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ABSTRACT 

In the tip gap between a blade and the casing, there are many highly three-dimensional and complex flow structures, 

which leads to significantly reduce the aerodynamic performance of a turbine. And the interaction between the tip leakage 

flow and the main passage flow is a substantial source of aerodynamic loss. In order to minimize the flow loss caused by 

the tip clearance leakage flow to the high-pressure turbine blades, the first-stage rotor of the GE-E3 high-pressure turbine 

introduced a groove structure and optimized the design parameters. Firstly, the control effect of the groove structure is 

proved.Then the influence of the design parameter of groove depth on the control effect is studied. Finally, based on the 

uniform design method, the flow control effect of the groove structure with different design parameter combinations is 

numerically simulated to obtain the optimal design plan for controlling the tip clearance leakage flow. The results show 

that there is an optimal groove depth value; the total pressure loss coefficient at the 110% axial chord length is reduced by 

9.84%, and the rotor blade efficiency is increased by 0.323%. The obstructive effect of the groove structure causes the 

airflow to separate after passing through the pressure surface to form a return zone, which hinders the leakage flow and 

reduces the leakage loss. 

INTRODUCTION 

The tip clearance leakage flow is one of the most common and influential flow phenomena in the impeller mechanical 

rotor. When the leakage flow flows out of the suction surface, it interacts with the main flow of the channel to form a 

leakage vortex along the corners of the suction surface of the blade. Leakage vortices can block the main flow of the 

channel, cause downstream instability, increase the complexity of blade heat exchange, and increase aerodynamic losses. 

More than 1/3 of the loss in the turbine is caused by the tip clearance leakage flow. Reducing losses and improving 

efficiency have always been important issues that must be solved by the main power plant turbine components. Therefore, 

research on the use of corresponding control measures to reduce clearance leakage and flow loss has always been a hot and 

difficult point in the study of turbine tip clearance. 

Many scholars have done more research on the passive control method of the tip leakage flow. In the research on the 

ribbed tip structure, the tip pressure side ribs, mid-curved ribs, suction side ribs and grooved tip structures have become 

the main research objects. Camci et al. [1] experimentally studied the aerodynamic characteristics of the blade tip full 

circumference and local ribs, and found that the aerodynamic performance of the tip suction side ribs is better than the tip 

pressure side ribs, which can effectively reduce the turbine tip leakage flow. Total outlet pressure loss. Prakash et al. [2] 

proposed an improved pressure-side inclined rib on the basis of the traditional grooved tip, which can separate the tip 

leakage flow, thereby reducing the tip leakage loss and improving the turbine efficiency. Mischo et al. [3] improved the 

traditional fluted tip and obtained better aerodynamic performance. Krishnababu et al. [4] numerically studied the aero-
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thermal performance of flat tip, grooved tip and suction side rib tip, and found that the grooved tip structure can better 

reduce the tip leakage loss. Li Wei et al. [5][6][7] studied in detail the effect of ribs on the tip surface on the tip leakage 

flow field and turbine efficiency, and showed that there is an optimal rib height to improve turbine efficiency, and a small 

rib width can enhance the obstructive effect on leakage flow, so that the turbine efficiency increases. Krishnababu et al. 

[8][9] found based on the numerical calculation results that the leakage flow obstruction effect of the groove decreases 

with the increase of the shrinkage coefficient, and the result is consistent with the predicted value of the two-dimensional 

model. At the same time, the relative movement of the casing helps to reduce the pressure gradient on both sides of the 

gap, reduce the gap leakage flow and improve the heat transfer condition of the blade tip. Silva et al. [10] used numerical 

methods to analyze the influence of the depth of the cavity in the high-pressure turbine on the turbine efficiency and heat 

transfer conditions. Lomakin et al. [11] studied the effect of different groove types on the efficiency of the turbine stage, 

and pointed out that the sealing effect of the groove tip on the clearance leakage is related to the thickness of the blade. 

Jung et al. [12] used numerical methods to explore the aerodynamic loss mechanism of high-pressure turbines. 

Uniform design method is an experimental design method that only considers the uniform distribution of test points 

within the experimental range. It was first proposed jointly by Professor Fang Kaitai [13] and mathematician Wang Yuan 

in 1978. Compared with orthogonal design method, it has the advantages of comprehensive, balanced and fewer tests. For 

this reason, this paper introduces the uniform design method into the parameterized optimization design of flow control 

method. 

METHODOLOGY 

In the traditional double-ribbed cavity structure, the rib is a natural extension of the blade profile in the radial direction 

of the blade tip to ensure that the gap between the top of the rib and the casing is consistent with the original blade shape. 

From another perspective, it can also be understood as slotting downwards on the basis of the original flat-top blade, so 

that the original blade top forms a cavity. The traditional groove structure mainly studies the influence of groove depth, 

position, rib thickness and tip clearance height, while the new idea can study the influence of groove structure shape based 

on blade profile on the flow condition.This article will start from this direction, introduce the groove structure to the first 

stage rotor of the GE-E3 high-pressure turbine and optimize the design parameters. Firstly, the control effect of the groove 

structure is proved.Then the influence of the design parameter of groove depth on the control effect is studied.Finally, 

based on the uniform design method, the flow control effect of the groove structure with different design parameters was 

numerically simulated, so as to obtain the optimal design scheme to control tip clearance leakage flow. 

RESEARCH OBJECT AND NUMERICAL METHOD 

Research object 

In this paper, the first-stage rotor blade of GE-E3 high-pressure turbine is selected as the research object. In order to 

ensure that the flow conditions at the rotor inlet are consistent with the actual situation, the first-stage stator and rotor are 

adopted in the calculation. The chord length of the rotor blade is 38.2mm, the axial chord length is 28.7mm, the blade 

height is 41.46mm, and the tip clearance is 1% of the blade height. For detailed blade parameters, see reference [14]. 

Definition of groove structure parameters 

Define the groove structure parameters, where the groove depth is H, A is the distance between the groove and the 

leading edge of the blade, B is the width of the leading edge of it, C is the distance between the groove and the trailing 

edge of the blade, and D is the width of the trailing edge of it. After determining the basic position of the groove structure, 

topology is performed according to the blade profile. As shown in Figure 1. 

             

Figure 1 Schematic diagram of groove structure and main parameters 
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Calculating grid and boundary condition setting 

Figure 2 shows the grid distribution of the calculation area. Numeca AutoGrid5 is used to divide the grids. O4H grid 

topology is used in the blade channel, and encryption is carried out near the wall to ensure the Y + requirements. The final 

mesh number is 1.44 million. Among them, the number of stator grids is 0.52 million, and the number of rotor grids is 0.92 

million. The blade tip groove structure is constructed by the Cooling module in AutoGrid5, and the mesh is divided. Finally, 

it is stitched together with the original blade mesh. 

         

Figure 2 Grid diagram of computing domain 

The numerical calculation in this paper is completed with ANSYS CFX fluid solver. Ideal gas was selected as the 

working medium, SST model was selected as the turbulence model, and steady calculation was adopted. The required 

boundary conditions are all given in the absolute coordinate system, where the total inlet temperature at the given inlet is 

1588K and the total pressure at the given inlet is 1258.4kPa, and the outlet back pressure (design state) is given at 500kPa 

for calculation.The casing wall, hub wall and blade surface are all set with non-slip adiabatic smooth solid wall. In addition, 

the hub wall connected with the rotor blades and the blades are set to rotate, and the rest are all set as stationary solid walls. 

Since this paper only studies the flow in the tip clearance of moving blades, the frozen rotor method is used at the interface 

between the rotor and the static state. 

Numerical method verification 

In order to verify the reliability of the numerical simulation calculation, the calculation is checked by the experimental 

data in literature [14]. Table 1 shows the comparison between the calculated results of the first-stage rotor blade outlet and 

the experimental values. It can be seen from the table that, compared with the experimental value, the relative error of each 

parameter of the numerical calculation result is less than 3%. Generally speaking, each parameter is in good agreement 

with the experimental value. In addition, the numerical simulation calculation in this paper does not consider the influence 

of blade cooling in the experiment, which shows that the numerical method in this paper is reliable. 

Table 1 Comparison of calculation results and experimental values of the first stage rotor blade outlet 
of E3 high pressure turbine 

 Experiment CFD Relative error 

Pressure ratio 2.25 2.202 2.1% 

Stage exit Mach 

number 

0.34 0.337 0.8% 

Stage outlet flow 

Angle 

16.0 15.55 2.8% 

RESULTS AND DISCUSSION 

Influence of tip grooving on flow field at outlet of rotor passage 

Figure 3 shows the relative total pressure distribution at 90% Cx perpendicular to the axis plane (from 80% blade height 

to 100% blade height), where (a) is the flat tip and (b) is the improved blade tip. The relative total pressure is a relative 

value, that is, the ratio of the local relative total pressure Pl to the relative total pressure Pi at the channel inlet; 90% Cx is 

defined as the position where the tip of the blade moves 90% Cx downstream along the axis. The minimum total pressure 

area is related to the leakage vortex and the fluid involved. The minimum total pressure can be regarded as the core of the 

leakage vortex. It can be seen from the figure that compared with the original blade profile, the vortex core of the leakage 

vortex of the improved blade tip is reduced, indicating that the improved method of blade tip slotting can effectively weaken 

the leakage flow and reduce the strength of the leakage vortex. 
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(a) flat tip                                 (b) improved blade tip 

Figure 3 Relative total pressure distribution at 90% Cx (0.8-1) 

The coefficient of total pressure loss is defined as follows: 

𝜉 =
𝑝𝑟𝑖−𝑝𝑟𝑙

𝑝𝑟0−𝑝0
                                             (1) 

Where, Pri is the relative total pressure of the inlet, Prl is the local relative total pressure, Pro is the average relative total 

pressure of the outlet section, and P0 is the average static pressure of the outlet section. 

Figure 4 is the distribution cloud diagram of the total pressure loss coefficient of 110% axial chord length at the outlet 

of the rotor passage with flat tip and improved tip, where (a) is the flat tip and (b) is the improved tip. As can be seen from 

the figure, the area with high total pressure loss coefficient is mainly concentrated in the area above 90% blade height, 

which is mainly caused by tip clearance leakage flow. It can be seen from the figure that the improved tip grooving method 

can effectively weaken the leakage flow and reduce the flow loss. 

                     

(a) flat tip                                 (b) improved blade tip 

Figure 4 Distribution of the total pressure loss coefficient at the 110% axial chord length of the rotor 

Influence of Different Groove Depth on Turbine Rotor Performance and Tip Clearance Flow Field 

The relative reduction of total pressure loss coefficient δ is defined as follows: 

𝛿 =
𝜉0−𝜉

𝜉0
× 100%                                       (2) 

Where 𝜉0 represents the total pressure loss of the original blade profile and 𝜉 represents the total pressure loss of 

the blade tip after modification. 

Table 2 shows the control effect of the tip clearance leakage flow under different groove depths. It can be seen from 

the table that as the depth of the groove gradually increases, the flow rate of the leakage flow gradually decreases, and the 

total pressure loss coefficient decreases accordingly, and the efficiency improvement value of the rotor first increases and 

then decreases. Therefore, there is an optimal groove depth H=2% blade height, which can both improve efficiency and 

reduce flow loss. 

Table 2 The control effect of different groove depths 

Groove depth 
(% blade height) 

Total pressure 
loss coefficient 

at 110%Cx 𝝃 

Relative reduction 

in total pressure 

loss coefficient𝜹 

Rotor 

efficiency 

improvement 

Ratio of 
leakage flow to 

mainstream 
flow 
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0(No groove 
structure) 

0.229193 / / 2.335% 

0.5 0.214923 6.23% 0.229% 2.265% 

1 0.212613 7.23% 0.266% 2.167% 

1.5 0.212184 7.42% 0.251% 2.078% 

2 0.211820 7.58% 0.222% 2.001% 

2.5 0.211609 7.67% 0.191% 1.937% 

3 0.211296 7.81% 0.162% 1.884% 

Optimizing Blade Tip Groove Structure Based on Uniform Design Method 

For the groove tip, except for the design parameter of groove depth, its structure is also controlled by the other four 

design parameters, and the coupling effect of the changes of these four design parameters also affects the control effect. If 

you calculate one by one according to the method of permutation and combination, assuming that each of the four design 

parameters has four changes, you need to calculate at least 44 times, which will lead to a sudden increase in workload. For 

this reason, this section optimizes the groove structure based on the uniform design method, which can comprehensively 

consider the influence of the coupling effect on the test results when the various factors change. 

In the previous section, the influence of groove depth was studied, and it was determined that when groove depth 

H=2% blade height, the control effect of groove structure reached the best. Therefore, in this section, H is fixed at 2% blade 

height. Therefore, only the changes of four design parameters A, B, C, and D need to be considered in the subsequent 

research, so that the groove structure has the best control effect on the turbine tip clearance leakage flow. It can be seen 

from the reference [15] that when the uniform design method is adopted, the number of trials should be selected to be about 

3 times the number of experimental factors, which is conducive to modeling and optimization. Therefore, the number of 

trials in the following research is 12. 

According to the relevant theories of uniform design method, when the experimental factor is 4 and the number of 

tests is 12, columns 1, 6, 7 and 9 of uniform design table U*
12(1210) are selected for the test.Specific parameter selection is 

shown in Table 3. 

Table 3 Design parameter distribution of groove structure based on uniform design method 

Case A 
(% chord length) 

B 
(% blade width) 

C 
(% chord length) 

D 
(% blade width) 

1 5 45 20 70 

2 5 90 10 55 

3 10 45 30 25 

4 10 90 15 10 

5 15 30 5 85 

6 15 75 25 55 

7 20 30 10 40 

8 20 75 30 10 

9 25 15 20 85 

10 25 60 5 70 

11 30 15 25 40 

12 30 60 15 25 

Numerical simulation calculations are performed on these 12 samples, and the calculation results of the flow control 

effect are shown in Table 4. It can be seen from Table 4 that in the case of Case2, when A=5% chord length, B=90% blade 

width, C=10% chord length, D=55% blade width and H=2% blade height, the groove structure has the best control effect 

on the tip clearance leakage flow. The total pressure loss coefficient at 110% Cx is reduced by 9.84% compared with the 

original blade shape, and the rotor blade efficiency is increased by 0.323%. 

Table 4 Control effect of groove structure under different design parameters 
 

 
Case 

Total pressure loss 
coefficient at 

110%Cx 𝝃 

Relative reduction 

in total pressure 

loss coefficient𝜹 

Rotor 

efficiency 

improvement 

Ratio of 
leakage flow to 

mainstream 
flow 

1 0.213044 7.05% 0.184% 2.023% 

2 0.206652 9.83% 0.323% 1.965% 

3 0.21669 5.46% 0.144% 2.115% 

4 0.208695 8.94% 0.304% 2.020% 

5 0.222529 2.91% 0.032% 2.193% 

6 0.213386 6.90% 0.187% 2.085% 
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7 0.225229 1.73% 0.010% 2.273% 

8 0.2151 6.15% 0.169% 2.167% 

9 0.226736 1.07% -0.0057% 2.317% 

10 0.220651 3.73% 0.0888% 2.187% 

11 0.226297 1.26% 0.0035% 2.335% 

12 0.221709 3.27% 0.0857% 2.256% 

As can be seen from the foregoing, the influence of the groove structure on the leakage flow is mainly concentrated 

near the tip clearance, and the flow field in the channel has little change. Figure 5 shows the streamline distribution of 

secondary flows near the tip clearance. The axial positions of the section on the middle arc of the blade tip surface are 10%, 

30%, 50%, 70% and 90%Cx, respectively, where the left represents the flat tip and the right represents the improved blade 

tip in the case of Case2. 

It can be seen from the figure that at 10% Cx, due to the blocking effect of the groove, a flow across the suction surface 

rib is formed at the corner of the suction surface rib. At this time, the flow has a vertical upward velocity component, which 

hinders the middle of the tip surface. The leakage flow near the receiver forms a return zone. At 30% Cx, the recirculation 

zone gradually increases, and at the same time, the hindering effect of the recirculation zone on the leakage flow increases. 

When the leakage flow passes through the ribs on the tip surface at 50% Cx, the ribs hinder the leakage flow and form a 

flow across the suction surface ribs at the corners of the suction surface ribs. At this time, the flow-back flow area gradually 

weakens and is exhausted. When the leakage flow develops to 70% Cx, the ribs on the suction surface block the leakage 

flow, so that the flow in the cavity flows from the suction surface to the pressure surface. At the same time, the thickness 

of the blades becomes narrower here, so that the width of the cavity is reduced. A more obvious recirculation zone is 

formed. The same is true when the flow develops to 90% Cx, and there is no recirculation zone in the tip clearance area. 

 

      

(a) 10%Cx 

      

(b) 30%Cx 

       

(c) 50%Cx 

        

(d) 70%Cx 
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(e) 90%Cx 

Figure 5 Streamline distribution of secondary flows near tip clearance 

CONCLUSIONS 

Through the analysis and research of this article, the main conclusions are as follows: 

(1) The tip clearance leakage flow is passively controlled by slotting on the turbine tip surface. If appropriate design 

parameters are selected, the loss of leakage flow can be reduced and the turbine rotor efficiency can be improved.When 

the leakage flow passes through the cavity from the pressure surface, the flow separation occurs and the backflow zone 

appears in the clearance area due to the obstruction to the flow in the groove. 

(2) The groove depth H has a great influence on the leakage flow control effect of the turbine rotor, and there is an 

optimal groove depth, which can both improve the efficiency and reduce the flow loss. 

(3) Based on the uniform design method, there is an optimal combination of design parameters for the groove structure, 

namely A=5% chord length, B=90% blade width, C=10% chord length, D=55% blade width and H=2% blade height, the 

groove structure has the best control effect on the tip clearance leakage flow. At this time, the total pressure loss coefficient 

at 110% Cx is reduced by 9.84% compared with the original blade shape, and the rotor blade efficiency is increased by 

0.323%. By comparing the flow field details of the tip clearance area before and after the introduction of the groove 

structure, it can be found that the groove structure hinders the leakage flow from the pressure surface into the leakage area, 

and reduces the leakage flow velocity in the second half of the suction surface. 
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