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Abstract 

This work is concerned with the thermal effect of the turbine blade by film 
cooling. The jet flow penetration and flow structure was simulated and solved 
numerically. This investigation presents a tool to obtain qualitative information 
about the penetration area and flow structure of the mixing flow at different jet 
angle configurations. Two models of airfoil (NACA 0021) with hole diameters, 
d=0.1 and 0.2 cm were studied. The simulation was carried out using the 
commercial code (FLUENT 6.3). Several cases were considered; including 
three-velocity ratio, VR=0.3, 0.7, 1,1.5, 2 and two jet suction angles, ß of 37.50 
and 900, and four different angles of attack ,α= 00, 50, 100, and 150. The cooling 
films build up on the blade surface was simulated. The work gives a clear picture 
of the penetration area for the normal and angled-injection cases. The results at 
different sections, x/s= 0.5 and 0.9 for the first and second model provided the 
optimum holes rows spacing and the low suction angle for maximum film 
cooling effectiveness. 
Keywords: gas turbine, blade cooling, jet flow, numerical simulation, film 
cooling. 

1 Introduction 

The blades/vanes in gas turbines require proper cooling mechanisms to protect 
the material from thermal stresses generated by exposure to hot combustion 
gases. The problem becomes aggravated by the growing trend of using higher 
turbine inlet temperature to generate more power. Thus, film cooling is used as a 
cooling mechanism and it works in the form of row of holes in the span wise 
directions of the blade, from where cold jet is issued into the hot cross flow. The 
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mixing process during the penetration of the cold jet into the hot gas creates a 
three-dimensional flow field. The resulting temperature downstream of the jet, 
the trajectory and physical path of the jet are critical design parameters [1]. Film 
cooling flows are characterized by cooling jet injected at an angle from the blade 
surface into the heated cross flow. The resulting flow field is quite complex, and 
accurate predictions of the flow and heat transfer have been difficult to obtain, 
particularly in the near field of the injected jet [2]. Therefore the flow 
penetration, flow structure, and the thermal effect of cooling jets issuing into an 
incompressible hot cross flow at an angle over an airfoil which represents the 
turbine blade surface are the main objects in the present study. In order to 
provide an assessment of the performance of different models, a film cooling 
configuration that was geometrically simple, but which incorporated all the 
essential physics of the film cooling problem was chosen. 
     Embedding film cooling holes in slots (Bunker [3]), trenches (Waye and 
Bogard [4]) to simulate thermal barrier coating sprays, and downstream of 
backward facing steps (Rallabandi  et al. [5])  have been found to increase film 
cooling effectiveness in the proximity of the hole. A large semi-cylinder is 
conventionally used as a good approximation to the stagnation region on a 
turbine blade. The use of shaped holes to improve film coverage has been 
studied by (Gao and Han [6]). (Je-Chin Han and Rallabandi [7]) have 
investigated the PSP method that provides very high resolution contours of film 
cooling effectiveness, without being subject to the conduction error in high 
thermal gradient regions near the hole. (Kini et al. [8]) have analyzed 
computationally the coupled conjugate analysis of HP stage turbine blade for 
effective cooling using innovative cooling passages within the blade. A 
helicoidally shaped duct has been analyzed corresponding to different diameters 
and pitch length. It is found from that helicoidally cooling duct with larger 
diameter and with lower pitch length provides a vastly improved blade cooling in 
comparison to straight ducted cooling ducts for the HP stage turbine blade. 

2 Numerical analysis 

In order to develop an applicable comprehensive computational method, some 
reasonable assumptions have to be made, these are:- 
     The entering fluid flow is subsonic everywhere, the fluid flow is 
incompressible. 
     The fluid flow is steady and fully viscous. The turbulence is isotropic. 
     The flow within the coolant hole is three-dimensional [2]. A separation at the 
hole inlet is the cause of a pair of counter-rotating vortices and a region of 
increased velocity opposite to the separation bubble. The blockage created by the 
jet as it enters the mainstream creates a local variation in pressure at the hole 
exit. After leaving the hole, the coolant mixes with the mainstream. An 
approximation of the entropy generated during this mixing process can be 
obtained by assuming the mixing takes place within a short distance downstream 
of the hole, thus justifying a constant static pressure by using the hole exit 
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velocity and temperature. This mixing calculation is similar in character to the 
one-dimensional analytical model proposed by [11]. 
     The mass within the control volume may be expressed mathematically for 
three dimensional incompressible fluids as: 

𝑑𝑢
𝑑𝑥

+ 𝑑𝑣
𝑑𝑦

+ 𝑑𝑤
𝑑𝑧

= 0 

The other fundamental equation that governs the flow of a fluid are derived from 
Newton's second law (the conservation of momentum). The equation is called 
the Navies-Stokes equation, and for incompressible flow may be expressed in 
compact Cartesian tensor notation as [12]: 
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where the suffixes i and j represent the co-ordinate directions and (Sbj) are 
buoyancy source or sink terms and are given below:  
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     ( effµ ) is the effective viscosity which expressed the combined laminar and 

turbulent stresses as: 
teff µµµ +=  

     ( effΓ ) is the effective exchange coefficient for heat defined by: 
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     The blowing air after leaving the injection hole mixes with main stream. An 
approximation of the entropy generated during the mixing process can be 
obtained by assuming that the mixing process takes place within the short 
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distance downstream of the hole.  In the mixing calculation the equations for the 
conservation of mass and momentum are applied to the mixing control volume.  
     Flow and heat transfer equations were solved by using the program structure 
method, which creates the geometry and grid. This method is used in the solver 
explicitly or implicitly. T-Grid is used to generate a tetrahedron and hexahedron, 
which are existing boundary mesh.  

3 Geometry and flow conditions 

Two models, a and b, have been simulated using NACA0021 airfoil for the blade 
profile, with different compound angles injection from one and two staggered 
rows arrangement. The holes, dimensions, arrangement and the injection angles 
used for this study and flow are as fallows;  
- Model (a): The number of holes is (9) on each side, the diameter of hole is  
d= 0.1cm. Distance between one hole and the other is 5d, angle of injection  
ß= 37.5º. 
- Model (b): Five holes on each side, the diameter of the hole is d= 0.2 cm. 
Distance between one hole and the other is 5d, angle of injection ß= 90°. 
     The schematic diagrams of (NACA 0021) airfoil models and holes 
arrangement are shown in Figures 1–3.  
 

 

Figure 1: Schematic of test duct. 

 

 

0.6cm 

4cm 

6cm 

tmax=1.2cm 

 

5cm 

8cm 45cm 

196  Computational Methods and Experimental Measurements XVI

 
 www.witpress.com, ISSN 1743-355X (on-line) 
WIT Transactions on Modelling and Simulation, Vol 55, © 2013 WIT Press



 

 
 

 
 
 

 
                              

a 

  
 
 
 
                                   

b 

Figure 2: Model a and b (NACA 0021) airfoils. 

     Grids mesh has kinds such as hexahedron, T-Grid to generate a tetrahedron, 
which are existing boundary mesh. Program code can use grids comprising of 
tetrahedron or hexahedron cells, or a combination of the two, in three 
dimensions. The choice for the problems involved complex geometries; the 
creation of structured or block-structured grids (consisting of hexahedron cells) 
can be extremely time-consuming, if not impossible. Set up time is, therefore, 
the major motivation for using unstructured grids employing tetrahedron cells, 
the range of length scales of the flow is large, and a tetrahedron mesh can often 
be created with far fewer cells than the equivalent mesh consisting of hexahedron 
cells. This is because a tetrahedron mesh allows cells to be clustered in selected 
regions of the flow domain, whereas structured hexahedron meshes will 
generally force cells to be placed in regions where they are not needed, the 
reason behind this case in the current study of unstructured tetrahedron meshes 
were chosen as shown in Figure 3.  
 

 

Figure 3: Mesh used in current study in solving Navier-Stokes  
(K-ε standard). 

4 Boundary conditions 

To define a problem that results a unique solution must be specified. GAMBIT 
code defining boundary conditions involves information on the dependent (flow) 
variables at the domain boundaries. Boundary conditions specify the flow and 
properties variables on the boundaries of the physical model. The boundary 
conditions in GAMBIT are classified the flow inlet and exit boundaries: free 
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stream temperature, free stream pressure, jet temperature, model wall surface and 
the internal face boundary conditions are defined on cell faces, which means that 
they do not have a finite thickness and they provide a means of introducing a 
step change in flow properties [14]. The far field boundary conditions are more 
difficult to specify in a way that facilitates computation.  
     The boundary conditions in finite volume techniques [15] are used to describe 
the flow in entry and exit of the solution domain which helps to select the most 
appropriate boundary condition in application. It provides pressure inlet, jet 
temperature and velocity, free stream temperature and velocity and wall surface 
of model [16].  

5 3BResults and discussion 

Analysis of computational results is taken at different sections of span-wise 
direction for the two models. These results are at x/s= 0.5 and 0.9.  
 

    

    

    

    

    
 a  b 

Figure 4: Predictions of adiabatic effectiveness along blade for two models 
and α=°0 with VR=0.3, 0.7, 1,1.5, 2 at x/s=0.5 and 0.9. 
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     Figures 4, 5, and 6 show samples of results of the adiabatic effectiveness 
contours at x/s= 0.5 (mid-plane of span and 0.9 for model (a) and (b). In all cases 
take into the consideration the injection through which the cooling air issued is at 
four airfoil angles of attack (0⁰, 5⁰, 10⁰ and 15⁰). The cool jet temperature is (Tj) 
=500⁰K is injected into hot free stream of (Tin) = 1300⁰K for VR=0.3, 0.5 and 
1.5, 2. 
 
 
 

    

    

    

    

    
a b 

Figure 5: Predictions of adiabatic effectiveness along blade two models and 
α=°5 with VR=0.3, 0.7, 1,1.5, 2 at x/s=0.5 and 0.9. 
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Figure 6: Predictions of adiabatic effectiveness along blade for two models 
and α=°15 with VR=0.3, 0.7, 1,1.5, 2 at x/s=0.5 and 0.9. 

     The flow is assumed to be a fully developed turbulent flow. A jet lift-off 
behavior of the contour rotating vortices of the hot free stream under the cool jet 
can be seen in these figures. In fact, the coolant jet core has actually been divided 
into two regions at all blowing ratios. In all these figures, high jet penetration in 
the vertical direction and jet-main stream mixing is observed for (α= 0⁰, 5⁰, 10⁰ 
and 15⁰), while the penetration area in the stream-wise direction in horizontal 
plane appears to be weak close to airfoil surface. Thus, the horizontal cooling 
effect in stream-wise direction close to the surface showed very poor effect for 
(VR) = 2 angles of attack (10⁰ and 15⁰). 
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     For the case of VR= 0.9 the two cases of jet angles (ß= 37.50) and (ß= 900) for 
angles of attack (α= 00 and 50) gave best cooling effectiveness and high jet 
penetration. This may be good for the turbine guide vane blade film cooling 
applications. The blade (airfoil) angle of attack has been varied until optimum 
film cooling effectiveness, optimum value of the horizontal cooling effect, is 
obtained. Computational results show jets diameter and issuing angles for 
maximum film cooling effectiveness (cooling efficiency) agree well with 
predicted results of [16]. 
 
 
 

    

    

    

    

    
a b 

Figure 7: Predictions of pressure coefficients along blade for two models 
and°α=°0 with VR=0.3, 0.7, 1, 1.5, 2 at x/s=0.5 and 0.9. 

 
     The results presented in Figures 7, 8 and 9 show samples of results of the 
pressure coefficient contour at x/s= 0.5 (mid-plane of span and 0.9 for model 
(a) and (b) for VR=0.3, 0.5 and 1.5, 2. Figures showed, as the velocity changes, 
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so does the dynamic pressure and static pressure according to Bernoulli’s 
principle. Air near the stagnation point has slowed down, and thus the static 
pressure in this region is higher than the inlet static pressure to main duct. Air 
that is passing above and below the blade, and thus has speeded up to a value 
higher than the main inlet path velocity, will produce static pressures that are 
lower than inlet static pressure. At a point near maximum thickness, maximum 
velocity and minimum static pressure will occur. Also this figure shows a good a 
agreement with the experimental and computational data of [17]. 
 
 

    

    

    

    

    
a b 

Figure 8: Predictions of pressure coefficients along blade for two models 
and°α=°5 with VR=0.3, 0.7, 1, 1.5, 2 at x/s=0.5 and 0.9. 
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Figure 9: Predictions of pressure coefficients along blade for two models 
and°α=°15 with VR=0.3, 0.7, 1,1.5, 2at x/s=0.5 and 0.9.  

6 Conclusions 

The analysis of the simulation results revealed that:  
• In order to increase the horizontal cooling distance (penetration area in 

horizontal plane) near the blade surface and to decrease the vertical 
penetration distance to agreeable distance, there are two methods; either 
by varying the velocity ratio depending upon jet inclination angles or by 
decreasing the jets angles. 

• The interaction between the neighboring jets enhances the turbulence 
intensity and diffusion downstream of the jets in the mainstream flow. 
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Nomenclature 

CFD Computational Fluid Dynamic 
C Chord length (cm) 
D Hole diameter (cm) 

i and j 
 

Suffixes represent the co-ordinate direction  

NACA National Advisory Committee of Aeronautics 
T 

Tj, Tin 

Time-averaged temperature (K) 
Jet temperature and inlet temperature respectively (K) 

Sbj 
VR 

u, v and w 
x, y and z     

Time (sec) 
Buoyancy source or sink term 
Velocity ratio 
Velocity component in x, y and z direction respectively  
Physical or Cartesian Coordinates 

α  Blade angle of attack (°) 
β Jet angle with the horizontal axis (°) 
𝜌 
δ 
𝝁 

 

Air density (kg/m3) 
Distance from the wall to the cell center (m) 
Dynamic Viscosity (m/N) 

 Wall shear stress N/m2 
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