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The aim of this study is to investigate the effect of mass flow rate on film cooling effectiveness and heat transfer 
over a gas turbine rotor blade with three staggered rows of shower-head holes which are inclined at 30° to the spanwise 
direction, and are normal to the streamwise direction on the blade. To improve film cooling effectiveness, the standard 
cylindrical holes, located on the leading edge region, are replaced with the converging slot holes (console). 
The ANSYS CFX has been used for this computational simulation.  The turbulence is approximated by a k-ε model. 
Detailed film effectiveness distributions are presented for different mass flow rate. The numerical results are compared 
with experimental data. 

Key words: gas turbine blade, film cooling efficiency, numerical simulation, mass flow rate, cylindrical and con-
verging slot holes. 

Introduction  

Higher performance of future gas turbines requires an improvement of efficiencies, which 
are usually achieved by increasing the turbine inlet temperatures. However, the turbine inlet 
temperatures are generally above the material failure limit of turbine blades (about 1600 K) and 
thus, demands newer cooling methods that reduce thermal loads on the turbine blades. Methods 
such as film cooling and internal cooling have led to improvements in modern gas turbine per-
formance. In film cooling, the cooling air bled from the compressor is discharged through 
holes in the turbine blade wall or the end wall. The injected coolant from holes form a thin 
thermal insulation layer on the blade surface to protect the blade from being overheated by 
the hot gas flow from the combustor. A film cooling process depends on many parameters. 
Primary physical properties, that influence film cooling, are: a coolant-to-hot mainstream ve-
locity ratio, blowing ratio [1], momentum ratio, pressure ratio, temperature ratio, density ratio 
and turbulence intensity [2,3]. Also, the geometrical characteristics have a bearing on film 
cooling. Therefore, a geometry of an airfoil and film cooling holes, their distribution and loca-
tion have been widely studied. In a typical gas turbine airflow, the pressure ratio varies from 
1.02 to 1.10, while the corresponding blowing ratio takes values approximately from 0.5 to 2.0. 
The temperature ratio is within 0.5, 0.85 and the corresponding density ratio varies appro-
ximately from 2.0 to 1.5 [4]. There have been numerous experimental and several numerical 
investigations for the prediction of film cooling effectiveness in literature. These studies are 
conducted either for flat plate and/or leading edge turbine blades. Among the earlier studies, 
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the authors of the work [5] investigated film cooling of flat plate from one and two rows 
of simple and compound angle holes. This research has shown that compound angle injection 
provide better film-cooling protection than the simple angle injection for the same blowing 
ratio. To our knowledge, investigations on console film cooling were mainly performed on flat 
plate model and a few investigations have been conducted on film cooled curved surfaces with 
converging slot-holes. The authors of [6] numerically investigated three different film cooling 
holes geometries in flat plate. It was found that the console film-cooling geometry presents 
a very promising improvement in thermal performance. The film-cooling performance of 
the console rows on a nozzle vane when all the hole rows were open was measured in the work [7]. 
An experiment was made in [8] for the film cooling of single console row on both suction side 
and pressure side of blade. However, the information about the influences of some factors 
on the film cooling performance of consoles on the curved surface was not enough especially 
in the leading edge region. The authors of the works [9−11] studied the effects of surface 
roughness on adiabatic effectiveness using a flat plate and saw little degradation in adiabatic 
effectiveness. The works [12–15] presented the detailed experimental data of the film cooling 
effectiveness and heat transfer coefficient for single and rows of holes in a flat plate. The heat 
transfer on the pressure and suction sides as well as on the hub platform surface for a rotating 
turbine model was studied in [16]. Enhanced heat transfer was observed on the platform due to 
the secondary flow effects. The film cooling effectiveness on the leading edge of a rotating 
blade was investigated in the works [17,18]. The cooling performance of a standard cylindrical 
hole and diffused shaped hole at the stagnation line was investigated numerically in [19, 20]. 
Seven different film cooling holes at the leading edge of a rotor blade with two rows, one on 
the pressure side and the other on the suction side were investigated numerically in [21]. It was 
found that the coolant trace on the suction side was much longer with lower effectiveness than 
that on the pressure side. An experimental investigation around the film cooled leading edge of 
a high pressure gas turbine rotor blade has been made in the work [22]. However, several other 
studies with the same blade have been performed to investigate the influence of many parame-
ters, such as the effect of coolant temperature and mass flow [23], the effect of turbulence mod-
els [24], the effect of hole physics [25] and heat exchange peculiarities [26–28]. 

The focus from this study is to investigate film cooling effectiveness and heat transfer 
over a VKI gas turbine rotor blade with two different geometries of hole (cylindrical and con-
verging slot hole) at various mass flow rate using a k-ε turbulence model. The predicted results 
are compared with the experimental results of [22]. 

Numerical method  

The simulations were performed using the CFX software from ANSYS, Inc. In the solver 
package, the solution of the Reynolds averaged Navier–Stokes equations is obtained by using 
finite volume method to discretize the continuity, momentum, and energy equations. CFX 
solves all conservation equations in one linear equation system, with all equations being fully 
coupled. The calculation is continued until the convergence criterion ( 510− ) is met. 

In this study, the turbulence is modeled by a standard k-ε model. Many researchers use it 
taking into account its efficiency [29−31]. It has proven optimal for computations and is widely 
accepted in the practice of computation of gas turbines [32]. 

It is based on the eddy viscosity concept which assumes that the Reynolds stresses 

 i ju uρ−
 can be expressed in terms of the mean velocity gradients and the eddy or turbulent 

viscosity tμ  in a manner analogous to the viscous stresses ijτ  for laminar Newtonian flows. 

This model assumes that the eddy viscosity tμ  is linked to the turbulent kinetic energy k and 

its dissipation rate ε through the following relation: 
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( )( )
,j

k k
j j j

U kk k
P

t x x x

ρρ ρε
⎛ ⎞∂∂ ∂ ∂+ = − + Γ⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠

      

( )1 2

( )( ) j
k

j j j

U
C P C

t x k x xε ε ε
ρ ερε ε ερε

⎛ ⎞∂∂ ∂ ∂+ = − + Γ⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
twith ,k kμ μ σΓ = +   t .ε εμ μ σΓ = +  

In these equations, kP  represents the turbulence production, and 1.3,εσ =  1,kσ =  1 1.44,Cε =  

2 1.92Cε =  are constants determined experimentally from a wide range of turbulent flows [33]. 

Geometry  

The blade used in the present work is the VKI rotor which has been studied experimen-
tally in the work [22]. The geometry of the blade is illustrated in Fig. 1. The converging slot 
hole configuration is presented in Fig. 2. 
The cylindrical and converging slots at 
the blade leading edge are denoted, res-
pectively, as case 1 and case 2 within 
the framework of the present numerical 
simulation (see Fig. 3). For case 1 which 
corresponds to the baseline configuration, 
there are three staggered rows of shower-
head cooling holes with a diameter 
d = 0.8 mm. In the spanwise direction, 
the holes are inclined 30° from 
the tangential direction. The row and 
hole spacings were both 2.48 mm and are 
located at S /C = –0.031, 0, 0.031, where 
S is the length along the blade from 
the stagnation point and S /C = 0 is 
the blade stagnation line. Similar data 
were used for the case of converging slots. 
The exit hole area for case 2 is similar to 
the first case. 

 
 

Fig. 1. Geometry of the blade. 

 
 

Fig. 2. The converging slot hole configuration. 
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Mesh generation  

The computational grid has been obtained using the commercial grid generator ICEM. 
The numerical domain is discretized using a structured multi-block grid. The final grid 
adopted for calculations was 
obtained after a series of tests. 
It consists of 572 960 and 699 717 
grid nodes for cases 1 and 2, 
respectively. The distribution 
of the computational nodes was 
highly refined near the blade. 
Due to the importance of 
the region in the vicinity of 
the hole injection, the compu-
tational grid was highly refined 
in this place. Also, the quality 
of the computational grid is high-
ly improved by use of the well 
known O-grid strategy. The norma-
lized y+ values at the near wall node 
are kept within 20 < y+ < 100. 
Figure 4 shows the multi-block 
grid used for this simulation 
and the zoomed region in 
the vicinity of the injection 
hole. 

 
 

Fig. 3. Leading edge region of the two configurations. 

 
 

Fig. 4. Computational grid. 

a ⎯ case 1, b ⎯ case 2. 
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Boundary conditions  

Details on the boundary conditions and parameters of the blade are given in the Table. 
Boundary conditions are prescribed at all boundaries of the computational domain. 
The symmetry conditions are used for the top and bottom planes bounding the domain. 
At the two periodic boundaries of the turbine cascade, translational periodicity is applied. 
The flow inlet is defined as the total pressure and the total temperature, while the outlet was 
defined as a static pressure. The turbulence intensity was set at 5 %. In order to simulate 
the prevailing conditions in The injection flow boundary region, The velocity is computed 
according to the mass flow ratio values, while the temperature difference of 48 % between 
the main stream and the injection flow is considered, such as to match the corresponding 
experimental conditions. The walls are considered as adiabatic walls with no slip conditions. 
Air was taken as a working fluid. 

Results and discussion  

In the present work, the results of adiabatic and laterally averaged film cooling effective-
ness which are defined respectively by equations (1) and (2) were investigated at different mass 
flow ratios depending on operating conditions as shown in the Table. 

0 0 c( ) ( ),T T T Tη = − −                                                        (1) 

1
,

L

dz
L

η η= ∫                                                               (2) 

where L represents the spanwise dimension. The simulation was done at different mass flow 
ratios depending on operating conditions as shown in the Table.  

The simulated laterally aver-
aged heat transfer coefficient on 
the cooled blade surface for 
the coolant mass flow rate of 0.62% 
of the main flow rate, and the ratio of 
coolant temperature to mainstream 
stagnation temperature of 0.52 is 
compared with the experimental 
data of [22] as shown in Fig. 5. 
The comparison is satisfactory on 
the pressure side and on the major 
part of the suction side. Nevertheless, 

T a bl e  

Simulation parameter conditions 

Boundary conditions Physical parameters 

P0, kPa 
T0, K 
Tw /T0 
Tc /T0 

M = mc /m0, % 

289.5 
409.5 

0.727 

0.52 

1 to 8 

d, mm 
C, mm 

0.8 
80 

 

Fig. 5. Laterally averaged heat transfer 
coefficient (case 1). 

1 ⎯ present computation, 2 ⎯ experimental 
data of the work [22]. 
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small differences can be depicted 
in the front part of the suction side. 
It can be seen also that the comparison 
of the predicted heat transfer coeffi-
cient in the leading edge region be-
tween the rows of holes is not possi-
ble due to the lack of experimental 
data in this narrow region. On 
the other side, the results from 
the present study agreed reasonably 
well with experimental data. 

Figure 6 presents the laterally averaged adiabatic film effectiveness at different mass 
flow ratios for case 1 (cylindrical hole). It can be seen that on the suction side, the film cooling 
effectiveness is not influenced by the mass flow rate. However, on the pressure side, the film 
cooling effectiveness is proportional to the mass flow rate until an optimum of 7, after that 
the tendency is inverted and lower values were found for a mass flow rate of 8. 

The area-average film cooling effectiveness obtained from a cylindrical hole (case 1) is 
shown in Fig. 7. No significant variation of area average effectiveness can be cited on 
the suction side. On the contrary, the effectiveness on the pressure side is highly affected by 
mass flow ratio. A maximum value is that given by a mass flow rate of 7. 

The laterally averaged adiabatic effectiveness for different mass flow ratios at the leading 
edge region is shown in Fig 8. It is clear that the film cooling effectiveness of case 2 has 
a maximum value at M = 8. A decrease of the laterally averaged adiabatic film cooling effec-
tiveness is observed for higher mass flow rate, which is about 9. This reduction is due to 
the strong penetration of the coolant in the main hot flow when increasing the mass flow rate. 

 

Fig. 6. Laterally averaged effectiveness 
at various coolant mass flow rates  

(case 1). 
M = 1 (1), 2 (2), 3 (3), 4 (4),  
       5 (5), 6 (6), 7 (7), 8 (8). 

 
 

Fig. 7. Area averaged effectiveness at various mass flow rates (case 1). 

1 ⎯ suction side, 2 ⎯ pressure side. 



Thermophysics and Aeromechanics, 2016, Vol. 23, No. 1  

 39 

To compare between the two cases, the variation of the laterally averaged film cooling ef-
fectiveness is shown at different mass flow ratios in Fig. 9. For all mass flow rates, the average 
lateral effectiveness provided from case 2 which represents the converging slot hole is better 
than that obtained from case 1 especially in the near hole region. The zone between the holes is 
exposed directly to the hot gases hence the lowest values of film cooling effectiveness is locat-
ed in this region. 

Based on the present simulation, Figure 10 shows the lateral film cooling effectiveness 
distributions for M=7 with a comparison between the two configurations. This distribution is 
presented at four positions at the leading edge region. Seemingly, for all mass flow rates, 
the coolant injection from converging slot hole geometry promises a greater lateral film 

 
 

Fig. 8. Laterally averaged cooling effectiveness at various mass flow rates  
for the blade leading edge region (case 2). 

M = 1 (1), 2 (2), 3 (3), 4 (4), 5 (5), 6 (6), 7 (7), 8 (8), 9 (9).

 
 

Fig. 9. Laterally averaged cooling effectiveness at various mass flow rates. 

Case 1: M = 1 (1), 4 (3), 7 (5); case 2: M = 1 (2), 4 (4), 7 (6). 
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cooling effectiveness than the injection from cylindrical hole, this is due to the velocity in-
crease in lateral direction when the coolant is injected from the console. Therefore, the coolant 
flow is more accelerated and its velocity increases. In the longitudinal direction, the console 
hole diverges and allows a more uniform distribution of the coolant compared to the cylindrical 
hole. The difference of film cooling effectiveness between the two cases is more important at 
the pressure side. The behavior of the effectiveness distribution is typically uniform and takes 
its highest values at a mass flow ratio of 7. 

The contours of film effectiveness distributions for the two cases in the leading edge re-
gion at M=7 are shown in Fig 11. The console adiabatic effectiveness shows that the console 
flow is more uniform than discrete holes. Thus, a better film coverage is obtained by this con-
figuration compared with the cylindrical hole. It is also clear that the cooled area in the vicinity 
of the console hole is greater than that obtained by the cylindrical hole. The injectant flow tra-
jectory is highly skewed in case 1 especially in the suction side row, this deviation is smaller in 
case 2. However, the pressure side region is relatively well cooled in comparison with 
the suction side. This can be attributed to the blade curvature which allows a vortex formation 

 
 

Fig. 11. Film cooling effectiveness distributions in the leading edge region  
(at M = 7). 

 
 

Fig. 10. Film cooling effectiveness at M = 7. 

Case 1: S/C = −0.05 (1), −0.1 (3), 0.05 (5), 0.1 (7); case 2: S/C = −0.05 (2), −0.1 (4), 0.05 (6), 0.1 (8). 
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in this region. The mixture of both main and secondary flows results a lower temperature than 
the main flow temperature in the vicinity of the pressure side region. Hence, the heat exchange 
between the blade wall and fluid flow is reduced with the decrease of the temperature differ-
ence, that’s why the film cooling effectiveness increases. 

Conclusion  

To improve the film cooling performance by converging slot injection holes for 
the turbine blade leading edge region, we have studied numerically the film cooling character-
istics using cylindrical and converging slot hole body model with three staggered rows. The k-ε 
turbulence model has been employed to simulate the three dimensional flow field and the film 
cooling effectiveness by ANSYS CFX code. An acceptable agreement with previous experi-
mental measurements has been obtained in terms of heat transfer coefficient. The film cooling 
effectiveness from a cylindrical hole (case 1), and converging slot hole (case 2) was presented 
with a comparison between the two cases for different mass flow rates. It is noted that the mass 
flow rate has a very strong effect on film cooling effectiveness, and injectant trajectory is sensi-
tive to it. For a typical cylindrical hole, it is observed that the injectant lifts off and separates 
from the surface as the mass flow rate increases. The film cooling performance can be signifi-
cantly improved by controlling the injection hole shape. The console (case 2) shows much 
higher film cooling effectiveness because of strong lateral momentum of the injectant by 
spanwise diffusion of the hole exit. Under the same condition and for the two cases, 
the cooling effectiveness on the pressure side is more important than the suction side. As well, 
the mass flow rate has no significant effect on the film cooling effectiveness in the suction side, 
in contrast of the suction side, increasing mass flow rate provokes an increase of film cooling 
effectiveness in the pressure side. 

Nomenclature  
C ⎯ chord length, 
d ⎯ coolant hole diameter, 
h ⎯ heat transfer coefficient based on (T0 − Tw ), 
k ⎯ turbulence kinetic energy, 
M ⎯ mass flow rate, 

P ⎯ pressure, 
S ⎯ distance from the leading edge along the pressure or 
        suction surface, 
T ⎯ temperature, 
ε ⎯ rate of kinetic energy dissipation, 
η ⎯ film-cooling effectiveness, 
ρ ⎯ density. 

Subscripts and superscripts  
0 ⎯ free stream conditions, 
c ⎯ injection conditions, 

−
 ⎯ averaged value, 

w ⎯ value at wall. 
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