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ABSTRACT 

Complex flow and heat transfer in the tip area of the turbine blades, as well as insufficient cooling, make the tip area 

more likely to be exposed to high-temperature and high-speed gas , which may lead the high thermal load problem. In order 

to improve working conditions of turbine blades and cool the blade tip, this paper proposed two cooling optimal schemes 

for blade tip based on original model. The heat transfer and flow characteristics in the tip region are analyzed based on the 

conjugate heat transfer (CHT) method. It is found that detailed film cooling design can effectively reduce blade tip 

temperature, especially from leading edge to the mid-chord region on the blade tip. In order to reduce the temperature at 

the trailing edge, blade tip cooling design is upgraded by improving internal cooling channel based on the optimized film 

cooling design. Results show that the film cooling and internal cooling channel can protect the trailing edge obviously 

where the thermal loads are highest. Compared with the original model, the maximum wall temperature of the tip trailing 

edge is reduced by 24K. 

INTRODUCTION 

To obtain higher efficiency and more power, increasing turbine inlet temperature is the most direct and effective 

method. However, high inlet temperature will bring great challenges to the cooling design of the turbine blades. Turbine 

blades are exposed to high-temperature, high-speed gas, and there are complex flow and heat exchange problems in the 

blade tip region, which bears a high thermal load. According to the actual operating experience of the gas turbine, blade 

tip ablation is a common cause of blade failure, which seriously affects the safe operation of the gas turbine. The research 

on the heat transfer characteristics of the blade tip is of great significance to improve the safety, performance and service 

life of gas turbine power generation equipment. 

Numerous investigations focus on the flow and heat transfer characteristic in blade tip clearance. Downs et al. [1] 

studied different tip film cooling and corresponding cooling efficiency. Kwak and Han [2]set film holes on the pressure 

side and tip platform of blade tip, and measured the heat transfer coefficient of the blade tip groove and the film cooling 

efficiency. Kwak and Han [3] studied the effects of different tip clearances and different blowing ratios on tip heat transfer 

and cooling efficiency. Christophel et al. [4][5][6] studied the influence of pressure side film holes on the adiabatic effect 

and heat transfer coefficient of the blade tip by experiments, and found that the cooling efficiency increases as the tip 

clearance decreases, and the tip heat transfer coefficient increases as the blowing ratio increases. Ahn et al. [7] opened film 
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hole in the groove and pressure side of the blade tip, and pressure sensitive paint (PSP) technology were used to study the 

effect of different gaps and blowing ratios on the cooling efficiency of flat blade tips and grooved blade tips. Mhetra et 

al.[8] used PSP technology to study the effect of different blowing ratios on the cooling efficiency of the film holes and tip 

groove. Mhetra et al. [9] studied the cooling efficiency of shaped-holes on the pressure side near the blade tip and circular 

holes at tip groove platform. Lu et al. [10] study the film cooling on trailing edge tip region which is the most vulnerable 

part of high-pressure turbine blade. Two different trailing edge cooling configurations were evaluated and their associated 

aerothermal characteristics were discussed. Considering the strong interactions between the over tip leakage flow and the 

coolant injection, Zhu et al.[11] investigates two squealer tip cooling configurations with the effect of relative casing 

movement. In order to deal with complex heat transfer problems, with the development of computer technology, conjugate 

heat transfer (CHT) method has matured in the past 20 years. Bohn et al. [12] first study CHT method in turbine machinery, 

and carried out CHT calculation with experimental data of MarkII and C3X blades. The results of the blade surface 

temperature are in good agreement with the experimental results. 

Considering practical engineering applications, for the cooling design of turbine blades, it is generally thought that if 

the upgrade cooling plan make 50K temperature decrease at the target location, meanwhile other performance indicators 

are not turning worse, this cooling design is an ideal solution. This paper proposes 2 cooling optimal design structures for 

the blade tip using film cooling, even internal and external cooling methods. CHT method is carried out for each structure, 

and the ideal design scheme for the cooling of the blade tip is obtained. 

METHODOLOGY 

Geometric model 

In this study, the original blade and inner channel model are shown in Figure 1. The blade has neither film holes nor 

internal cooling transverse channels at blade tip region. In the cascade channel, mainstream Reynolds number is about 1.3

×106，while mainstream inlet Mach number is 0.3 and outlet Mach number is 0.8. 

        

Figure 1 Original blade and internal flow passage 

Numerical methods and boundary conditions 

In this paper, CHT method is used to simulate the flow and heat transfer of the blade tip. This method is to combine 

the convective heat transfer in hot gas region, the convective heat transfer in coolant region, and the heat conduction of 

blade solid. Compared with traditional thermal analysis methods, more accurate physical value can be obtained by CHT 

method. Based on the turbine design parameters, the boundary conditions are consistent with the design conditions during 

gas turbine operation. Mainstream inlet total temperature, total pressure, airflow angle, outlet static pressure and cooling 

gas inlet total temperature, total pressure were given in Table 1. All above boundary conditions are given according to the 

distribution along the blade span. Turbulence intensity is set to medium(Tu=5%). The steady-state heat transfer on the 

inner and outer surfaces of the blade tip is calculated by solving the mass, momentum, energy equations and Reynolds 

transport equation in CFX15.0. Heat transfer in fluid and solid region is combined through the coupling interface, and the 

whole field is solved. Menter's SST k-ω turbulence model and default automatic wall function are used to ensure high 

solution accuracy between the wall and free flow shear layer. The blade rotation speed is 3000 rpm. The main flow and 

cooling gas are set as ideal gases with constant specific heat, and the thermal conductivity and viscosity follow Surtherland 

law[13]. Blade materiel thermal conductivity is listed in Table 2. 

Table 1 Boundary conditions 

  

 

1.79 1.9 1.2 
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Table 2 Blade materiel thermal conductivity 

Temp.[℃] λ[W/m.K] 

650 19.62 

700 20.61 

750 21.46 

800 21.69 

850 21.81 

900 22.04 

950 22.44 

1000 22.85 

 

Calculation mesh 
Numerical methods were used in the paper to carry out the research. Numerical domain includes internal coolant, 

external hot gas and solid blade. ICEM 15.0 is used for meshing, and the unstructured grid is adapted to the complex and 

small size structure, such as film holes and tip grooves. The research obtained the mesh of the target model by using the 

local small-scale grid and the triangular pyramid encrypted grid to the wall. The refined mesh is shown in Figure 2. The 

quality of the generated grid is checked, and the grid orthogonality meets the numerical calculation requirements. The total 

elements of grid cells are 63014001, and y+ value of the first layer of the wall is below 1. 

     

Figure 2 Schematic view of the mesh 

RESULTS AND DISCUSSION 

Heat transfer characteristics of blade without tip cooling 

The surface temperature distribution of blade without tip cooling is shown in Figure 3. This design has no blade tip 

cooling structure, resulting in the temperature near the blade tip being significantly higher than other region, and the 

location of the highest temperature is at blade tip. The hot gas speed on the suction side of the blade is high, contributing 

to intensified heat transfer. The heat load on the mid-chord region of the suction surface of the blade tip is higher, and the 

temperature is very high. On the other hand, the temperature has increased significantly when the cooling gas flows to the 

top of the trailing edge (The average temperature rises about 400K). Considering geometrical size and structure, cooling 

gas decreases gradually from the bottom to the top of the trailing edge because of leakage effect from the slots. So the 

trailing edge is also an obvious high temperature zone. 
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Figure 3 Temperature distribution of original blade tip 

Figure 4 illustrates a 3D streamline diagram of the tip area. It can be observed that the coolant leaking from the groove 

tip interacts with the main flow to form a leakage vortex. The leaking jet that enters the groove from the pressure surface 

side is constrained by the tip groove. Then entrainment occurs in the groove, a small vortex structure is formed. With the 

vortex flow downstream, the flow and heat transfer become very complicated at the bottom of the groove. Figure 5 shows 

the streamline of the blade groove wall and the streamline diagram and pressure contour of 3 cutting planes of 25%, 50%, 

and 75% axial chord. The leakage flow on the 25% axial chord plane flow attached to the groove suction side. Due to the 

effect of the groove vortex, adhesive flow separated near the pressure side. The leakage flow forms blockage near the 

trailing edge of the groove, and there is a vortex core in the streamline. 

 

Figure 4 Three-dimensional streamline 

 

Figure 5 Flow structure in the tip clearance of original blade 

Figure 6 shows blade tip surface Stanton Number distribution calculated by numerical calculation. It can be found that 

the bottom of the tip groove is a high Stanton Number region. In addition, the groove suction side and the trailing edge also 

have higher St Number. High heat transfer coefficient leads to a rise of wall temperature, which provides design basis for 

subsequent optimization design. 
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Figure 6 Tip Stanton number distribution 

Cooling effect of the blade tip with film cooling scheme 

In view of the high temperature phenomenon of the blade, considering with the flow and heat transfer characteristics 

of tip, film cooling scheme is proposed. A series of cooling holes are set in high heat exchange region to strengthen the 

cooling protection effect. The geometric model of scheme 1 is shown in Figure 7: 1) Film holes are arranged from the 

leading edge to the throat at suction side: the number of holes is 7, the hole diameter is 0.7mm, and the hole spacing is 6 

times of the hole diameter; 2) Film holes are arranged within the full chord range of the tip pressure side: the number of 

holes is 12 and the hole diameter is 0.7mm. Considering the overlapping effect of multi-row jets, the hole spacing gradually 

increases from leading edge to trailing edge, and the hole spacing along the flow direction is increased from 9 times the 

hole diameter to 18 times the hole diameter; 3) Cooling holes are arranged along the mid-chord in tip groove platform: the 

number of holes is 5, the hole diameter is 1.5mm, detailed parameters of the hole are listed in Table 3. L represents the arc 

length of the blade tip, θ and δ represents the angle between the height direction and the tangential direction.This blade tip 

film cooling hole arrangement is an optimized design obtained by comparing multiple schemes. 

   

Figure 7 Scheme with holes in tips and bottom（Scheme 1） 

Table 3 Geometric parameters of cooling hole on the platform 
 L θ[°] δ[°] 

Hole 1 0.15*C 33 15 

Hole 2 0.20*C 33 22 

Hole 3 0.40*C 43 15 

Hole 4 0.50*C 38 -24 

Hole 5 0.87*C 67 -11 

 

Figure 8 shows temperature distribution in blade tip in scheme 1. Comparing the blades without tip cooling, it is found 

that the design of adding film holes can cool the tip effectively. The cooling gas on the tip platform is uniformly distributed. 

The coolant covers the high temperature zone of the tip, and the temperature level of the leading edge of the tip and the 

middle chord is reduced obviously. Figure 9 shows the streamline diagram of the groove wall, as well as the streamline 

diagram and pressure contour of 3 planes of 25%, 50%, and 75% axial chord. It is found that due to the flow of cooling 

gas, the streamline structure at the groove bottom is more complex, which affects the flow separation and adhesion 

phenomenon. In the 50% axial chord plane, the interaction of the cooling gas and the leakage flow affects the flow in the 

groove, thereby enhancing the cooling effect of the wall surface. 
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Based on the analysis of scheme 1, it is found that the cooling effect is not ideal at trailing edge of blade tip, and the 

cooling design needs to be improved. The most difficult problem is that the space of trailing edge is limited, and there is 

not much space to set cooling structure, which results in large temperature gradient. In order to solve this problem, it is 

considered to improve the cooling channel inside the blade combined with the film cooling outside to cool the blade tip. 

       

Figure 8 Temperature distribution of blade tip in scheme 1 

 

Figure 9 Flow structure in the tip clearance of scheme 1 

The cooling effect of film cooling and internal cooling channel scheme 

Scheme 2 is designed based on the scheme 1, at the turning of the cooling channel near the top of the blade, an amount 

of the cooling air flows directly to the tip trailing edge slots to reduce the temperature gradient here, as shown in Figure 

10. Figure 11 shows the three-dimensional temperature distribution of the tip region in scheme 2. It can be seen that the 

temperature uniformity in scheme 2 has been optimized. The film cooling can effectively protect the tip leading edge, 

pressure side and front suction side. The cooling gas jet with an oblique angle in the groove protects the wall near the mid-

chord of the suction side, and the tip trailing edge of the blade with the highest temperature is cooled by the combined 

effect of the heat sink of the internal cooling channel and the external film cooling, and the overall temperature distribution 

is more uniform. 

 

Figure 10 Scheme design of external cooling combined with internal cooling（Scheme 2） 
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Figure 11 Temperature distribution of scheme 2 

Comparing the blade tip temperature distribution of the original blade tip with the scheme 1 and scheme 2, Figure 12 

shows that film cooling in the scheme 1 and scheme 2 can greatly reduce the outer surface temperature of the leading edge 

and mid-chord region of the blade. Especially at the bottom of the groove, the temperature drop is about 75K-100K. 

However, the temperature of the trailing edge in the scheme 1 is only about 10K lower than that of the original model, and 

the scheme 2 with the transverse cooling channel has significantly improved the cooling effect of tip trailing edge, the 

highest temperature is 24K lower than that of the original blade. At the same time, the temperature levels of the scheme 1 

and scheme 2 are similar, except at trailing edge. Comparing the average temperature of the blade tip, it is found that the 

average temperature of the original blade tip is 1198K, and the average temperature of the blade tip of scheme 1 is 1126K, 

indicating that cooling holes on the tip can significantly reduce the overall temperature of the blade. The average 

temperature of the scheme 2 blade tip is 1123K. Compared with the design of only adding cooling holes on the tip of the 

blade, the temperature of scheme 2 is reduced. It can be seen that the cooling design of scheme 1 and scheme 2 both meet 

the requirements of the blade tip cooling design, the overall temperature reduction of the blade tip before and after 

optimization can reach about 70K. Table 4 shows the comparison of the cooling consumptions between the original and 

improved schemes. The massflow is the total amount of cooling gas consumed by the blade, which can be read from the 

cooling gas inlet at the bottom of the blade. Since the thermal boundary conditions have not changed, the change of the 

cold air volume is only affected by the effect of the structure in the blade tip cooling. The distribution of internal and 

external cooling gas flow does not need to be arranged manually, but depends on the cooling structure. It can be seen that 

the increment of the cooling air for each optimized scheme is about 1%. In order to verify the effect of the tip cooling 

design on the turbine efficiency, Table 5 shows efficiency of the turbine under the original and cooling improved schemes. 

It shows that the tip cooling scheme does not have a negative impact on efficiency. 

Based on the comprehensive consideration of blade tip cooling effect, temperature distribution uniformity, and cooling 

consumptions, the composite cooling design of external film cooling with internal cooling gas passage is better than the 

cooling design that only increases film holes. The cooling gas distribution is more reasonable, so that the leading and 

trailing edges of the blade have sufficient cooling protection, which can ensure that the front and middle sections of the 

blade are under a lower temperature level, and the temperature at the trailing edge of the blade is reduced by 24K. In 

summary, the scheme 2 is the best blade tip cooling design. 

 

Figure 12 Temperature distribution comparison of blade tip 
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Table 4 Consumption of the coolant 

Original model  Scheme 1  Scheme 2  

0.1689(kg/s) 0.17(kg/s) 0.1703(kg/s) 

 
Table 5 Efficiency of the turbine 

Original model  Scheme 1  Scheme 2  

91.40% 91.55% 91.60% 

 

CONCLUSIONS 

Aiming at the reliability of the blade tip, the conjugate heat transfer method is used to analyze and compare two blade 

tip cooling optimized schemes, and the optimized cooling design structure is obtained. This paper analyzes the cooling 

effect and improvement of new tip cooling schemes in detail. Some main conclusions are obtained as follows: 

1) A reasonable film cooling design scheme can produce obvious cooling protection from the leading edge of the blade 

tip to the mid-chord area when the increase of coolant mass flow is within 1%. More cooling holes at the blade tip can 

reduce the metal temperature while the optimization effect is limited by the trailing edge geometry; 

2) The improvement of the internal cooling channel at the trailing edge of the blade tip can reduce the temperature 

level in the trailing edge area and improve the uniformity of temperature distribution in this area; 

3) In the tip region, specified cooling scheme combining film cooling with improved internal cooling channel can not 

only ensure the cooling effect of the leading edge and the mid-chord area of the blade tip, but also contribute 24K 

temperature drop on the trailing edge which is under the highest thermal load.  

When designing the cooling scheme of gas turbine blades, it is necessary to take into account the improvement of the 

local cooling effect and the uniformity of the overall cooling protection. 
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