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Abstract—Currently, there is a scarcity of research on 

film-cooling of engine turbine blades, primarily due to the 

difficulty in accessing technical materials and the high 

complexity associated with designing curved surfaces. This 

study employs the heat flow analysis software Simcenter 

STAR-CCM+ to strategically plan and design the position, 

angle, and arrangement of heat dissipation holes for the thermal 

model of engine turbine blade. Subsequently, a simulation 

analysis is conducted to validate its heat dissipation efficiency. 

Additionally, experimental verification of the drilling 

manufacturing process is performed on aero-engine turbine 

blades. Based on the heat flow simulation results, a drilling 

model of engine turbine blade is designed for further thermal 

analysis of cooling efficiency. The drilling position of the 

workpiece is then transformed and compiled into an electric 

discharge machining file using the drilling process editing 

system integrated with the production line. Finally, an 

automatic production line for the drilling process is constructed 

to validate the performance and feasibility of the proposed 

thermal model for aero-engine turbine blades. 

 
Keywords—engine turbine blades, film cooling, thermal 

model, heat dissipation simulation analysis, drilling process 

I. INTRODUCTION 

Since 2016, Taiwan has been actively promoting related 

plans for developing the aerospace industry to expand the 

supply capacity of Taiwan’s aerospace parts manufacturing 

equipment and continuously optimize the manufacturing 

technology and process of existing aerospace components to 

improve industrial efficiency [1–3]. The components 

required by the aerospace industry have unique requirements 

and characteristics, such as complex appearance and internal 

structure, unique materials, and light and thin thickness.  

In this paper, we use the heat flow analysis software 

Simcenter STAR-CCM+ [4, 5] to conduct simulation 

experiments on the influence of the film hole’s jet angle and 

the film hole’s compound angle on the blade’s 

comprehensive cooling efficiency.  

II. THEORY OF FILM COOLING 

Film cooling is to enter an additional low-temperature flow 

in the upstream area of the wall surface of the object that 

needs to be insulated, enter an additional low-temperature 

flow in the original main flow field and the boundary layer of 

the wall surface, and form a low-temperature protective layer 

downstream of the cooling hole to block the 

high-temperature fluid from direct contact, and reduce the 

heat transfer to reduce the object. The effect of the surface 

temperature, and the heat exchange effect between the 

cooling flow and the main field, gradually increase the 

temperature of the cooling flow, and the cooling effect is 

lost  [6]. A simplified diagram of film cooling is shown in 

Fig.  1. According to the position of the blade film hole, it is 

also divided into various heat dissipation methods, such as 

impact cooling, film cooling, divergent cooling, etc. The 

Diagram of the blade heat dissipation method is shown in 

Fig.  2 [7]. 
 

 
Fig. 1. Diagram of film cooling. 

 

 
Fig. 2. Diagram of the blade heat dissipation method. 

 

III. SIMULATION ANALYSIS OF ENGINE TURBINE BLADE 

HEAT DISSIPATION 

A. Experimental Environment 

 

 
Fig. 3. Model of the heat flow environment. 

 

Fig. 3 is a model of the heat flow environment in this paper. 

The model’s left side is the main inlet, from which 

high-temperature heat flow is input, and the boundary 
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condition is set as the velocity inlet. The bottom of the model 

is the cold flow inlet, which only flows in from the cooling 

channel inside the blade, and the boundary condition is set as 

the velocity inlet. The model’s right side is the fluid outlet, 

from which both hot and cold flows flow out, and the 

boundary condition is set as the pressure outlet. All walls 

except the blades are treated with an adiabatic wall heat flux 

boundary condition. 

B. Experimental Parameters 

There are many parameters affecting the efficiency of film 

cooling, which can be roughly divided into geometric 

parameters and flow parameters. Among the geometric 

parameters, the inclination angle of the film hole greatly 

influences the cooling efficiency. Among the flow 

parameters, the blowing ratio M is an important parameter to 

measure the cooling air volume, which is defined as 

follows  [8]:  

   (1) 

Referring to Eq. (1), ρ is the jet density, ν is the jet 

velocity, and the subscripts c and ∞  are cold and hot, 

respectively.  

The comprehensive film cooling efficiency η  used to 

evaluate the simulation results is defined as [8]: 

  (2) 

Referring to Eq. (2), Tg is the mainstream temperature, Tw 

is the blade surface temperature, and Tc is the cooling flow 

temperature. Due to the variable curvature of the blade 

surface, each block is affected by cooling differently, so Tw is 

calculated based on the average temperature of the blade 

surface for comprehensive cooling efficiency. 

Table 1 is the parameter setting of fluid, referring to the 

literature [8], to simulate the high-temperature environment 

of the actual operation of the turbine engine, and the fluid is 

an ideal compressible gas. Under the atmospheric pressure of 

1atm, the temperature of the main field is 1082.00 K, the 

velocity is 20.00 m/s, and the turbulence degree is 5.00%. 

The temperature of the cold flow field is 653.00 K, the 

blowing ratio M determines the velocity value, the turbulence 

degree is 5.00%, and the outlet pressure is set to 0.00 Pa. 
 

Table 1. Parameter setting of fluid 

Material properties Heat flow  Cold flow 

Entrance velocity 20.00 m/s Determined by blowing ratio M  

Inlet temperature 
Turbulence degree 

Outlet pressure 

1082.00 K 653.00 K 
5.00% 5.00% 

0.00 Pa 0.00 Pa 

 

The material properties of the heat dissipation blades 

selected for simulation in this paper are nickel-based alloy 

Inconel713. This alloy has high creep strength, thermal 

fatigue, and oxidation resistance and is suitable for making 

hot-end rotating and static parts working below 900.00 °C. 

Precision castings, such as turbine working blades, guide 

vanes, guides, and integral cast turbines, are the most widely 

used nickel-based superalloy materials in the aerospace 

industry. Table 2 is the parameter setting table of the solid, 

and the density is 8000.00 kg/m³, the thermal conductivity is 

20.90 W/m-K, the specific heat is 435.00 J/kg-K, and the 

initial temperature is 500.00 K. 
 

Table 2. Parameter setting of the solid 

Material properties Solid 

Density 8000.00 kg/m³ 
Heat conductivity 

Specific Heat 

Initial temperature 

20.90 W/m-K 

435.00 J/kg-K 

500.00 K 

 

C. Experimental Model Design 

Among the various factors that affect film cooling, this 

thesis chooses the film hole angle and arrangement most 

relevant to the engine turbine blade drilling process line to 

conduct heat dissipation simulation. The film hole angle 

affecting cooling efficiency is divided into the jet and 

composite angles. Diagram of the jet angle is shown in Fig. 4, 

which refers to the angle formed by the film hole’s axis and 

the heat flow direction [9]. For the jet angle of the film hole, 

this paper designs four models of 90°, 75°, 60°, and 45°. The 

hole spacing is fixed at 2.00 mm, and the size of the film hole 

is 1 mm in diameter. The model design of the jet hole is 

shown in Fig. 5.  

 

 
Fig. 4. Diagram of the jet angle. 

 

 
(a)                     (b)                       (c)                        (d) 

Fig. 5. The model design of the jet hole (a) 90°, (b) 75°, (c) 60°, (d) 45°. 
 

Next is the heat dissipation simulation for the compound 

angle of the film hole. As shown in Fig. 6, the compound 

angle is formed by the film hole’s axis projection on the 

workpiece’s plane and the heat flow direction [10]. In this 

paper, two angles of 15° and 30° are designed, the hole 

spacing is fixed at 2.00 mm, and the film hole size is 1.00 mm 

in diameter. Fig. 7 shows the model design of the compound 

angle. Due to the changeable curvature of the blade surface, 

the drilling in some blocks has shown obvious deformation, 

so it is not easy to increase the compound angle for 

simulation. 

 

 
Fig. 6. Diagram of film hole compound angle. 
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(a)                                                 (b) 

Fig. 7. Compound angle design (a) 15°, (b) 30°. 

 

IV. HEAT DISSIPATION SIMULATION ANALYSIS RESULTS 

The temperature distribution diagram of the film cooling 

control group is shown in Fig. 8. This control group has no 

cooling flow input. Only the main flow and the blades 

conduct heat exchange. Fig. 9 is the airflow vector diagram of 

the control group. From Figs. 8 and 9, it can be seen that the 

temperature of the front end is higher due to the direct impact 

of the mainstream. Fig. 10 shows the average surface 

temperature of the control group. The average temperature is 

874.926.00 K when the iteration reaches 300.00, and the 

comprehensive cooling efficiency is 0.48. In the research 

literature [11], the comprehensive cooling efficiency is about 

0.60~0.80, so the cooling efficiency of the control group is 

inferior. 
 

 
Fig. 8. Temperature distribution diagram of the film cooling control group. 

 

 
Fig. 9. Airflow vector diagram of film cooling control group. 

 

 
Fig. 10. Average surface temperature of film cooling control group. 

 

A. Jet Angle Simulation Results 

From the simulation results of jet angles of 90°, 75°, 60°, 

and 45°, it can be concluded that the cooling range increases 

with the change of jet angle, and among these four angles, the 

jet angle is 45°, as shown in Fig. 11. The cooling area caused 

by the surface is the largest. On the simulated blade model, it 

can be seen that the temperature in some areas is higher. The 

reason mentioned in [12] is that the temperature field near the 

blade’s leading edge is higher because the leading edge film 

hole flow is insufficient and is directly washed by the main 

flow. However, due to the contraction and expansion of the 

cold air channel near the trailing edge, an enormous vortex 

will be generated at the entrance to affect the internal heat 

transfer, resulting in a high-temperature area at the trailing 

edge. The local low temperature at the end of the blade is due 

to the increase in the flow of cold air due to the cold air 

discharged from the film hole passing through the elbow and 

then flowing to the end of the blade. Fig. 12 is the 

temperature distribution of the pressure surface of the turbine 

blade taken by the infrared thermal imager. It can be seen 

from the airflow vector diagrams of the film holes with jet 

angles of 90°, 75°, 60°, and 45° that the film holes with jet 

angles of 90°, as shown in Fig. 13(a), the Airflow is only 

discharged from the film holes, not in the surface of the blade 

flows to form a film, so the cooling efficiency is the worst, 

and the cooling range does not change much. With the change 

of the jet angle, the Airflow is gradually attached to the blade, 

and the cooling flow also increases. At 45°, as shown in 

Fig.  13(b), the Airflow is the largest, the cooling efficiency is 

the best, and the cooling range is the largest. 
 

 
Fig. 11. Temperature diagram of film hole with jet angle of 45°. 
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Fig. 12. Temperature distribution diagram of turbine blade pressure surface. 

 

 
(a) 

 
(b) 

Fig. 13. Airflow vector diagram of film hole with the jet angle  
of (a) 90°, (b) 45°. 

 

 
Fig. 14. Average surface temperature of the film hole at a jet angle of 45°. 

 

While the iteration reaches 300.00, the average surface 

temperatures of the film holes with jet angles of 90°, 75°, 60°, 

and 45° are 773.18 K, 762.15 K, 760.08 K, and 739.36 K, 

respectively, and the comprehensive cooling efficiency is 

0.72, 0.75, 0.75, and 0.80. Since the jet angle of 45° has the 

most extensive cooling range, it has the effect of cooling most 

of the blade surface. As shown in Fig. 14, the cooling 

efficiency of the average surface temperature of the film hole 

at a jet angle of 45° is the best among the four angles. 

B. Results of Compound Angle Simulation 

Fig. 15 is the temperature distribution diagrams of the film 

holes with compound angles of 15° and 30°, respectively; 

those figures show that the compound angle has an apparent 

cooling effect on the upper edge of the blade tail end and the 

cooling efficiency of other areas is not as good as that of no 

degradation due to compound angles. 
 

 
(a) 

 
(b) 

Fig. 15. Temperature distribution diagram of film hole with the composite 
angle of (a) 15°, (b) 30°. 

 

Fig. 16 is the airflow vector diagrams of film holes with 

compound angles of 15° and 30°, respectively, and the 

Airflow is higher than that of film holes without compound 

angles. Through the internal perspective view of Figs. 17 and 

18, it can be seen that the Airflow inside the channel without 

compound angle film holes is irregular, while the Airflow 

inside the channel with compound angle film holes flows 

neatly and is guided by the film holes, so Airflow with 

composite keratin film holes will be higher than without 

composite keratin film holes. 

Fig. 19 is the average surface temperature diagrams of the 

15° and 30° compound angle film holes, respectively. When 

the iteration reaches 300.00, the average surface temperature 

is 715.02 K and 716.73 K, and the comprehensive cooling 

efficiency is 0.86 and 0.85, respectively, consistent with the 

simulation results without a compound angle. The resulting 

overall cooling efficiency is an increase compared to 0.84. 

Since the compound angle increases the coverage area of the 

cold air film by deflecting the airflow direction, it achieves 
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better cooling efficiency, but the increase in the compound 

angle does not increase the coverage area, so the cooling 

efficiency difference between the two is not significant. 

 

 
(a) 

 
(b) 

Fig. 16. Airflow vector diagram of film hole with the composite  

angle of (a) 15°, (b) 30°. 

 

 
Fig. 17. Perspective view of airflow without composite corner film holes. 

 

 
Fig. 18. Airflow perspective view of compound angle 30° membrane hole. 

 
(a) 

 
(b) 

Fig. 19. Average surface temperature diagram of the film hole at a compound 

angle of (a) 15°, (b) 30°. 

V. EXPERIMENTAL RESULTS 

Based on the heat flow simulation results in the previous 

section, this paper designs and plans the drilling workpiece 

and uses STAR-CCM+ heat flow analysis software to 

simulate and analyze its cooling efficiency. According to the 

data obtained from the simulation results, the cooling 

efficiency of a jet angle of 45° is the highest but limited by 

the angle between the electrode and the blade of the 

Electronic Document Management (EDM) in this production 

line, it is difficult to drill with a jet angle of 45°, and the final 

film hole The jet angle is designed with 60°. Since the 

cooling efficiency of the compound angle of 15° and 30° is 

not much different, and the shape of the drilling designed 

with the compound angle of 15° is less deformed, the 

compound angle of the film hole is selected to be designed at 

15°. Fig. 20 is the design drawing of the drilling workpiece. 
 

 
Fig. 20. Design drawing of blade drilling. 
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Figs. 21 and 22 are the temperature distribution diagrams 

of the drilling workpiece. Except that there is no cooling 

channel and film coating at the upper end of the blade’s 

leading edge for cooling and heat dissipation, the temperature 

distribution of the other blocks has been improved. In the 

picture, it can be seen that there is a complete cold flow on the 

outer layer of the film hole to cover the blade and form a film. 

Fig. 23 is the airflow vector diagram of the drilling workpiece, 

it can be seen that the film holes on the side have a slight 

impact on the mainstream, reducing the impact of the 

mainstream on the back of the blade, increasing the cooling 

range of the blade, and achieving the purpose of cooling. 
 

 
Fig. 21. Temperature distribution diagrams of the drilling workpiece. 

 

 
Fig. 22. Temperature nephogram of drilling workpiece. 

 

 
Fig. 23. Airflow vector diagram of drilling workpiece. 

 

Fig. 24 is the average surface temperature diagram of the 

drilling workpiece. When the iteration reaches 300.00, the 

average surface temperature is 698.28 K, and the 

comprehensive cooling efficiency is 0.89. Compared with the 

comprehensive cooling efficiency of the control group in the 

simulation experiment of 0.48, it is 1.86 times higher. 

Compared with the comprehensive cooling efficiency of 

0.60~0.80 obtained in the research experiments of other 

works of literature, the cooling efficiency is also improved by 

1.1 times. 
 

 
Fig. 24. The average surface temperature of the blade. 

 

After the simulation is completed to confirm the cooling 

efficiency of the drilling workpiece, the drilling process 

editing system integrated with the engine turbine blade 

drilling process production line can convert and compile the 

model drilling coordinates into a processing file for 

processing, then the operation of drilling machining. Figs. 25 

and 26 are the operation diagrams of the process editing 

system. Import the machining point coordinates into the 

editing system and perform automatic conversion and 

compilation to generate EDM files, then transmit the EDM 

file to the EDM machine and start the EDM production line 

for fully automated processing. The robotic arm will place 

the workpiece to be processed on the jig inside the EDM. The 

operation of the robot arm is shown in Fig. 27. 

After the mechanical arm retracts to the standby point, the 

valve of the EDM machine will be closed, and the EDM 

operation will start. The operation of EDM is shown in 

Fig.  28. After the electrical discharge machining, and the 

mechanical arm takes out the finished product, which is 

placed at a fixed point to complete the entire processing 

process. 
 

 
Fig. 25. Machining coordinate conversion. 
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Fig. 26. Coordinate transformation completed and machining instruction 

edited. 

 

 
Fig. 27. The operation of the robot arm. 

 

 
Fig. 28. The operation of EDM. 

 

Frontal comparison of the workpiece after processing is 

shown in Fig. 29. Since the blade’s surface is curved, it is 

easy to touch the electrode of the electric discharge machine. 

To avoid touching the blade’s surface, the electrode cannot 

be close to the processing target point, and finally, the copper 

tube of the electrode is extended too long to reduce the 

machining accuracy. Significantly reduced, so the first row of 

processing is not ideal. The side view of the workpiece after 

processing is shown in Fig. 30. Since the machining of the 

side row is least affected by the curvature of the blade surface, 

the error of machining coordinates transformation, and the 

error of machining accuracy are the least affected, so the 

machining situation is the most ideal. 
 

 
Fig. 29. Frontal comparison of the workpiece after processing. 

 

 
Fig. 30. Side view of workpiece after processing. 

 

VI. CONCLUSION 

In this paper, we use the heat flow analysis software 

Simcenter STAR-CCM+ to conduct simulation experiments 

on the influence of the film hole’s jet angle and the film 

hole’s compound angle on the blade’s comprehensive 

cooling efficiency. According to the simulation results, the 

following conclusions can be drawn: First, in the film holes 

with jet angles of 90°, 75°, 60°, and 45°, jet angle 45° has the 

largest covered area and cooling efficiency. Second, the 

Airflow of the film holes at jet angles of 75°, 60°, and 45° is 

gradually attached to the blade, cooling flow rate, cooling 

efficiency, and covered area also increase and reach the 

maximum at 45°. Third, the internal perspective view shows 

irregular airflow inside the channel without compound angle 

film holes. In contrast, the internal airflow in the track with 

compound angle film holes flows neatly and is guided by the 

film holes, so there is a compound angle. Film holes have 

higher airflow and cooling efficiency than those without 

compound angles. In addition, the drilling process editing 

system we developed is integrated with the engine turbine 

blade drilling process production line, the drilling coordinate 

conversion is compiled into an EDM file, and the drilling 

machining action is performed. It can be seen from the front 

comparison picture of the finished product that the electrode 

of the electric discharge machine is easy to touch due to the 

curvature of the blade surface. To avoid touching the blade 

surface, the electrode cannot be close to the processing target 

point, and finally, the copper tube of the electrode is extended 

too long to reduce the machining accuracy. Therefore, it is 

necessary to pay attention to the limit of the precise 

penetration angle of the electric discharge machine before 

designing the penetration angle. 
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