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To study the influence of different hole length ratios on the flow structure and film cooling efficiency, a calculation model of fan-shaped hole was constructed and numerically studied. The effect of different hole length ratios on the cooling efficiency under different blowing ratios was compared and analyzed. The results showed that as the blowing ratio increases, the overall average efficiency of most of the hole length ratio cases first increases and then decreases. Only in the case with a cylindrical part length/total length ratio of 0.5 did the efficiency continue to increase. When the blowing ratio is small, the spanwise average efficiency of each hole length ratio case is closer, but the flow structure and efficiency distribution are quite different. For the medium blowing ratio, the overall average efficiency of the small hole length ratio case is higher, and the efficiency decreases as the hole length ratio increases. When the cylindrical part length/total length ratio is further increased to 1, the cooling efficiency region basically converges into a spanwise narrow region. For larger blowing ratio conditions, after 10D after the hole outlet, the case with a cylindrical part length/total length of 0.5 is more efficient.
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INTRODUCTION
As the turbine inlet temperature increases, the thermal load of the turbine blades increases accordingly, and therefore, higher requirements are put forward for the cooling of the turbine. Film cooling is an important part of gas turbine external cooling. Using a flat film cooling model is very helpful for studying the flow and heat transfer characteristics of film cooling.
Li et al., 2014 used pressure-sensitive paint and particle image velocimetry technology to measure the flow field and temperature field of film cooling of cylindrical holes with composite angles of 0°, 45°, and 90°. It was found that the flow field structure changes greatly when the compound angle changes. Rogers et al., 2017 conducted an experimental study on cross-flow-supplied full-coverage film cooling for a sparse film cooling hole array and found that the adiabatic film cooling effectiveness generally increased with the streamwise position and generally increased as the blowing ratio increased. Luo et al., 2021 studied the application of film cooling to the cooling system of the leading edge of hypersonic aircraft and found that low-density coolant air has the lowest peak temperature compared with high-density coolant air. El-Gabry et al., 2013 used infrared radiation thermography, liquid crystal thermography, and thermocouples to measure flow field temperature and film cooling efficiency and used hotwire anemometry to measure velocity and turbulence quantities. The velocity vectors and contours at the streamwise planes showed a distinct kidney vortex, and the contours also indicated that the jet was lifted. Johnson et al., 2014 used pressure-sensitive paint technology to measure the adiabatic film cooling efficiency of a row of cylindrical holes and found that, as the density ratio increased, the adiabatic film cooling efficiency also increased. Eberly and Thole, 2014 used time-resolved digital particle image velocimetry technology to measure the flow field of a row of cylindrical film cooling holes and found Kelvin–Helmholtz breakdown in the jet-to-freestream shear layer. Laroche et al., 2021 conducted research on film cooling of flat plates with a 90F0B0 compound angle and used the particle image velocimetry technique to document the velocity field. The temperature field was acquired using the cold wire technique. In the first three rows, the film protection was shown not to be efficient. After four rows, the film builds up, leading gradually to better insulation of the wall. Jeon and Son, 2021 used computational fluid dynamics to study the simplified geometry of an integrated configuration of a ribbed channel, film hole, and mainstream passage and found that the film cooling holes located in the separated flow region of a ribbed channel showed minimum reduction and considerable enhancement in film cooling effectiveness, and internal heat transfer also improved. Tian et al., 2021 conducted a three-dimensional turbine cascade model to analyze particle trajectories at the blade leading edge under film-cooled protection. The deposition mechanism in this research was based on the particle sticking model and the particle detachment model. The numerical results indicated that most of the impact region was located at the leading edge and on the pressure side.
In addition to cylindrical film cooling holes, there are a variety of hole types used in film cooling studies. Wright et al., 2011 used pressure-sensitive paint technology to conduct experimental research on the film cooling efficiency of cylindrical holes, fan-shaped holes, and laidback fan-shaped holes and found that in all hole-type cases, as the freestream turbulence intensity increases, the film effectiveness decreases. As the blowing ratio increases, this effect decreases. Lee and Kim, 2012 carried out a numerical simulation study with a novel film-cooling hole, compared its cooling efficiency with a fan-shaped hole, and found that the novel-shaped hole shows greatly improved lateral spreading of the coolant and cooling performance in terms of the film-cooling effectiveness in comparison with the fan-shaped hole. Issakhanian et al., 2016 proposed a new oval film cooling hole and used magnetic resonance concentration technology to measure the coolant concentration in the 3D test field. The results showed that compared to the round hole, the oval hole reduces the strength of the main counter rotating vortex pair. Ragab and Wang., 2018a, Ragab and Wang., 2018b used infrared cameras and thermocouples to measure the temperature field and found that the newly incorporated fan-shaped film cooling hole had higher film cooling efficiency than cylindrical holes. Lee et al., 2021 experimentally investigated the effect of mainstream velocity on the optimization of a fan-shaped hole on a flat plate and found that the optimized hole showed a 49.3% improvement in the overall averaged film cooling effectiveness compared to the reference hole with DR = 2.0 and M = 2.0. Baek et al., 2021 numerically simulated the film cooling flow with a shaped hole with 15° forward expansion, a 35° inclination angle, and 0° and 30° compound angles with large eddy simulations. The results showed that the turbulence and mixing intensity of the forward expansion hole were weaker and lower than those of the cylindrical hole, respectively. Thus, the film cooling effectiveness of the forward expansion hole was higher. Kim et al., 2021 performed an experimental study to investigate the effects of the arrangement of fan-shaped film cooling holes and the density ratio on the heat transfer coefficient and found that, for the given fan-shaped hole parameters, the effects of the row-to-row distance and hole arrangement were not significant.
Burd et al., 1998 used hot-wire anemometry measurements to measure the average velocity and turbulence intensity of the mixing area of the coolant and free-stream flows in film cooling and found that under low free-stream turbulence conditions, pronounced differences existed in the flow field between L/D = 7.0 and 2.3. These differences became less prominent at high free-stream turbulence intensities. Lutum and Johnson, 1999 conducted an experimental study on the influence of hole length on the cooling efficiency of cylindrical film cooling holes and found that when the hole length is greater than five times the hole diameter, the cooling efficiency is basically not affected. Gritsch et al., 2005 conducted experiments on the film cooling efficiency of three fan-shaped holes with L/D = 7.5, 9.5, and 11.5, and the results showed that the average cooling efficiency of the three cases was not much different. Haydt et al., 2018 used computational fluid dynamics prediction and particle image velocimetry measurement to study the adiabatic film efficiency of 7–7–7 holes with different hole lengths. In this study, the expansion mode was maintained unchanged, and different hole lengths led to different area ratios. The research results show that a larger hole length provides higher effectiveness. Saumweber and Schulz, 2012 conducted an experimental study on the film cooling efficiency of two fan-shaped holes with L/D = 6 and 10 and found that under the small blowing ratio condition, the cooling efficiency of the long hole length case was slightly higher. However, the cooling efficiency of the long hole length case is lower at high blowing ratio conditions.
However, there have been some studies on the hole length of film cooling. In the existing research on the hole length of the fan-shaped hole, the total hole length of the film cooling hole and the area ratio and shape of the hole inlet and outlet were not fixed, which mainly reflects the influence of the change in total hole length and area ratio.
NUMERICAL SIMULATION APPROACH
In this paper, a numerical study was carried out on a flat film cooling model, which is shown in Figure 1A. There is only one film cooling hole in the flat model, the hole diameter is 5 mm, and the hole inclination angle is 30°. The width of the plate in the spanwise direction is 12D, and the mainstream inlet is set 10D upstream of the hole. To study the long-distance effect of film cooling, the mainstream outlet is at 60D downstream of the hole. The height of the main flow domain is set to 20D to shield the cooling air from the influence of the upper wall of the main flow. The cooling air is provided by the plenum, which is the coolant inlet at one end and the other closed structure, with a width of 6D and a height of 2D. To comment on the influence of cross-flow, the angle between the cold air flow direction and mainstream flow direction is 90°. Except for the mainstream inlet, the mainstream outlet, and the coolant inlet in the domain, the rest of the walls are nonslip frictionless and adiabatic walls. The total temperature at the mainstream inlet is 540 K, the turbulence intensity is 3.6%, and the static pressure at the outlet is 101,325 Pa, while ensuring that the mainstream Mach number is 0.3. For the coolant, the inlet total temperature is 310 K, and the turbulence intensity is 3.6%, which is consistent with the conditions reported in Saumweber et al., 2003. The blowing ratio of the film cooling hole is controlled by specifying the mass flow at the coolant inlet. The working fluid under study is ideal air.
[image: Figure 1]FIGURE 1 | Geometry. (A) Numerical calculation geometry and (B) details of the fan-shaped hole.
The film cooling holes studied in this research are fan-shaped holes based on the construction method in Saumweber et al., 2003, as shown in Figure 1B. In the study, the total hole length is 3D. Under the condition of ensuring that the inlet and outlet of the film cooling hole remain unchanged, the ratio of the hole length of the film cooling hole is controlled by adjusting the position of the interface (b–b plane in the figure) between the cylindrical part and the fan-shaped part. To ensure that the overall layout of the air film holes is a cylindrical fan-shaped structure, and considering the hole inclination angle of 30°, the adjustment space of the interface is limited to at least 1D from the wall in the axial direction of the hole. That is, the b–b plane should be located between the e plane and the f plane in the axial direction of the hole. The cylindrical part length refers to the distance between the b–b plane and the e plane in the axial direction of the hole, while the total part length refers to the distance between the e plane and the f plane in the axial direction of the hole. A total of five cases with a C/L of 0, 0.25, 0.5, 0.75, and 1 were set up. The length of the cylinder part refers to its length in the axial direction of the hole and does not include the length of the restriction section. Even if the cylindrical part length/total length ratio reaches 1, the overall structure of the cylinder fan shape and the area ratio of the inlet and outlet remain unchanged. At the same time, to clarify the influence of different blowing ratios, five blowing ratios of 0.5, 1.0, 1.5, 2.0, and 2.5 are set.
The grids used in the calculation are structured grids generated by ANSYS ICEM CFD. To ensure that the value of y+ on the wall is near 1, a surface layer is provided on all the walls. The fluid domain mesh and details are shown in Figure 2A. The original fan-shaped hole is set with three grids of coarse, medium, and fine meshes, with 780,000, 3.27 million, and 5.26 million grids, respectively. The distribution of the spanwise average cooling efficiency in different grid numbers along the flow direction is shown in Figure 2B. The difference between the predicted values of the 3.27 million and 5.26 million grids is very small. The two lines representing 3.27 million and 5.26 million in the figure basically coincide. Therefore, the medium-scale grid was selected in the following research.
[image: Figure 2]FIGURE 2 | Grid and method information. (A) Computational grids, (B) grid independence, and (C) numerical verification.
The overall simulation analysis uses ANSYS Fluent software, the realizable k–e turbulence model to solve the Reynolds averaged Navier–Stokes equations, and selects the enhanced wall treatment to strengthen the simulation of the flow near the wall. The coupled solver is used to enhance the stability and convergence of the solution, and the normalized root mean square convergence criterion of the residuals is <1 F0B4 10−6. In order to verify that the turbulence model selection is reasonable and the simulation method is effective, four turbulence models of standard k–e, k–o, SST, and realizable k–e are selected, and their results are verified with the experimental results in Ref. SAUMWEBER, 2003. Figure 2C shows the distribution of the spanwise average cooling efficiency in different turbulence models along the flow direction. When the blowing ratio is 0.5, the predictions of the adiabatic efficiency of the SST and k–o models are too high, the predicted values of the standard k–e and realizable k–e models are almost the same, but the predicted value of the realizable k–e model is closer to the experimental value. When the blowing ratio is 1.5, the predictions of various models for the vicinity of the hole outlet region are relatively low, but the predicted value of the downstream region is only slightly different from the experimental value. On the whole, the numerical results using the realizable k–e model are the closest to the experimental results, so the realizable k–e model was selected in this study as Liu et al., 2015.
RESULTS AND DISCUSSION
According to Figure 3A, when the blowing ratio is small, the difference between different C/L cases is smaller, but as the C/L increases, the overall cooling efficiency decreases. As the blowing ratio increases, the difference between the various C/L cases increases. When the blowing ratio increases to 2, as the C/L increases, the overall average cooling efficiency does not simply decrease but first slightly increases and then decreases. According to Figure 3B, the two cases with C/L = 0 and 0.25 have similar trends with the blowing ratio. The overall average efficiency continues to rise when the blowing ratio increases from 0.5 to 2 and then decreases slightly when the blowing ratio is larger. For the case with C/L = 0.75, the overall average efficiency still increases first with the increase in the blowing ratio and decreases when the blowing ratio is >2, but the decrease is greater. As C/L = 1, the overall average efficiency first increases and then decreases as the blowing ratio increases, but the inflection point blowing ratio is smaller. The most special one is the case with a C/L of 0.5. In this case, the overall average efficiency continues to increase as the blowing ratio increases. When the blowing ratio is large, the overall average efficiency is higher than the overall average efficiency in the small C/L case.
[image: Figure 3]FIGURE 3 | Overall averaged efficiency. (A) Hole length ratio and (B) M.
Effect of M on the Flow Structure and Film Cooling Efficiency
Take the basic C/L of 0.5 as an example to study the influence of different blowing ratios on the flow structure and film cooling efficiency. As shown in Figure 4, under different blowing ratio conditions, the spanwise average cooling efficiency basically decreases along the flow direction. Near the outlet of the film cooling hole, the spanwise average cooling efficiency of different blowing ratios is relatively small, but the spanwise average cooling efficiency first increases and then decreases as the blowing ratio increases. For the area far away from the outlet of the film cooling hole, the M = 0.5 condition has the lowest spanwise average cooling efficiency at each flow direction position. As the blowing ratio increases, the spanwise average cooling efficiency at each flow direction position increases.
[image: Figure 4]FIGURE 4 | Spanwise average efficiency in C/L = 0.5 case.
As shown in Figure 5, when the blowing ratio is 0.5, there is a small area of high cooling efficiency at the outlet of the hole. In the downstream region, which is far away from the hole outlet, the cooling efficiency distribution degenerates to a unimodal distribution. When the blowing ratio increases to 1, the distribution of the high-efficiency zone at the hole outlet becomes a bimodal distribution, and this zone expands significantly in the flow direction. In the downstream region, the cooling efficiency also degrades to a unimodal distribution, but the cooling efficiency is higher than the cooling efficiency at the M = 0.5 condition in the same flow direction, consistent with the trend of cooling efficiency increase in each flow direction position as the blowing ratio increases from 0.5 to 1 in Figure 4. When the blowing ratio increases to 2, the distribution of cooling efficiency at the hole outlet is still bimodal, and the range is further expanded. In the downstream region, the cooling efficiency distribution does not degrade to a unimodal distribution but still maintains a bimodal distribution. However, even if the cooling efficiency distribution becomes a bimodal distribution, the high cooling efficiency area covers a wider area in both the flow direction and the spanwise direction than the M = 1.5 condition, indicating that the spanwise average cooling efficiency at the same flow direction is higher. When the blowing ratio is further increased to 2.5, the cooling efficiency distribution maintains a bimodal distribution, but the asymmetry becomes more obvious. In the downstream region, the cooling efficiency at the centerline decays faster along the flow direction compared to the M = 2 condition, and the green area with medium cooling efficiency appears closer to the upstream, so the cooling efficiency is lower.
[image: Figure 5]FIGURE 5 | Adiabatic cooling effectiveness contour in C/L = 0.5 case.
The details of cooling air flow field are shown in Figure 6. According to the 3D streamline and the streamline of d–d plane in the hole, it is found that the adhesion ability of cooling air becomes worse with the increase in blowing ratio. At the same time, the velocity contour on the streamline shows the velocity of cooling air increase. As shown in Figure 6C, when the blowing ratio is 0.5, there is a small area with a larger X-direction vorticity at Y = ± 1D. The vorticity directions on both sides of the centerline are opposite. The two-dimensional streamline of the 2D behind the hole plane also shows the existence of vortices here, which are a pair of kidney-shaped vortices with opposite turns. For the convenience of description, they are recorded as vortex pair A. When the blowing ratio increases to 1.5, the area with high X-direction vorticity expands in the tangential direction, and the streamline entrainment scale expands in the tangential direction, reflecting the increase in the strength of vortex pair A. At the same time, a new pair of high X-direction vorticity regions are seen to appear on the upper outside of vortex pair A, but according to the distribution of the streamlines on the tangent plane, this new pair of high X-direction vorticity regions can be judged to be only a strong shear region. When the blowing ratio continues to increase, the high X direction vorticity region corresponding to vortex pair A continues to expand, mainly in the tangential direction. When the blowing ratio expands to 2.5, the high flow vorticity region corresponding to vortex pair A shrinks in the spanwise direction, and the X-direction vorticity near the wall region in the center surface decreases. At the same time, according to the two-dimensional streamline, there is a pair of small vortices in the region of Y = ± 0.3D, but on the one hand, the entrainment range is small; on the other hand, the X-direction vorticity is low. This is a pair of vortices induced by antisymmetric vortex pair A, recorded as vortex pair B. The separation of vortex pair B from the wall makes the fluid movement direction near the center surface change from upward to downward, which means that vortex pair B entrains the mainstream hot air toward the wall, which reduces the overall cooling efficiency.
[image: Figure 6]FIGURE 6 | Details of cooling air in C/L = 0.5 case. (A) 3D streamlines of cooling air, (B) streamline and adiabatic cooling effectiveness contour at d–d plane, and (C) X-direction vorticity contour and streamline at X/D = 2 plane.
According to the X-direction vorticity contour on the spanwise plane at 30D behind the hole in Figure 7, compared to the M = 2 condition, the strength and range of vortex pair B in the M = 2.5 condition are larger, which makes the film cooling efficiency of the near centerline area in this working condition lower. However, when the blowing ratio is 2.5, vortex pair A not only has a larger range but also has a larger spanwise spacing. It corresponds to the downstream region in Figure 5; compared with M = 2, the two high cooling efficiency zones in the M = 2.5 condition have a larger width and a longer spanwise spacing. As a result, the film cooling efficiency here is higher.
[image: Figure 7]FIGURE 7 | X-direction vorticity contour at X/D = 30 plane in C/L = 0.5 case.
Effect of the Hole Length Ratio on the Flow Structure and Film Cooling Efficiency
When the blowing ratio is small, the overall average temperature difference of different C/L cases is small, but the flow field of cooling air in different C/L cases is quite different. The X-direction vorticity and streamline distribution on the spanwise plane at 2D behind the hole in the M = 0.5 condition are shown in Figure 8. When C/L is 0, there is a high X-direction vorticity area at Y = ± 1.2D, and the entrainment of the two-dimensional streamlines in the spanwise plane also shows that vortex pair A appears in this area. When C/L increases to 0.25, the high X-direction vorticity area at Y = ± 1.2D increases significantly, indicating that the strength and range of vortex pair A increase. At the same time, streamline entrainment is found at Y = ± 0.2D, but the entrainment range and flow direction vorticity are both small, indicating that vortex pair B exists in this area. When C/L is further increased, vortex pair A obviously converges to the center plane, especially when C/L increases to 0.5, and vortex pair A appears at Y = ± 0.9D. Vortex pair B, originally located in the center plane, basically disappears.
[image: Figure 8]FIGURE 8 | X-direction vorticity contour and streamline at X/D = 2 plane in M = 0.5 condition.
Due to the different strengths and positions of the vortex pairs in different C/L cases, the cooling efficiency distributions in different cases are also quite different, as shown in Figure 9. When the C/L is relatively small, the high-efficiency area near the hole outlet region and the medium-efficiency area (light green area) near 15D behind the hole region are both obvious bimodal modes. When the C/L increases to 0.5, a new high cooling efficiency region appears in the middle of the original spanwise-separated high-efficiency bimodal, and the whole presents a spanwise continuous distribution. The medium efficiency area near 15D behind the hole region also degenerates into a unimodal distribution due to the convergence of vortex pair A. When C/L is further increased to 1, the high cooling efficiency area near the hole outlet region also degenerates into a unimodal distribution, in line with the trend in Figure 8 that vortex pair A converges toward the center plane as C/L increases.
[image: Figure 9]FIGURE 9 | Adiabatic cooling effectiveness contour in M = 0.5 condition.
Under the M = 1.5 condition, the flow direction development of the spanwise average efficiency in different C/L cases is shown in Figure 10. On the whole, the spanwise average temperature of the three cases with C/L F0A3 0.5 has a small difference in each flow direction position, and the development trend along the flow direction is also consistent. When C/L is 0.75, the average spanwise efficiency first increases slightly and then decreases with increasing flow distance. The case with a C/L of 1 has the lowest average efficiency at each flow direction position, and the average efficiency drops rapidly from the hole outlet in the flow direction, then rises slightly, and then remains basically unchanged.
[image: Figure 10]FIGURE 10 | Spanwise average efficiency in M = 1.5 condition.
Specifically, when the blowing ratio is 1.5, the cooling efficiency contour for different C/L cases is shown in Figure 11. When C/L = 0, the high-efficiency area near the hole outlet region has an obvious bimodal mode, and the cooling efficiency still presents a bimodal distribution far from the hole outlet region. When the C/L ratio increases to 0.25, the cooling efficiency double peaks converge in the spanwise direction. Clearly, after 50D of the hole outlet, the original low efficiency area existing near the centerline in the C/L = 0 case disappears. However, at the same time, the cooling efficiency near Y = ± 3D is found to be lower than the cooling efficiency in the C/L = 0 case. When the C/L increases to 0.5, although the high-efficiency area near the hole outlet region still presents a bimodal distribution, the two high-efficiency peaks further converge. Especially in the area from the hole outlet to the 3D behind the hole, the two high-efficiency peaks converge into a continuous high cooling efficiency zone in the spanwise direction. In the downstream region, the cooling efficiency distribution degenerates to a unimodal distribution. When the C/L is further increased to 0.75, the overall cooling efficiency distribution is unimodal. The high cooling efficiency area near the hole outlet region covers only a small area close to the centerline in the spanwise direction and does not exist at the hole outlet in the flow direction. Overall, the distribution of high cooling efficiency area conforms to the trend in Figure 13 that the average efficiency increases at the outlet of the hole and then decreases downstream. When the C/L increases to 1, the high cooling efficiency area shrinks rapidly after the hole outlet. The area with an obvious cooling effect occupies only a width of approximately 2.5D in the spanwise direction, which is much smaller than other C/L cases. The width of this area is recovered after a slight contraction near 10D after the hole and is basically unchanged farther downstream, in line with the trend in Figure 10 that the average efficiency of the case is the lowest in all flow directions, and the average efficiency first drops rapidly, then rises slightly, and then remains basically unchanged.
[image: Figure 11]FIGURE 11 | Adiabatic cooling effectiveness contour in M = 1.5 condition.
Figure 12 shows the X-direction vorticity and streamline distribution on the spanwise plane at 2D behind the hole in the M = 1.5 condition. When C/L is 0, there is an area of high X-direction vorticity at Y = ± 1.4D, and the entrainment of the two-dimensional streamline in the spanwise plane also shows that vortex pair A appears here. At Y = ± 0.8D, which is closer to the center plane, a pair of high X-direction vorticity areas also appear at approximately 0.5D from the wall, accompanied by the entrainment of two-dimensional streamlines, which is vortex pair B. At the same time, the range of the high X-direction vorticity area and the scale of the streamline entrainment indicate that vortex pair B dominates more. When C/L increases to 0.25, the high X-direction vorticity region corresponding to vortex pair B is significantly reduced, and the streamline entrainment scale is also greatly reduced, indicating that the strength and range of vortex pair B is significantly reduced compared to the C/L = 0 case. This is the trend in the cooling efficiency contour, and the efficiency near the centerline of the case with a C/L of 0 is lower than the efficiency of the case with a C/L of 0.25.
[image: Figure 12]FIGURE 12 | X-direction vorticity contour and streamline at X/D = 2 plane in M = 1.5 condition.
When C/L increases to 0.5, vortex pair A converges to Y = ± 1D in the spanwise direction. The direction of the streamlines in the near-wall areas on both sides of the centerline is changed upwards, and the mainstream air here is not entrapped and blown toward the wall, as in the small C/L case. The convergence of vortex pair A and the change in flow direction near the centerline explain the difference in the cooling efficiency contour between this case and the small C/L case. With a further increase in C/L, vortex pair A further converges to the centerline so that the high cooling efficiency at the hole outlet is further reduced in the spanwise direction. The high X direction vorticity area of vortex pair A converges in the spanwise direction and expands to 0.5D in the tangential direction, reflecting the increase in the injection momentum of the cooling air. A new high X-direction vorticity area appears outside the high X direction vorticity area of vortex pair A, which is defined as area C. When C/L further increases to 1, vortex pair A further converges to Y = ± 0.6D in the spanwise direction, and the corresponding high X-direction vorticity area expands to 0.7D in the tangential direction. At the same time, the outer high X-direction vorticity area C also converges, and the range is slightly enlarged, indicating that the entrapment effect to the outer mainstream is further enhanced, and the cooling efficiency is greatly reduced.
When the blowing ratio is 2.5, the flow direction development of the spanwise average efficiency in different C/L cases is shown in Figure 13. On the whole, the difference in spanwise average efficiency between the two cases with C/L = 0 and 0.25 is smaller in each flow direction, and the development trend along the flow direction is also consistent. In the C/L = 0.5 case, the spanwise average efficiency first rises slightly and then decreases with increasing flow direction distance, but the decline is relatively gentle. In contrast, the spanwise efficiency at 10D behind the hole and downstream region exceeds the C/L = 0 and 0.25 cases. In the cases with C/L ratios of 0.75 and 1, the spanwise average efficiency dropped rapidly from the hole outlet along the flow direction and then rebounded slightly, but the overall average efficiency was lower than that in the other cases.
[image: Figure 13]FIGURE 13 | Spanwise average efficiency in M = 2.5 condition.
The cooling efficiency contours for different C/L cases at the M = 2.5 condition are shown in Figure 14. When C/L is 0, the cooling efficiency distribution near the hole outlet region and the downstream region are both obvious bimodal modes. When the C/L increases to 0.25, the high cooling efficiency area is still a bimodal distribution with a larger spacing, but the efficiency in the large spanwise width zone between the two cooling peaks in the downstream region is significantly reduced. Overall, cooling efficiency distribution conforms to the trend in Figure 13 that the spanwise averaged cooling efficiency of this case in the downstream region is slightly less than the spanwise averaged cooling efficiency of the C/L = 0 case. When C/L increases to 0.5, the bimodal high-efficiency area at the hole outlet converges into a spanwise continuous zone. In the region far away from the hole outlet, the two high cooling efficiency peaks are still discontinuous in the spanwise direction, but the spanwise separation between the two peaks is much smaller than the case with C/L ratios of 0 and 0.25. Therefore, the low cooling efficiency area between the two high cooling efficiency peaks is also smaller, which makes the spanwise average efficiency higher. When the C/L further increases to 0.75, the area with obvious cooling effect shrinks from the outlet in the spanwise direction and then slightly expands at 10D behind the hole, maintaining a unimodal distribution as a whole farther downstream and only occupying approximately 4D in the spanwise direction, conforming to the trend of average efficiency development along the flow direction in Figure 13. When C/L increases to 1, the high cooling efficiency area at the hole outlet is slightly expanded, but the area with an obvious cooling effect after 10D behind the hole is narrower in the spanwise direction, only occupying approximately 2.5D in the spanwise direction.
[image: Figure 14]FIGURE 14 | Adiabatic cooling effectiveness contour in M = 2.5 condition.
The X-direction vorticity and streamline distribution on the spanwise plane at 2D behind the hole in the M = 2.5 condition are shown in Figure 15. When C/L is 0, vortex pair A appears near the wall at Y = ± 1.6D. There is a vortex pair B at Y = ± 0.8D, which is farther from the wall. The range of the high X-direction vorticity area and the scale of the two-dimensional streamline entrainment indicate that vortex pair B dominates in this case. When C/L increases to 0.25, the high X-direction vorticity area corresponding to vortex pair B is found to be closer to the central plane, and the range is slightly expanded, just as shown in the cooling efficiency contour that the efficiency near the central plane is lower than C/L = 0 case. When C/L increases to 0.5, vortex pair A further converges to Y = ± 1D in the spanwise direction, while the scale of vortex pair B shrinks and is farther away from the wall. On the whole, conforming to the trend in the cooling efficiency contour, the two high cooling efficiency peaks converge into a spanwise continuous high cooling efficiency area. As C/L increases to 0.75, vortex pair A converges near the center plane, thereby changing the flow direction at the center plane so that the mainstream here will not be entrained to the wall. The expansion of the high X-direction vorticity area and the increase in the entrainment area of the streamline indicate that the range and strength of vortex pair A have been further increased so that its entrapment effect on the outer mainstream is also further increased so that the cooling efficiency of the outer region is reduced. When C/L increases to 1, the vortex at area C also further increases, which, in contrast, makes the entrainment range of vortex pair A mainstream decrease, which is in line with the trend of increasing cooling efficiency at this flow position.
[image: Figure 15]FIGURE 15 | X-direction vorticity contour and streamline at X/D = 2 plane in M = 2.5 condition.
CONCLUSION
The effect of different hole length ratios on cooling efficiency under different blowing ratios was studied by numerical methods. The following were observed.
1) As the blowing ratio increased from small (blow ratio = 0.5) to medium (blow ratio = 1.5), the overall average efficiency of most cylindrical part length/total length ratio cases increased; only in the case with a cylindrical part length/total length ratio of 1 did the overall average efficiency first increase and then decrease. When the blowing ratio was further increased to a larger condition (blow ratio = 2.5), the overall average efficiency continued to increase in only the case with a cylindrical part length/total length ratio of 0.5.
2) When the blowing ratio was small, the spanwise average efficiency of each cylindrical part length/total length ratio case was closer, but the flow structure and efficiency distribution were quite different. As the cylindrical part length/total length ratio increased, the antisymmetric kidney-shaped vortices converged toward the center plane, and the two high cooling efficiency regions at the hole outlet also converged toward the center plane. When the cylindrical part length/total length ratio reached 0.75, the kidney-shaped vortex pair basically converged to the center surface, and the high cooling efficiency area also degenerated into a unimodal distribution;
3) For the medium blowing ratio, the overall average efficiency of the small cylindrical part length/total length ratio case was higher, and the cooling efficiency decreased as the cylindrical part length/total length ratio increased. As the cylindrical part length/total length ratio increased to 0.5, the bimodal distribution separated in the spanwise direction near the hole outlet converged into a continuous bimodal distribution in the spanwise direction. When the cylindrical part length/total length ratio was further increased to 1, the cooling efficiency region basically converges into a spanwise narrow region;
4) For larger blowing ratio conditions, near the hole outlet region, the cooling efficiency of the small cylindrical part length/total length ratio case was higher. As the cylindrical part length/total length ratio increased, the efficiency decreased. When the cylindrical part length/total length ratio increased to 0.75, the cooling efficiency region basically converged into a spanwise narrow region. However, when the cylindrical part length/total length ratio increased to 1, the entrainment of the kidney-shaped vortex to the outer mainstream was restricted, and the average efficiency of the expansion rebounded slightly. After 10D after the hole outlet, the case with a cylindrical part length/total length of 0.5 is more efficient.
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