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This study focuses on the effects of three groove tip structures (full rib groove tip, partial rib tip on the suction side, and partial rib tip on the pressure side) on tip leakage flow, aerodynamic characteristics of a cascade, and heat transfer in a gas turbine blade. The groove’s width B = 1.6 mm, while the tip clearance is τ = 1.2 mm. Results of the flow parameters, fluid flow, and heat transfer in the recessed channel are discussed. The results show that all ribbed tips obtain more uniform outlet flow angle distribution and higher aerodynamic performance than the plane tips. The total aerodynamic pressure loss of the ribbed tips on the pressure side is the same as that of complete ribbed tips. The evolution mechanisms are different, although both can improve the turbine efficiency. Although the partial rib tip on the pressure side weakens the mixing of the channel vortex and leakage vortex near the trailing edge and has the best control effect on the leakage vortex, the lack of the suction side rib will make it easier for the low-energy fluid to flow into the gap from the front of the suction side, which is not conducive to reducing the leakage flow inside the gap; the full rib tip not only minimizes the tip relative leakage flow and leakage loss but also increases the channel vortex loss. With the complex vortex system in the groove and the rib blocking effect at the leakage outlet, the suction-side rib tip becomes the tip structure with the best leakage flow control effect under the same clearance, but the leakage vortex loss is the highest.
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INTRODUCTION
The gas turbine has the advantages of compact structure, large thrust weight ratio, rapid start-up regulation, and low carbon emission, and it is widely used in aviation propulsion, gas power generation, ship power, distributed energy supply, and other fields.
As a rotating part, as shown in Figure 1, in order to avoid friction between the rotating blade and the casing, a clearance of 1%–2% blade height is generally retained between them, which is called tip clearance. The tip gap between the high-speed spinning rotor and the stationary casing inevitably results in the leakage of high-temperature gas. The blade tip clearance of the turbine is bound to make the blade tip completely exposed to high-temperature gas, resulting in blade tip oxidation and ablation, increasing the turbine energy loss and shortening the service life of the blade. Bunker R S (Bunker, 2001; Bunker, 2006) research shows that the larger the clearance, the greater is the stage efficiency and performance loss. Compared with large engines, the smaller the blade height of small engines, the greater is the proportion of moving blade tip clearance in radial blade height, and the more sensitive are the efficiency and temperature to the change of clearance.
[image: Figure 1]FIGURE 1 | Rotor blade groove tip clearance.
Researchers at home and abroad have carried out a lot of research work on the aerodynamic and heat transfer characteristics of high-pressure turbine blade tips. Predecessors have studied the flow and heat transfer mechanism of the aforementioned different types of tip structures. Heyse et al. (Nyland et al., 1971) compared two kinds of shoulder wall tips: the shoulder wall tip with a single pressure surface rib and the shoulder wall tip with a single suction surface rib. The shoulder wall tip with the rib on the suction surface has an obvious effect of reducing leakage loss than the plane tip. Nho et al. (2012) studied the leakage flow of the double-cogged tip structure and plane tip structure, and the results showed that the losses of the double-cogged tip structure were smaller than those of the plane tip structure. Wang et al. (2015) carried out two-dimensional cascade experiments to study the internal flow field of the shrouded tip. The deflection angle of the leakage flow is very small, while the deflection of the mainstream is large after the outflow. It is verified that there is a mixing loss between the leakage fluid of the shrouded structure and the high-temperature mainstream.
The geometry of the rib will shift the flow vortex system in the groove in the tip area and affect the aerodynamic situation of the cascade. Both active and passive measures, including modifications to gap height or tip geometry type, and tip air cooling (Metzger et al., 1989; Teng et al., 2001; Azad et al., 2002; Ahn et al., 2005; Bunker, 2005; Key and Arts, 2006), have been considered and investigated by researchers to account for the tough aerothermal conditions on the blade tips. Lee and Choi (Lee and Choi, 2010a; Lee and Choi, 2010b) studied the influence of clearance on the aerodynamic losses between flat and squealer tip blades. The results revealed that the cavity squealer tip was beneficial to reduce the leakage flow from the leading edge to the mid-chord region of the blade compared to the plane tip blade. In addition, the tip leakage loss increased with increasing clearance, but the passage vortex loss did not change significantly in a cavity squealer tip blade. Metzger (Wheeler et al., 2011) researched the heat transfer characteristics of blade tip clearance of static grooves under different Reynolds numbers and aspect ratios through an experimental method. The deeper the groove, the smaller is the heat transfer coefficient. Park et al. (2015) analyzed the influence of the number of grooves on the heat transfer and flow of the blade tip structure. The research shows that increasing the number of grooves is beneficial to weakening the total pressure loss coefficient, and adding transverse ribs is beneficial to reducing the heat transfer coefficient of the leading edge. Tallman (2004) studied the rib tip before and after improvement by numerical simulation. The results indicate that pressure edge rounding will increase the leakage flow, while suction edge rounding will undermine the leakage vortex. The improved method of the grooved blade tip proposed by Mischo et al. (2011) can greatly lower the reflux intensity in front of the groove and improve the loss in the gap and the heat transfer characteristics of the blade tip.
In the process of studying the corresponding leakage flow mechanism of the tip structure and vortex evolution, predecessors are also exploring the factors that have a great impact on blade performance. Heyes et al. (1992) experimentally investigated the tip leakage performance of a linear cascade with various tip geometries, including plain tips and pressure-side (PS) and suction-side (SS) squealer tips. The results showed that the squealer tip, especially the suction-side form, helped control the leakage flow and leakage loss. Key and Arts (2006), respectively, studied the leakage flow of the plane tip structure and grooved tip structure at high speed. The results show that slight backflow occurs in the groove. The grooved blade tip has a stronger weakening effect on the tip leakage vortex than the plane blade tip and causes the secondary flow of the channel to deflect to the blade tip, which can further reduce the total pressure loss at the outlet. Lee et al. (2009) measured the internal flow field and total pressure loss of different rib heights at the groove tip under different clearance dimensions and the same tip clearance. In the case of the same gap size, the higher the rib height, the smaller the total loss, the closer the rib height, and the higher the efficiency. Bunker et al. (Azad et al., 2000) studied the change of heat transfer at the rib tip after changing the rib height under the plane cascade. In 2000, Azad et al. (Newton et al., 2006) conducted experiments on the surface heat transfer characteristics of the GE-E3 grooved blade tip. Newton (Kang and Lee, 2016) and Krishnababu et al. (Virdi et al., 2015) compared the heat transfer and flow characteristics of the plane blade tip, partial rib blade tip on the single suction side, and full rib blade tip. The leakage flow of the grooved blade tip is lower than that of the plane blade tip, the strength of the leakage vortex is weaker, the heat transfer coefficient is lower, and the rib on the suction side will enhance the leakage flow.
Computational models
The physical model and mesh detail are presented in Figure 2. The blade prototype is LISA 1.5 with high power and a low aspect ratio first stage rotor blade of the turbine. Considering blade distortion, a three-dimensional blade is formed. The LISA 1.5 axial turbine in the turbomachinery Laboratory of the Federal University of Technology in Zurich was obtained by Dr. Behr (Yamamoto et al., 1995) after improving the original Lisa stage 2 turbine. His study records the complete blade geometry and experimental data in detail. The specific geometric parameters at different sections are shown in Table 1. The structural diagram of the three grooved blade tops used in this study is displayed in Figure 3.
[image: Figure 2]FIGURE 2 | Physical model and mesh detail. (A) Rotor blade geometry line. (B) Blade tip rib mesh detail enlarged.
TABLE 1 | Geometric parameters of different sections of the model.
[image: Table 1][image: Figure 3]FIGURE 3 | Structural diagram of the blade top without the cold air groove. (A) Full rib groove tip structure. (B) Pressure-side partial rib groove blade tip structure. (C) Suction-side partial rib groove blade tip structure.
NUMERICAL ANALYSIS
Boundary conditions
The boundary conditions for simulation calculation are given in Table 2, and the turbulence model selected the SST k-ω, which added γ-θ transition. We used ideal gas in the calculation. The length of the inlet segment is 1.5 times the string length, and the length of the outlet segment is 2.5 times the string length. In the Boundary conditions part, we have shown the relevant boundary condition. Except for the inlet and outlet, the surface of the blade, hub, and casing are assigned the properties of insulation, no-slip, and smooth wall, respectively. The “Stage” treatment is adopted for the turn-to-static interface.
TABLE 2 | LISA 1.5 calculation boundary conditions of the turbine blade.
[image: Table 2]Mesh generation
Wall-resolved RANS grids with y+<1.2 were applied to the blade wall and casing surfaces (Wang et al., 2018). The grid thickness on the solid wall of the blade of the first layer is 1.0[image: image]10−5 m, and the number of boundary layers is 15.
Numerical calculation and validation
In this study, the efforts to verify the accuracy of the CFX simulations are conducted. The RMS residuals of the monitored equations (continuity, momentum, and energy) reach the −4th, −5th, and −7th powers of 10, respectively. The geometry used for aerodynamic numerical verification is LISA 1.5. The straight blades formed by stretching the blade tip profile of the high-pressure turbine form three rows of a fan-shaped cascade, and the clearance height is set to 0.68 mm. The total pressure coefficient distributed along the spines at the outlet section of each blade row is compared with the experiment of Behr in 1995. It is found that the calculation results of the three turbulence models used in the simulation are in line with the experimental trend. However, as shown in Figure 4, the k-ε and k-ω models underpredicted the results, the distribution trend, and range of the k-ω SST model with γ-θ transition are in good agreement.
[image: Figure 4]FIGURE 4 | Comparison of numerical results with experimental data on the total pressure loss coefficient at the outlet (Behr T.,1995). (A) Stator 1 Exit. (B) Stator 2 Exit.
The model used for heat transfer numerical verification is a linear turbine cascade with film cooling. The straight blade was obtained by stretching the blade tip profile of the first stage rotor blade of the GE-E3 turbine and scaling up. The geometric parameters of the calculation model are shown in table 3. The gap height is fixed to τ/H = 1%, and the length of inlet and outlet sections are 1.5 times and 2.5 times the chord length, respectively. It includes 13 cooling holes, the diameter D of which is 1.29 mm. Figure 5 shows the proven tip for verification of heat transfer characteristics, Figure 5B, a schematic diagram of the blade tip hole, and the distance between the middle arc film holes is shown in 5D. Ignoring the influence of compressibility on heat transfer performance, the heat transfer coefficient h and cooling efficiency at the top of the blade tip rib and the bottom of the groove are calculated and are compared with the plane tip test measured by Kwak under subsonic conditions. In Figure 6, all turbulence models overestimate the h value on the tip surface, especially at the top of the groove rib and near the trailing edge, the predicted results of the k-ε model have the biggest gap with the experimental results, and the range of z1 with high leading edge h is the largest; the high position z3 of the SST turbulence model h is close to the middle of the blade, and the range is the smallest, which is closest to the experimental value. Thus, the k-ωSST model is considered decently acceptable.
TABLE 3 | Geometric parameters of the blade tip of the cooling film hole groove.
[image: Table 3][image: Figure 5]FIGURE 5 | Grooved tip for verification of heat transfer characteristics (Nyland T W, Englund D R, Anderson R C,1971). (A) Tip grid with air conditioning grooves. (B) Schematic diagram of the blade tip hole.
[image: Figure 6]FIGURE 6 | Thermodynamic verification: (A–D) h and (E–H) η comparison of the tip.
Solution method
Steady-state incompressible inviscid fluid flow is controlled by the following equation (Liu et al., 2021):
[image: image]
Continuity equation
Momentum equation
[image: image]
The energy equation for fluid is as follows:
[image: image]
The numerical simulation for the fluid flow and heat transfer for the tip leakage flow were conducted with the commercial solver ANSYS-CFX (2019 R2). All predicted quantities were at a steady state. The minimum convergence criterion for the continuity equation is 1e–6.
Data reduction
The total pressure loss coefficient is defined as follows:
[image: image]
where [image: image] is the total inlet pressure, [image: image] is the local total pressure, and [image: image] is the average outlet static pressure.
The static pressure coefficient is defined as follows:
[image: image]
where [image: image] is the total inlet pressure,p is the local static pressure, and [image: image] is the outlet static pressure.
The energy loss coefficient of the cascade with cooling air is defined as follows:
[image: image]
where [image: image] is the gas flow at the cascade inlet, [image: image] is the total cooling airflow, [image: image] is the average gas flow rate at the outlet, [image: image]is the available energy of the main airflow, and [image: image]is the cooling gas available energy.
[image: image] and [image: image] are calculated according to the parameters in front of the cascade and the average static pressure behind the cascade:
[image: image]
[image: image]
where [image: image] is the total pressure-specific heat capacity of the imported gas, [image: image] is the total gas temperature at the cascade inlet, [image: image] is the outlet static pressure, [image: image] is the total inlet gas pressure, [image: image] is the entropy index of imported gas, [image: image] is the total pressure-specific heat capacity of cascade cooling air, [image: image] is the total temperature of the cascade cooling air, [image: image] is the total cold air pressure at the film hole inlet, and [image: image] is the total cold air pressure at the film hole inlet.
The heat transfer coefficient h is defined (Du et al., 2021a) as follows:
[image: image]
where q is the heat flux. [image: image] and [image: image] are considered as the temperature of the isothermal wall and incoming flow, respectively.
The adiabatic film cooling efficiency (Du et al., 2021b) is defined as follows:
[image: image]
where [image: image] is the cold air temperature at the inlet. [image: image] and [image: image] are considered as the temperature of the isothermal wall and incoming flow, respectively.
RESULTS AND DISCUSSION
Aerodynamic performance analysis
Figure 7 shows the flow line and end wall static pressure distribution in the middle section of blade tip clearance. The end wall static pressure program shows that the pressure gradient on the pressure side of the plane tip is larger than that of the ribbed tip, indicating that the speed of leakage flow entering the plane tip clearance is large. Because of the blocking effect of ribs, the ribbed tip forms a low-pressure area on the suction side of greater than 75% axial position. In the ribbed tip structure, the low-pressure area of the pressure-side rib tip is relatively large and distributed at the trailing edge, indicating that the tail pressure gradient and leakage flow turning angle are the largest. The pressure distribution at the full rib tip is relatively uniform. As shown in Figure 7, the flow line in the middle section of the gap shows that the blade tip flow is divided into three flow zones, the leakage flow zone, channel flow zone, and buffer zone, with three flow boundaries: attachment line RL, leakage flow off-line LSL, and channel flow off-line PSL. As shown in Figures 7B, the full rib and in Figures 7C the single pressure-side rib tip, the low-speed fluid in the cascade channel area rushes into the gap and mixes with the leakage flow, resulting in the separation of the leading edge of the blade tip. The LSL is close to the suction side, which shows that the two tips can improve the leakage flow, and the control effect on the pressure rib tip is better. The LSL position of the suction rib tip is the most forward and farthest from the suction side, indicating that the air mixing is the strongest, and the range of leakage vortex is the largest.
[image: Figure 7]FIGURE 7 | Flow line and end wall static pressure distribution in the middle section of blade tip clearance. (A) Plane tip. (B) Full rib tip. (C) Pressure-side rib tip. (D) Suction-side rib tip.
Consequently, based on the aforementioned analysis, the following conclusions can be drawn.
(1) Compared with the flat blade tip, the full rib tip and pressure-side rib tip have a better ability to weaken the leakage vortex;
(2) The pressure-side rib tip has the best control effect on the leakage vortex;
(3) The suction-side rib tip is not conducive to the control of the leakage vortex.
As shown in Figure 7, in order to deeply analyze the tip leakage flow, sections “A” and “B” parallel to the direction of the tip leakage flow streamline.
The total pressure loss distribution diagram can reflect the flow state of leakage flow in the blade tip complete clearance space and straight cascade channel. Figure 8 is the total pressure loss distribution cloud diagram of section “A” and section “B”.
[image: Figure 8]FIGURE 8 | Total pressure loss distribution cloud diagram of section “A" and section “B". (A) Plane tip. (B) Full rib tip., (C) Pressure-side rib tip. (D) Suction-side rib tip.
The rib structure will make the leakage vortex size broader and the leakage vortex core lower. As shown in Figure 8B, part of the leakage flow forms a vortex system in the groove, the mixing intensity between the leakage flow and the main flow decreases, and the size of the leakage vortex decreases. As shown in Figure 8C, when the airflow strikes the end wall, it is hindered by the rib on the pressure side to slow down, and a small separation bubble is formed above the rib. The leakage vortex is attached to the rib surface again, the blade tip intrusion flow makes the leakage flow unable to reach the suction side, and the gap leakage flow flows out directly from the suction side without ribs. As shown in Figure 8D, the lack of ribs on the pressure side makes the airflow enter the groove at a high speed, and the ribs on the suction side reduce the leakage flow speed, resulting in a large leakage vortex loss at the gap outlet.
Figure 8 is the total pressure loss distribution cloud diagram of the section “B”. The size and loss of the leakage vortex are higher than those in section “A”, indicating that the leakage vortex is gradually developed along the flow direction. The position of the vortex core at the ribbed blade tip rises upward, and the leakage vortex is attached to the suction-side surface.
Consequently, based on the aforementioned analysis, the following conclusions can be drawn.
(4) Under the same tip clearance dimensions, the ribbed blade tip effectively reduces the leakage loss;
(5) The pressure-side rib tip has a better control effect on the gap leakage flow.
Figure 9 shows the total pressure distribution cloud diagram at the outlet of the cascade. Generally, the higher the total pressure at the outlet, the lower the loss is. Under the same clearance, the high-pressure area of the full rib tip and pressure-side rib tip is larger, indicating that their loss is lower than that of the suction-side rib tip.
[image: Figure 9]FIGURE 9 | Total pressure distribution cloud diagram at the outlet. (A) Plane tip. (B) Full rib tip. (C) Pressure-side rib tip. (D) Suction-side rib tip.
Flow field analysis
Figure 10 shows the streamlined distribution of section “A” and section “B”, which intuitively shows the leakage flow in the cascade and the evolution of the internal vortex system.
[image: Figure 10]FIGURE 10 | Streamline distribution of sections “A" and “B". (A) Full rib tip. (B) Pressure-side rib tip. (C) Suction-side rib tip.
As shown in Figures 10A, there is a slight backflow in the groove, resulting in the upward lifting of the fluid at the outlet of the gap. The leakage flow forms a leakage vortex outside the rib on the suction side. Along the flow direction, the intensity of the vortex in the groove from a to B weakens, and most of the leakage flow directly passes through the gap on the suction side. As shown in Figures 10B, the stagnation effect of pressure-side ribs reduces the fluid flow rate entering the blade tip clearance. Part of the leakage flow enters the groove cavity in the form of a wall jet to form a relatively developed vortex system. The mixing process of the tip intrusion flow and pressure-side leakage flow at A is intensive, resulting in the leakage flow being unable to reach the suction side. The situation at tail edge B is similar to that of the full rib blade tip, the flow perpendicular to the bottom of the groove appears on the suction side, the strength of the leakage vortex outside the suction side is weakened, and the vortex core position is the lowest. As shown in Figure 10C, the loss of ribs on the pressure side leads to large flow velocity, but the vortex system in the groove is underdeveloped, and a miniature vortex is formed at the junction of the suction-side rib and the bottom of the groove. The strength of the leakage vortex outside the suction side is much stronger than that of the other two blade tips because part of the fluid impacts the suction-side rib, and the vortex core position is closer to the suction-side wall.
Aerodynamic loss evaluation
As aerodynamic losses affect aero-engine performance and efficiency, this section discusses the influence of groove tip structures and leakage flow rates on these losses. The total pressure loss coefficient is defined as follows:
[image: image]
where [image: image] is the total inlet pressure, [image: image] is the local total pressure, and [image: image] is the average outlet static pressure.
According to the aforementioned analysis, under the same tip clearance, the non-cooled ribbed tip structure will not only affect the leakage flow but also cause changes in the leakage vortex and channel vortex. Table 4 shows the effects of different tip structures on aerodynamic parameters such as total loss and relative leakage flow of the cascade.
TABLE 4 | Outlet aerodynamic parameters of different non-cooled tip structures.
[image: Table 4]It can be seen from the aforementioned table that under the same clearance conditions, the loss of the structure after adding ribs to the blade tip is smaller than that of the plane blade tip, and the total pressure loss at the outlet of the rib tip on the pressure side is the smallest, about 0.144804. The total aerodynamic pressure loss of the rib tip on the pressure side is basically the same as that of the full rib tip, which is considerably lower than that of the rib on the suction side, and the maximum tip loss is 0.147401.
In terms of relative leakage flow, adding ribs to the plane blade tip will form an air seal on the gap, but the rib blade tip on the pressure side is not conducive to reducing the leakage flow. The leakage flow in the gap is the highest, about 18.4% more than that of the plane blade tip; although the full rib groove tip has a control effect on the leakage flow, it is not as obvious as the rib tip on the suction side. As described earlier, the rib tip on the suction side becomes the tip structure with the best control effect on the leakage flow under the same clearance by virtue of the complex vortex system in the groove and the rib blocking effect at the leakage outlet, and the relative leakage flow is about 0.004066 kg/s, about 51.1% less leakage than the flat blade tip.
Figure 11 shows the distribution of the total pressure loss coefficient along the blade height after the pitch averaging algorithm at the outlet of the aforementioned four-ribbed blade tip structures. As shown in Figure 10, the high loss area of 0.94–0.98H is dominated by the leakage vortex, and the high loss area of 0.82–0.90H is dominated by the channel vortex; the three kinds of ribbed groove tips reduce the loss around 0.95H blade height and increase the loss near 0.84H blade height, which shows that the addition of ribs at the plane tip can inhibit the tip leakage vortex but promote the development of the channel vortex. Among the three kinds of ribbed tips, the loss value of the whole rib tip is the largest at the blade height of 0.84H, and the loss of the rib groove tip on the pressure side is the smallest near the blade height of 0.95H, which indicates that the rib groove tip on the pressure side has the strongest weakening effect on the tip leakage vortex and also has a certain weakening effect on the channel vortex.
[image: Figure 11]FIGURE 11 | Average total pressure loss coefficient of pitch is distributed along the blade height.
To sum up, under the same clearance condition, the loss of all ribbed groove tips is smaller than that of plane tips, the total pressure loss at the outlet of rib tips on the pressure side is the smallest, but the leakage flow in the clearance is the highest, and the tip loss of ribs on the suction side is the highest, which has the best effect on leakage flow control.
CONCLUSION
This study compares the plane tip, full rib groove tip, pressure-side rib tip, and suction-side rib tip under the condition of no cold air injection in the same tip clearance, explores the development and evolution process of secondary flow in the tip area, and analyzes the influence of the tip structure on leakage flow and cascade aerodynamic characteristics. The main conclusions are summarized as follows:
(1) Under the same clearance size, all ribbed tips can obtain stronger aerodynamic performance than plane trips. The full rib tip is beneficial to control the relative leakage flow and leakage vortex loss, but the increase in channel vortex loss makes the total pressure loss slightly higher than the pressure-side rib tip.
(2) The pressure-side rib tip has the best control effect on the leakage vortex and the lowest aerodynamic total pressure loss, but it is not conducive to reducing the clearance leakage flow. The suction-side rib tip has the least leakage flow, but the largest leakage vortex loss.
(3) For the internal flow field of the ribbed blade tip, the vortex intensity in the groove decreases along the flow direction, and the vortex intensity of the leakage vortex increases along the flow direction. There is backflow in the groove of the full rib tip, and most of the leakage flow forms a leakage vortex (TLV) directly at the outlet of the suction side.
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