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I. INTRODUCTION 

AS turbine manufacturers aim to maximize power 

output, enhance the thermal efficiency, decrease the 

specific fuel consumption, and reduce the engine 
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weight [1]. Increasing turbine inlet temperature has a major 

impact on increasing turbine efficiency, but on the other hand, 

it induces several modes of failure on the blades as: thermal 

fatigue, creep, and erosion and corrosion [2]. The rise in the 

turbine inlet temperature may be achieved either by enhancing 

blade material which is still limited or by using cooling 

techniques [1]. The temperature of turbine blade can be 

decreased by 200°C to 300°C when 1.5% to 2% of the air 

mass flow rate taken from the compressor is used for cooling 

[1]. Various methods are used for cooling such as 

impingement and normal convection, but film cooling is 

considered as one of the most commonly used and effective 

methods in this approach [2]. Over the last years, film cooling 

is intensively investigated [3]. The main investigated 

parameters are the blade design configuration, shape and 

spacing of the film holes, and characteristics of mainstream 

and coolant flow. 

The effect of the hot freestream Reynolds number and 

coolant density has been taken by Li et al. [4]. They found that 
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 Abstract—The average film cooling effectiveness is numerically investigated 

under different conditions of Reynolds numbers and rotation speeds at the 

suction side of the turbine blade. Three locations of the injection holes row were 

checked from the blade leading edge at 10%, 31%, and 69% of the blade axial 

chord length. Coolant is injected from eleven cylindrical holes at rotational 

speeds ranged from 0 to 4600 rpm and blowing ratios ranged from 0.91 to 2. For 

the mainstream hot gases, the investigation is performed at five Reynolds 

numbers of 50,000, 87,300, 300,000, 500,000, and 700,000. The inlet temperature 

of the coolant is 650 K, while the hot gases inlet temperature is 1500 K for all the 

studied cases. Location 1 shows the optimum average film cooling effectiveness. 

Near the film holes, the enhancement in the average film cooling effectiveness of 

location 1 is by 22% than location 2 and 35% than location 3. For location 1, the 

effectiveness is enhanced by 57% as the blowing ratio increases from M=0.91 to 

M=2. For location 2, the effectiveness improves as the rotational speed increases 

from 0 rpm until it reaches the optimum value at 900 rpm. Also, it is perceived 

that as the Reynolds number increases, the effectiveness worsens because of the 

increase in the hot mainstream momentum. 
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NOMENCLATURE 

Symbols U Velocity, (m/s) µ Dynamic viscosity, (Pa/s) 

C Blade chord length, (mm) X Streamwise direction, (m) ρ Density, (kg/m3) 

Cx Blade axial chord length, (mm) Y Normal direction, (m)  

d Hole diameter, (mm) Z Lateral direction, (m) Subscripts 

M Blowing ratio   av average 

R Rotation speed, (rpm) Greek Symbols c coolant 

Re Reynolds number β Primary flow angle w wall 

T Temperature, (K) η Effectiveness ∞ mainstream 

 

as the hot freestream Reynolds number (Re) rises, there is an 

enhancement in the average film cooling effectiveness. At 

fixed values of (Re), the higher average blade film cooling 

effectiveness happens when using the higher density coolant. 

The influences of mainstream turbulence intensity could be 

found in [5-6]. They found a significant reduction of film 

cooling effectiveness when using a high-turbulence intensity 

of flow. The influence of unsteady wake has been taken by 

Mhetras and Han [7]. 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

The effect of blowing ratio (M) was taken by Li et al. [4] 

and [7-8]. They predicted that as the blowing ratio (M) rises 

the average film cooling effectiveness get better. Also, Kwak 

and Han [8] found that as the blowing ratio increases the heat 

transfer coefficient reduces. The effect of the ratio of the 

coolant mass flow to the hot freestream mass flow and coolant 

temperature on film cooling effectiveness was performed by 

Garg and Gaugler [9]. They found that film cooling 

effectiveness reduces at higher coolant temperatures. But 

when the ratio of the coolant mass flow to the hot freestream 

mass flow was 5% or more, higher effectiveness occurs. Liu et 

al. [10] and Yao et al. [11] presented the effect of cylindrical 

and console holes on film cooling effectiveness. The 

cylindrical holes showed a lower film coverage area and a 

lower film cooling effectiveness than the console ones mainly 

at large values of blowing ratio. Nguyen et al. [12] found a 

lower film cooling effectiveness that occurs by cylindrical-

shaped holes compared with conical-shaped ones for low and 

mid-values of blowing ratio. The effect of the angle of the 

hole injection was performed by Yepuri et al. [13]. They 

found an improvement in the heat transfer and cooling 

effectiveness with the increase in the hole injection angle. 

Also, the effects of various injection hole shapes on film 

cooling performance were performed by Teng et al. [14], 

Yang et al. [15], and Abdelghany et al. [16]. 

The effect of blade rotation speed was examined in [17-

19]. Rezasoltani et al. [17] mentioned that as the rotation 

speed increases from 2400 to 3000 rpm film cooling 

effectiveness also increases. Li et al. [4] found that the film 

cooling effectiveness enhances as the rotation speed increases 

from 400 to 700 rpm. Zhang et al. [18] found that film cooling 

effectiveness reduces with the increase of rotation speed, 

while Tao et al. [19] found that as the rotational speed rises the 

effectiveness is firstly improved and then worsened. 

The present study aims to numerically investigate the film 

cooling effectiveness under different conditions from blowing 

ratios, Reynolds numbers, and especially rotation speeds in the 

range of 0 - 4600 rpm to clarify  

the difference in [17-19]. 

II. NUMERICAL METHOD 

A. Theory and calculation 

The Reynolds number (Re) of the hot mainstream is 

evaluated based on the length of the blade chord (C), hot 

mainstream density (ρ∞), mainstream inlet velocity (U∞), and 

mainstream dynamic viscosity (µ∞) as follows: 

   
       

  

              

The blowing ratio (M) is an important parameter which 

affecting the blade surface's film cooling protection and is 

defined as [1]: 

  
     

     

                  

where ρc is the density of the coolant and Uc is the coolant 

inlet velocity the film hole. 

The averaged film cooling effectiveness (ηav) is defined as 

[1]: 

    
     
     

            

where Tc is the temperature of the coolant, T∞ is the 

mainstream temperature, and Tw is the average wall 

temperature. 
 

B. Physical model 

A gas turbine blade with a 300 mm chord length (C), 

170 mm axial chord length (Cx), and a blade height of 62 mm 

was used. As shown in Fig. 1, the angle (α) between the blade 

chord and the cascade inlet plane was set as 35.7 and the 

primary flow angle (β) was set as 90 [11]. For the 

arrangement of the film holes row, three positions on the blade 

surface were used; from the leading edge at 10%, 31%, and 

69% of the axial chord length as shown in Fig. 1. One row of 

eleven cylindrical holes was set at the suction side of the blade 

as shown in Fig. 2. Each hole has a diameter of 2 mm (d), the 

distance from hole to hole center was set as 5 mm (2.5d) [3] 

and [11]. The film hole geometry is best described in Fig. 3. 

At the center of the exit of the injection hole, coordinate origin 

is set. The x-direction along the arc line of the suction wall 

was defined in the streamwise direction and the y-direction 

was defined normally to the suction wall. 
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C. Grid properties 

Numerical simulation performance is closely connected to 

the model of turbulence and the mesh setup. ANSYS mesh, as 

shown in Fig. 4, was used for creating an unstructured non-

conformal mesh with 4.2 million computational elements. At 

all locations with a growth rate of 1.2, all solid walls with a 

wall neighboring-cell y
+
 value below 2.5 were applied. After a 

series of grid sensitivity checks, the final mesh was taken 

before the results were independent of the mesh. By using 

Fluent-CFD software, a three-dimensional simulation was 

done and a realizable k-ε was used as the turbulence model. 

Convergence was achieved. 

D. Boundary conditions 

Based on the periodicity of the flow, a single cascade blade 

was selected as the computational domain as shown in Fig. 5. 

Three subzones: plenum coolant flow zone, mainstream hot 

flow zone, and injection film holes coolant flow zones make 

up the fluid domain. The constant inlet velocity was taken at 

the mainstream inlet with constant values ranged from 2.4 m/s 

to 34 m/s. Mainstream length scale of 0.04 m and turbulence 

intensity of 2% were used. Zero gage pressure was set at the 

outlet flow boundary condition as the outlet pressure. All 

blade solid walls were treated as a solid-liquid interface. The 

constant inlet velocity was taken at the coolant plenum inlet 

with constant values ranged from 0.3 m/s to 5.2 m/s, coolant 

length scale and turbulence intensity, were 0.024 m and 2%, 

respectively. The hot stream inlet and coolant inlet 

temperatures were taken as 1500 K and 650 K, respectively. 

The blowing ratios, Reynolds numbers, and rotation speeds 

used in the investigation are listed in Table 1. 

 

 

 

Fig. 5. Schematic diagram of computational domain.  
 

TABLE 1. 

BLOWING RATIOS, REYNOLDS NUMBERS, AND ROTATIONAL 
SPEEDS CASES. 

 
 

Blowing ratio 

(M) 

Reynolds number 

(Re) 

Rotation speed 

(R) 

M1 = 0.91 Re 1 Re = 50,000 R1 200 rpm 

M2 = 1.2 Re 2 Re = 87,000 R2 700 rpm 

M3 = 1.5 Re 3 Re = 300,000 R3 900 rpm 

M4 = 1.8 Re 4 Re = 500,000 R4 1600 rpm 

M5 = 2 Re 5 Re = 700,000 R5 2400 rpm 

 
R6 3000 rpm 

R7 3600 rpm 

 R8 4000 rpm 

 R9 4600 rpm 

 

    

Fig. 1. Schematic diagram of test 

blade. 

 

Fig. 2. One row of eleven holes. a) Mesh around coolant holes on the 

blade top view. 

b) Mesh of solid blade and fluid 

domain. 

 

 

c) Section in coolant fluid domain mesh. 

Fig. 3. Cylindrical hole cross section. Fig. 4. Schematic diagram of computational model mesh. 
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E. Model validation 

The present simulation results are validated with the 

experimental results of Yao et al. [11]. The numerical 

simulation is performed at Reynolds number (Re) = 87,300, 

blowing ratio (M) = 0.91, and the inlet hot stream and inlet 

coolant temperatures are 333 K and 298 K, respectively. A 

good agreement between the present simulation results and the 

experimental ones is noticeable as shown in Fig. 6. 
 

III. RESULTS AND DISCUSSION 

A. Effect of the film holes row location 

Three locations on the blade surface were used for the 

arrangement of the row of film holes; from the leading edge at 

10%, 31%, and 69% of the axial chord length. Fig. 7 shows 

the average film cooling effectiveness variation all over the 

blade surface at M=2 and Re=87,300 at the three locations. It 

is noticed that for stationary cases, location 1 indicates the 

highest film cooling effectiveness. Near the film holes, the 

enhancement in film cooling effectiveness of location 1 is by 

22% than location 2 and 35% than location 3 as shown in 

Fig.7. 

 

The blade film coverage area is best described by 

temperature contours. Fig. 8 shows the temperature contours 

at the blade midplane (x-y plane) for the three locations 

without blade rotation at M=2 and Re=87,300. Location 1 

shows better film coverage area than others. 

 

B. Effect of blowing ratio (M) 

Fig. 9 shows the variation of the averaged film cooling 

effectiveness downstream of the film hole jets at the blade 

midplane (x-y plane) of location 1 for five blowing ratios 0.91, 

1.2, 1.5, 1.8, and 2 without blade rotation. For location 1, the 

effectiveness is enhanced by 57% as the blowing ratio 

increases from M=0.91 to M=2. Film cooling effectiveness 

has optimum value near the film hole outlet. As the film 

coolant spread away from the film hole outlet, the opportunity 

of the hot stream and coolant mixing increases, which worsens 

the film cooling effectiveness along the blade stream-wise 

directions. Fig. 10 shows the temperature contours at the blade 

midplane (x-y plane) for five blowing ratios without blade 

rotation. It’s found that film coverage increases as the blowing 

ratio increases. 

 

  
Fig. 6. Validation of present numerical work with experimental one. Fig. 7. Distribution of film cooling effectiveness without rotation at 

Re=87,300 at the three different film holes row locations. 

 

   
Location 1 & R=0 rpm Location 2 & R=0 rpm Location 3 & R=0 rpm 

 

Fig. 8. Temperature contours at midplane for the three locations cases, Re=87,300 and M=2. 
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Fig. 9. Distribution of film cooling effectiveness without rotation at 

Re=87,300. 

 

 

Fig. 10. Temperature contours at midplane at different blowing ratios, 

Re=87,300, and R=0 rpm at location 1.  

 

C. Effect of rotation (R) 

The film cooling effectiveness variation at M=2 and 

Re=87,300 with the rotational speed from 0 to 4600 rpm is 

depicted in Fig. 11a. It shows the film cooling effectiveness 

variation at specific locations in the blade, whereas the 

variation all over the blade in the streamwise direction is 

shown in Fig. 11b. The film cooling effectiveness increases 

slightly from 0 rpm until it reaches the highest value at 

900 rpm then decreases with the increase in rotation speed. 

Also, the lowest value of film cooling effectiveness is for the 

stationary cases as shown in Fig. 11a and Fig. 11b. 

 

 

Fig. 11. Distribution of film cooling effectiveness at M=2 and Re=87,300 

for location 2.  

 
Fig. 12 shows the temperature contours at the midplane 

(x-y) for M=2 at different rotation speeds and Re=87,300. It is 

found that the largest film coverage area was for R= 900 rpm 

and it decreases slightly as rotation speed increases, which 

explains the decrease in film cooling effectiveness when the 

rotation speed increases more than 900 rpm 
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Fig. 12. Temperature contours at midplane (x-y) for M=2 at different rotation 

speeds at Re=87,300 for location 2.  
 

D. Effect of Reynolds number (Re) 

Five different Reynolds numbers of 50,000, 87,300, 

300,000, 500,000, and 700,000 have been used to study the 

effect of Re on film cooling effectiveness at constant inlet 

coolant hole velocity Uc, hole=8.5 m/s, and 3000 rpm for 

location 3 as shown in Fig. 13. It is found that as the Reynolds 

number increases, the film cooling effectiveness reduces 

because of the increase in the hot mainstream momentum. 

Fig. 14 shows the temperature contours at the blade midplane 

(x-y plane) for the five Reynolds numbers at constant velocity 

and rotation speed = 3000 rpm. It’s found that the best film 

coverage area was for Re=50,000 and the coverage area 

reduces as the Reynolds number increases. 

 

Fig. 13. Distribution of film cooling effectiveness with different Reynolds 
numbers at constant velocity at location 3.  

 
Fig. 14. Temperature contours at blade surface at midplane (x-y) for the five 

Reynolds numbers at Uc = 8.5 m/s and R=3000 rpm at location 3.  
 

Fig. 15 shows the flow velocity magnitudes over the blade 

at midplane (x-y) for R=3000 rpm, M=2, and the five 

Reynolds numbers. It is noticed that as the Reynolds number 
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increases, eddies size increases which increases the fluid 

mixing and forming a bad film coverage area on the blade. 

Also, as the Reynolds number increases from Re= 300,000 to 

700,000, the coolant jet direction was reversed due to the 

increase in the eddies size which draws the coolant jet in the 

reversed direction. 

 

 

Fig. 15. Flow velocity magnitude over the blade at midplane (x-y) for Uc = 8.5 

m/s at R=3000 rpm and the five Reynolds numbers at location 3.  

IV. CONCLUSION 

The turbine blade suction side film cooling with a single 

row of eleven cylindrical holes has been investigated 

numerically using the realizable k-ε as the turbulence model. 

The effects of film holes row location, blowing ratio, rotation 

speed, and Reynolds number are studied at three locations on 

the blade surface, five blowing ratios, five Reynolds numbers, 

and nine rotation speeds. The results are summarized as 

follows: 

1. Location 1 indicates the highest average film cooling 

effectiveness and best film coverage area. 

2. The average film cooling effectiveness enhances as the 

blowing ratio increases and has the largest value near the 

film hole exit. 

3. Along the blade, as the surface temperature increases, the 

film cooling effectiveness reduces. 

4. The film cooling effectiveness rises as the rotational 

speed increases from 0 rpm until it reaches its optimum 

value at 900 rpm. 

5. As the Reynolds number rises, the film cooling 

effectiveness reduces. 

6. The best film coverage area on the blade surface was for 

Re=50,000. 
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Title Arabic:  

فعالٍح الرثرٌذ الغشائً ذحد ظروف هخرلفح هي أرقام  الرحقٍق فً

 رٌٌىلذز وسرعح الذوراى

 
Arabic Abstract: 

 زن دراسح فعالٍح ذثرٌذ الغشاء لجاًة رٌشح الرىرتٍي ذحد أرقام رٌٌىلذذ

الوخرلفح وظروف الذوراى عذدًٌا. ذن فحص ثالثح هىاقع لصف ثقىب هائع 

% و 10% و 01هي الحافح األهاهٍح للشفرج عٌذ  حالرثرٌذ وهً على هساف

هي أحذ عشر ثقثًا  % هي طىل الىذر الوحىري. ٌرن حقي سائل الرثرٌذ96

دورج فً الذقٍقح وذراوحد  0911إلى  1أسطىاًًٍا تسرعاخ دوراى ذرراوح هي 

ٌرن إجراء الفحص فً خوسح أرقام رٌٌىلذ للغازاخ  .2إلى  1.60ًسة الٌفخ هي 

. 011111و  011111و  111111و  00111و  01111الساخٌح وهً 

درجح حرارج دخىل  كلفي تٌٍوا 901 ًدرجح حرارج هذخل سائل الرثرٌذ ه

أعلى فعالٍح  0كلفي لجوٍع الحاالخ. ٌُظهر الوىقع  0011 ًالغازاخ الساخٌح ه

هً  2عي الوىقع  0لرثرٌذ الرٌشح. السٌادج فً فعالٍح ذثرٌذ الغشاء للوىقع 

ٌٌُظر هثاشرج إلى  0%. تالٌسثح للوىقع 10تٌسثح  1% وعي الوىقع 22تٌسثح 

ورلك هع زٌادج ًسثح  2فً فعالٍح ذثرٌذ الغشاء عي الوىقع  %00زٌادج تٌسثح 

ذسداد فعالٍح ذثرٌذ الغشاء هع زٌادج  2تالٌسثح للوىقع  .2إلى  1.60الٌفخ هي 

دورج فً الذقٍقح حرى ذصل إلى القٍوح الوثلى لها عٌذ  1سرعح الذوراى هي 

ء ذقل هع زٌادج دورج فً الذقٍقح. كوا أظهرخ الٌرائج أى فعالٍح ذثرٌذ الغشا 611

 للوائع الساخي. حًرٍجح زٌادج كوٍح الحرك زرقن رٌٌىلذ

 

 

 


