficient (Cωs) and the secondary flow vector at the downstream 0.4Cx section under different incidence angle conditions for the two cascades. The black arrows in these pictures represent the direction and magnitude of the two-dimensional airflow velocity on this cross-section, ignoring the velocity component along the streamwise direction. The two-dimensional velocity vector map formed by these black arrows can help to analyze the motion of the secondary flow on this section. The maximum value of the streamwise vorticity is also marked in the figure. The magnitude of the streamwise vorticity can characterize the strength of the passage vortex and the counter vortex on this section. The range of the high streamwise vorticity area can also reflect the scale of the vortex to a certain extent. Unlike the original cascade, where there is basically no strong streamwise vortex area in the mid-span, a series of weak streamwise vortex pairs appear in the wake area in the mid-span of the biomimetic cascade (marked with a black frame in the figure). Each vortex pair corresponds exactly to one period of the biomimetic configuration, indicating that this is the counter vortex pair shed from the suction surface of the biomimetic configuration. As the incidence angle increases, this series of vortex pairs does not show significant changes, indicating that the strength of vortex pairs is not very sensitive to the change in the incidence angle. At the cascade end region, according to the secondary flow empirical model [28], it can be judged that there is a clear passage vortex and counter vortex core area, which is marked in the figure. Their vorticity directions are opposite, but the intensity is significantly higher than that of the surrounding flow field.



However, because of the large diameter of the seven-hole probe, it cannot be used to obtain the flow field data near the endwall, which means that the corner vortex cannot be identified. As the incidence angle increases, the vortices strength of two cascades’ end regions both increases. Among these, the passage vortex strength increases more obviously, and among the two cascades, the vortices of the original cascade are more significantly enhanced. In the original cascade, when the incidence angle increases from 0° to 10°, its passage vortex strength peak value increases by about 11%, and the counter vortex strength peak value increases by about 17%. However, when the incidence angle continues to increase to 15°, the passage vortex strength peak value suddenly increases by 67%, but the counter vortex strength peak value only increases by 2.5%. The sudden increase in passage vortex intensity under this condition may be related to the occurrence of large-scale three-dimensional flow separation bubbles on the suction surface. In the biomimetic cascade, the increase speed of its passage vortex peak value with the incidence angle is obviously weaker than the original cascade. At a 0° incidence angle, the passage vortex peak value of the biomimetic cascade is 10% lower than the original cascade. When the incidence angle increases to 15°, the passage vortex strength peak value of the biomimetic cascade is only 53% of the original cascade.



These phenomena show that the biomimetic cascade can suppress the development of the passage vortex. Especially under extreme high incidence angle conditions, the biomimetic cascade can avoid excessive development of the passage vortex, thereby benefiting the reduction in secondary flow loss. Under different incidence angles, although the counter vortex intensity of the biomimetic cascade end region has a certain degree of growth compared to the original cascade, the maximum increase is only 3.5%. Therefore, comparatively speaking, the key to the biomimetic cascade reducing the end region loss is to suppress the development of the passage vortex. However, it is worth noting that the vortex structure here can only be displayed on such a cross-section, including the strength and size of the vortex system, but cannot show the development process of the vortex system. The development process of the vortex system will be described in detail below.



Figure 11 displays the contours of the total pressure loss coefficient at the downstream 40% Cx section under the inflow incidence angles of 0~15° for both the original cascade and the biomimetic cascade. The peak loss coefficient of the high loss area is also marked. In the wake area of the mid-span (as marked by the black frame in the figure), when i ≤ 5°, the wake high loss area of the biomimetic cascade is wider than the original cascade. There are intermittent green high loss blocks in it, which do not exist in the original cascade. When i ≥ 10°, the width of the wake high loss area of the biomimetic cascade is slightly smaller than the original cascade. The area of the green block area representing high loss in the wake area is also smaller than the original cascade. The main reasons can be analyzed as follows: Under low incidence angle conditions, due to the increase in friction loss caused by the increase in surface area and the additional dissipation loss caused by the induced vortex pair, the profile loss in the biomimetic cascade mid-span is greater than the original cascade. When the incidence angles further increase, the size of the suction surface separation bubble also increases. Especially when large-scale open separation occurs, the profile loss in the blade mid-span will be dominated by separation loss. The biomimetic cascade can suppress flow separation, so the profile loss under high incidence angle conditions is reduced.



When comparing with the analysis of the vortices position and development process in the end region in Figure 10, it can be clearly seen in Figure 11 that there are two high-loss areas in the end region. These areas are dominated by the counter vortex and the passage vortex, as marked in Figure 11. As the incidence angle increases, both the range of the high loss area in the end region of the two cascades (as shown by the yellow and red blocks in the figure) and the peak loss coefficient increase to varying degrees. At the original cascade condition, when the incidence angle increases from 0° to +15°, both the high-loss area caused by the counter vortex and the passage vortex increase. The loss coefficient peak value also continues to increase. Among these, the expansion trend of the passage vortex along the circumferential direction is particularly obvious. The loss coefficient peak value of this area increases compared to the 0° incidence angle under the 15° incidence angle. The counter vortex also expands significantly in the circumferential and spanwise directions. The loss coefficient peak value of this area increases compared to the 0° incidence angle under the 15° incidence angle. For the original cascade, the area and peak loss coefficient of the passage vortex loss area are much larger than the counter vortex. This indicates that the passage vortex is the main loss source of the cascade end region loss.



For the biomimetic cascade, when i ≤ 10°, there is not much difference in the strength and peak loss coefficient of its counter vortex and passage vortex, with the difference in the peak loss coefficient being no more than 10%. When the incidence angle increases to 15°, the range and peak loss coefficient of the passage vortex in the end region of the biomimetic cascade suddenly increase. Although the counter vortex area also increases, its range and loss peak value are much smaller than the passage vortex. The difference in the peak loss coefficient of two increases to 24% under this condition. When i ≤ 10°, the range and peak loss of the high loss area in the end region of the biomimetic cascade under each condition are smaller than the original cascade. The increase speed of loss with the increase in the incidence angle is also slower. This is particularly significant in the comparison of the high-loss area caused by the passage vortex. When the incidence angle increases from 0° to 10°, the difference in the passage vortex loss peak value of the biomimetic cascade and the original cascade increases from 5% to 20%. Even under a 15° incidence angle condition, the loss coefficient peak value caused by the passage vortex of the biomimetic cascade is still 9% lower than the original cascade, and the counter vortex loss peak value is also 8% lower. This demonstrates that the biomimetic cascade can suppress the rapid growth of loss in a wide range of incidence angles. The main mechanism of action is to suppress the rapid increase in passage vortex loss in the end region. On the other hand, under each incidence angle condition, the height of the high loss area in the end region of the biomimetic cascade is mostly smaller than the original cascade, with the height difference being between 19% and 23%. This indicates that the biomimetic cascade can suppress the development of secondary flow in the spanwise direction in the end region, which is another reason for the biomimetic cascade to reduce flow loss.



Figure 12 provides a comparison of the spanwise distribution of the mass average total pressure loss coefficient at the cascade outlet of the downstream 40%Cx section under the 0° and 15° incidence angle conditions for the two cascades. The cascade end region is a high total pressure loss area. The two total pressure loss coefficient peak areas that appear correspond to the passage vortex and the counter vortex, indicating that the secondary flow in the end region is the main source of loss. In the original cascade, when the inflow incidence angle increases from 0° to 15°, the k peak values caused by the passage vortex and the counter vortex increase, respectively. The range of the high loss area in the end region increases by 7%H. For the biomimetic cascade, the mid-span area exhibits loss fluctuations. As known from the analysis above, this fluctuation is mainly caused by the counter vortex pairs in the cascade. The secondary flow loss remains the main loss source of the biomimetic cascade. As the inflow incidence angle increases, the k peak value in the end region also increases to some extent. The k peak values corresponding to the passage vortex and the counter vortex increase by 43% and 31%, respectively, which is significantly smaller than the increase in the original cascade. This indicates that the biomimetic cascade suppresses the increase in secondary flow loss with the change in incidence angle. On the other hand, as the incidence angle increases, the range of the high loss area in the end region of the biomimetic cascade does not increase significantly in the blade height direction, and it is smaller than the original cascade. Especially under the 15° incidence angle, the height of the high loss area in the end region of the biomimetic cascade is 6%H smaller than the original cascade. This indicates that the biomimetic cascade has a significant inhibitory effect on the development of secondary flow in the spanwise direction in the end region, and this inhibitory effect is still effective even under high incidence angle conditions. Comparatively, under a 0° incidence angle, the losses in the mid-span and end regions of the biomimetic cascade are greater than the original cascade. However, the situation is exactly the opposite at a 15° incidence angle. This shows that the impact of the biomimetic cascade on the end region has two aspects. Under a 0° incidence angle, the secondary flow in the end region of the biomimetic cascade is not stronger than the original cascade, but its end region loss is higher than the latter. This may be caused by its secondary flow loss superimposed on the additional friction loss and vortex dissipation loss of the biomimetic cascade surface. Under high incidence angle conditions, the benefit brought by the inhibitory effect of the biomimetic cascade on the secondary flow in the end region will be greater than the above two additional losses. At this time, the advantage of the biomimetic cascade in reducing loss is reflected.




3.2. Analysis of Flow Loss Reduction Mechanism of Biomimetic Configuration Blade (CFD)


Given the limitations of experimental testing, high-precision simulation results will be used to conduct a detailed analysis of the formation and evolution process of the vortices and secondary flow in the biomimetic cascade. This will reveal the mechanism of the biomimetic cascade suppressing flow loss within a wide incidence angle range. Figure 13 displays the contours of the streamwise vortex coefficient distribution on the section perpendicular to the suction surface at different axial positions of the biomimetic cascade under 0° and 15° incidence angle conditions. Under a 0° incidence angle condition, due to the influence of the leading-edge geometry, a pair of weaker counter-rotating vortices will be generated at each valley profile depression on the suction surface of the biomimetic configuration blade near the leading edge (as the CV1 shown in the 5% SSL section in Figure 13). This series of vortices will continue to strengthen as they move downstream. At the 35% SSL position, affected by the change in blade surface curvature, the CV1 that develops from the leading edge gradually lifts and leaves the blade surface. A pair of new counter-rotating vortices will be generated in the low-energy fluid between CV1 and the surface, as shown in the SV1 in Figure 13. The rotation direction of this counter vortex pair is just opposite to CV1. Affected by the blade surface curvature, these vortices continue to lift as they develop downstream, and are continuously sucked by CV1. By the time they reach the 55% SSL section, they are basically exhausted. At the same position, another pair of counter-rotating vortices, SV2, which is the suction surface separation vortex, begins to appear from the 65% SSL section. This vortex develops to the maximum at 75% SSL, and then is continuously dissipated by CV1. For the biomimetic cascade studied in this paper, its suction surface essentially completes the surface geometry conversion at the 55% SSL position. This means that the position of the peak is simply converted into the valley, and vice versa. After the conversion, a series of counter vortex pairs opposite to CV1 are generated at the new valley position, as shown in the CV3 on the 55% SSL section in the figure.



As it develops downstream, the depth of the surface valley depression increases, and CV3 also continues to strengthen (as indicated by the change in the area of the high vortex region of CV3 on the 55% SSL–85% SSL section). It will also squeeze and suck the CV1 on both sides, thereby suppressing the further growth of CV1. From the 85% SSL section to the 95% SSL section, CV1 is continuously decreasing. The vortices generated by the biomimetic cascade are beneficial in suppressing flow separation (a further analysis will be conducted later). However, excessively strong vortices will inevitably result in additional dissipation losses. Therefore, the inhibitory effect of the newly formed reverse vortex pair downstream of the conversion belt on the excessive development of the upstream counter vortex pair is beneficial in reducing the profile loss of the biomimetic cascade.



Under a 15° incidence angle condition, the development process of the vortices on the suction side surface bears similarity to that under a 0° incidence angle condition, albeit with certain differences. The counter vortex pair CV1, generated near the leading-edge valley, is stronger than in the 0° incidence angle condition at the same downstream position. Downstream of the 65%SSL section, CV1 is rapidly attenuated by the strong suction effect of the reverse counter vortex pair CV3. Its strength will be significantly smaller than under the 0° incidence angle condition, and it quickly dissipates with the increase in downstream suction. Influenced by the incidence angle, CV1 lifts to leave the surface at 15% SSL, which is significantly earlier than the 35% SSL departure position under a 0° incidence angle condition. The CV1 that leaves surface induces a group of new reverse counter-rotating vortices (as shown in CV2 in the figure). These vortices strengthen as they develop downstream, and their strength can reach a level comparable to CV1. They, in turn, will squeeze and suck the CV1 on both sides, which will be beneficial in suppressing the rapid development of CV1. Under a 15° incidence angle condition, after the biomimetic cascade suction surface shape conversion is completed, a reverse counter vortex pair CV3 is also generated at the 55% SSL section. This vortex pair quickly strengthens downstream, and the strength of CV3 can be clearly seen on the 65% SSL–75% SSL section to be significantly larger than under the 0° incidence angle condition. By the time it reaches the 85% SSL section, CV3 has completed the suction process of CV1, which is significantly earlier than under the 0° incidence angle condition. The fully developed CV3 completely covers the entire mid-span suction surface of the blade after this section. The rapid development of CV3 may be related to the large-scale three-dimensional open separation that occurs near the trailing edge suction surface under a 15° incidence angle condition. Although it quickly suppresses the further development of CV1 and reduces the dissipation loss of CV1, its own dissipation loss will increase sharply. This is one of the reasons for the increase in profile loss under this condition.



Figure 14 illustrates the limiting streamlines of the suction surface in the mid-span of the two cascades and the turbulence kinetic energy (TKE) contours on different sections under 0° and 15° incidence angle conditions. The separation line (S) and reattachment line (R) are also marked in the figures. The TKE within the boundary layer can reflect the intensity of energy exchange between the boundary layer and the mainstream, and can also characterize the magnitude of the viscous dissipation loss in the boundary layer. For the original cascade, when the incidence angle is 0°, the flow on the blade mid-span exhibits strong two-dimensionality. The boundary layer separates at 64% of the suction surface length (SSL) and reattaches to the surface at 73% SSL. Upstream of the separation bubble, the boundary layer on the suction surface of the cascade is laminar, and its TKE is very low (no high-TKE area is visible in the figure). The TKE near the surface increases until the separation bubble reattaches. At this point, it is generally believed that the laminar boundary layer has fully transitioned to a turbulent boundary layer. The high TKE area continues to develop as the turbulent boundary layer develops, as indicated by the high TKE area near the cascade trailing edge. When the incidence angle increases to 15°, the separation point of the boundary layer is at 56% SSL. The boundary layer upstream of the separation bubble remains laminar, and the TKE is still low (no high-turbulence area is visible in the figure upstream of the separation bubble). However, the TKE inside the separation bubble increases significantly, and the TKE on the 85% SSL section under the 15° condition is significantly larger than under the 0° condition. Driven by high TKE, the reattachment line of the boundary layer under this condition advances to 69% SSL. However, downstream of the reattachment point, the boundary layer exhibits large-scale three-dimensional flow separation due to the influence of secondary flow in the end region (a detailed analysis will follow), and it continues to the cascade trailing edge. Near the surface inside this large-scale open separation bubble, the TKE increases sharply. Excessive TKE indicates a significant increase in profile loss under this condition, which aligns with the experimental test results.



In the biomimetic cascade, under a 0° incidence angle, the flow on the mid-span surface of the blade exhibits strong three-dimensionality, with the limiting flow direction moving from the peak to the valley area. Influenced by the three-dimensional surface, the separation and reattachment line shifts such that “the peak moves upstream, the valley moves downstream” compared to the original cascade condition, resulting in a shortened separation bubble. This occurs because the vortex pair (CV1 in Figure 11) induced by the biomimetic cascade increases the TKE within the laminar boundary layer upstream of the separation bubble (as indicated by the high TKE band in the figure). This accelerates the energy exchange between the boundary layer and the mainstream area, thereby suppressing flow separation to some extent. However, under a 0° incidence angle, the separation bubble is not large, and the benefit of suppressing separation is reduced. Downstream of the separation bubble, as the upstream CV1 and the downstream reverse CV2 develop, the high TKE band within the boundary layer becomes stronger than in the original cascade, particularly in the area corresponding to CV2. This suggests an increase in the viscous dissipation loss of the vortex pair downstream of the separation bubble in the biomimetic cascade. Under the 0° incidence angle condition, the advantage of the biomimetic cascade in suppressing separation loss is slightly outweighed by the increased dissipation loss of the vortex pair. This aligns with the experimental measurement result that “under a 0° incidence angle, the profile loss of the biomimetic cascade is slightly larger than that of the original cascade”. When the incidence angle increases to 15°, the enhancement of the induced CV1 results in a high TKE band appearing on the section far upstream of the separation bubble, consequently reducing the length and height of the separation bubble in the biomimetic cascade. Downstream of the separation bubble, the biomimetic cascade does not exhibit large-scale open separation. Instead, it divides the separation bubble into isolated, smaller separation bubbles confined to the valley. The downstream separation point is significantly delayed compared to the original cascade, and its corresponding downstream high TKE area is also significantly lower than in the original cascade. This indicates that the vortex pair induced by the biomimetic cascade suppresses the two separation bubbles before and after being under a high incidence angle. This analysis explains the significant reduction in profile loss of the biomimetic cascade under high incidence angle conditions.



The secondary flow in the end region significantly influences the flow in the cascade channel and is a primary contributor to cascade loss. The flow in the end region of the LPT is complex, exhibiting typical strong three-dimensional characteristics. The flow characteristics in the LPT’s end region are primarily manifested in the evolution of the passage and horseshoe vortices, the formation of the corner vortex, the impact of the counter vortex, and the separation bubble on the suction surface. These flow phenomena exhibit unique dynamic behaviors and have a strong interdependence [29]. The streamwise vortex inducted by the surface of the biomimetic configuration turbine blade, coupled with the secondary flow in the end region, complicates the development of the secondary flow and significantly impacts the flow state throughout the cascade. Consequently, the subsequent discussion will focus on the influence mechanism and control method of the biomimetic configuration turbine blade on the secondary flow in the end region.



Figure 15 illustrates the distribution of limiting streamlines in the end region of two cascades under 0° and 15° incidence angle conditions. The limiting streamlines on the blade surface clearly identify the positions of the corner vortex and passage vortex in the end region. The positions of the separation and reattachment lines, denoted by S and R respectively, can also be determined. Here, S1 and R1 represent the separation and reattachment lines of the suction surface boundary layer, R2 denotes the reattachment line of the corner vortex, S3 is the separation line of the passage vortex, and R4 is the reattachment line of the wall vortex. The trailing edge recirculation area is represented by A and B. A comparison of the limiting streamlines of the original cascade surface under 0° and 15° inflow conditions (Figure 15a,b) reveals that under the 0° inflow condition, the separation area A1 on the blade surface is larger than B1. However, under the 15° inflow condition, the open separation on the suction surface merges with the trailing edge recirculation area in the end region, forming a larger vortex area, A4. Similarly, a comparison of the limiting streamlines of the biomimetic cascade’s end region surface under the same inflow conditions (Figure 15c,d) shows that the separation area B2 of the biomimetic cascade’s secondary flow under the 0° inflow condition is larger than that of the original cascade, while A2 is smaller than in the original cascade. Under the 15° inflow condition, the separation vortices A3 and B3 in the end region of the biomimetic blade are significantly larger than under the 0° incidence angle condition. However, unlike the original cascade, there is no large-scale open separation.



Paying attention to the development of the secondary flow in the end region of the biomimetic cascade. The contours and streamline diagram of the original and biomimetic cascades’ secondary flow streamwise vortex coefficient are shown in Figure 16. Figures reveal that under the 0° inflow condition, the original cascade (Figure 16a) clearly identifies the wall vortex (WV), passage vortex (PV), suction side leg of the horseshoe vortex (HVs), pressure side leg of the horseshoe vortex (HVp), and other secondary flow vortex structures. And the flow from the inlet boundary (RBL) appear to be drawn and elevated by the HVs. At this stage, the scale of the secondary flow in the inlet boundary layer fluid is small, resulting in a small-scale separation recirculation zone near the trailing edge position. For the biomimetic cascade (Figure 16c), the structure composition of the secondary flow vortex is similar to that of the original cascade. However, the strength of the HVs and WV in its vortices is slightly higher, leading to a minor increase in the secondary flow loss in the biomimetic cascade’s end region. However, when the incidence angle increases to 15° (Figure 16b), the size of the separation recirculation zone in the original cascade dramatically increases, covering the entire end region and extending into the mid-span. Consequently, the end region primarily consists of separation vortices, leading to the destruction of the secondary flow structure. As seen in Figure 16d, the secondary flow structure of the biomimetic cascade remains clear, with no large-scale separation zone. The separation zone only appears near the trailing edge position, and the range of the secondary flow is significantly smaller than in the original cascade. This is one of the reasons why the biomimetic cascade can effectively reduce flow loss under large incidence angles.



The development of vortices in the end region of the biomimetic cascade is the focus of this study. As depicted in Figure 16c, the four contours are labeled as O1 to O4, these four planes are located at 52% SSL, 68% SSL, 84% SSL, and 94% SSL, respectively. It is observed that when the passage vortex (PV) begins to approach the suction side (at the O1 section in the figure), the counter-rotating vortex pair (CV) induced by the biomimetic cascade surface at O1 has the opposite direction to the PV. This movement allows CV to suppress the development of PV. As the fluid continues to move downstream, PV rises, crossing the “peak” in the blade rear section. Due to the depression and protrusion conversion of the biomimetic cascade (as analyzed in Figure 13), there is a tendency to induce the reverse CV near PV (as shown in the O3 and O4 sections in the figure). This suppresses the further enhancement of PV. This trend aligns with the direction of the wall vortex (WV), promoting WV enhancement. This phenomenon is also observed in Figure 16c. The biomimetic cascade alters the direction of the vortex pair at the leading and trailing edge positions through the conversion of surface depression and protrusion. This effectively suppresses the development of PV throughout its development process, thereby cleverly restricting the development of PV. Under the 0° inflow incidence angle (as seen in Figure 16a), the strength of the secondary flow vortex is weak, and there is no large-scale separation. The flow organization in the cascade is good, eliminating the need to suppress the secondary flow. At this stage, the CV strength produced by the biomimetic cascade is also weak, and its suppression effect on PV is not significant. However, it does have a strengthening effect on WV, but the additional loss caused is minimal. As the incidence angle increases and the strength of the secondary flow vortices sharply rises, the strength of CV also increases. At this point, the suppression effect on the secondary flow outweighs the additional loss caused by CV itself, resulting in a decrease in the secondary flow loss of the biomimetic cascade at large incidence angles.





4. Conclusions


A biomimetic cascade with a seal whisker structure was designed based on a high-loading low-pressure turbine cascade (Zw = 1.36), and its flow mechanism and aerodynamic performance were studied using experimental and numerical methods under the incidences of 0° to 15°. After comparison with the original cascade, the conclusions can be summarized as follows:




	
The biomimetic cascade induces a series of counter-rotating vortex pairs from the leading edge. Another series of vortex pairs rotating in the opposite direction are generated downstream of its profile conversion band. Their interaction accelerates the dissipation of the upstream vortex pairs, thus preventing its overdevelopment and minimizing the additional vortex dissipation loss. It is evident that the position of the conversion band is a crucial parameter affecting the performance of the biomimetic cascade.



	
The counter-rotating vortex pair induced by the biomimetic cascade accelerates the energy exchange between the boundary layer and the mainstream. This is beneficial in suppressing the flow separation on the suction surface, especially the large-scale flow separation under the condition with a high incidence angle. In the end zone, the induced counter-rotating vortex pair also enhances the dissipation of the pressure surface branch of the horseshoe vortex, which can suppress the development of the passage vortex in the end zone.



	
The undulating wrinkles of the biomimetic cascade profile also suppress the development of the secondary flow in the end zone in the spanwise direction. Especially under the conditions of a high incidence angle, it suppresses the development of large-scale separation in the end zone in the spanwise direction.



	
The biomimetic cascade also has a defect: its induced counter-rotating vortex not only brings additional dissipation loss but also enhances the complexity of the secondary flow in the end zone. Its increased surface area also results in additional friction loss.



	
At the 0° incidence angle, the additional loss brought by the biomimetic cascade holds a slight advantage, and its profile loss is slightly greater than that of the original cascade. However, when the incidence angle exceeds 5°, the loss reduction effect of the biomimetic cascade is sufficient to offset its additional loss. And its profile losses are lower than those of the original cascade. Under the condition of i = 15°, the profile loss of the biomimetic cascade is 70% lower than that of the original cascade.
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Figure 1. Bionics schematic diagram: (a) Leading edge tubercles; (b) Tailing edge serrations; (c) Configuration of seals’ whiskers [18]. 
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Figure 2. Test section and measuring scheme of wind tunnel and the photograph of seven-hole probe measurement. 
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Figure 3. Biomimetic cascade and surface static testing scheme: (a) Blade profile parameters and static pressure hole distribution schematic; (b) Biomimetic blade construction method; (c) Three-view and orthographic drawing. 
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Figure 4. Calculation domain and grid. 
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Figure 5. Verification of grid dependency. 
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Figure 6. Comparison of the measured and predicted static pressure coefficient distribution on the suction surface of the LPT cascade ITE-LPT A. 
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Figure 7. Total pressure loss coefficient at 40% Cx sections downstream of both cascades versus incidence angle. 
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Figure 8. Static pressure coefficient distribution on the mid-span of suction surface for both cascades in the cases with different incidence angles. 
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Figure 9. Spanwise mass averaged total pressure loss coefficient at mid-span: (a) Original cascade; (b) Biomimetic cascade. 
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Figure 10. Streamwise vorticity coefficient (Cωs) contours at 40% Cx sections downstream of both cascades at the incidence angle of 0° to 15°. 
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Figure 11. Total pressure loss coefficient contours at 40% Cx sections downstream of both cascades at the incidence angle of 0° to 15°. 
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Figure 12. Comparison of pitchwise mass averaged total pressure loss coefficient at 40% Cx sections downstream of both cascades between the incidence angle of 0° and 15°. 
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Figure 13. Spanwise vorticity coefficient contours for the various sections perpendicular to the suction surface of biomimetic cascades at the incidence angle of 0° and 15°. 
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Figure 14. Limiting streamlines and contours in the middle section of the biomimetic cascade and original cascade at the incidence angle of 0° and 15°. 
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Figure 15. Limiting streamlines on suction surface near the endwall of the original and biomimetic cascade at the incidence angle of 0° and 15°: (a) Original cascade in the 0° incidence angle condition; (b) Original cascade in the 15° incidence angle condition; (c) Biomimetic cascade in the 0° incidence angle condition; (d) Biomimetic cascade in the 15° incidence angle condition;. 
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Figure 16. Streamwise vorticity coefficient contours for the original and biomimetic cascade: (a) Original cascade in the 0° incidence angle condition; (b) Original cascade in the 15° incidence angle condition; (c) Biomimetic cascade in the 0° incidence angle condition; (d) Biomimetic cascade in the 15° incidence angle condition;. 
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Table 1. Main parameters of the tested cascades.
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	Parameter
	IET-LPT A





	Chord, C (mm)
	84.5



	Axial Chord, Cx (mm)
	76.2



	Pitch (mm)
	84.2



	Span, H (mm)
	207



	Leading Edge Radius, r (mm)
	3.7



	Inlet Flow Angle (°)
	30



	Outlet Flow Angle (°)
	60



	Stagger Angle (°)
	26
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