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Abstract  
In order to raise thermal efficiency of a gas turbine, 

higher turbine inlet temperature (TIT) is needed. 

However, higher TIT increases thermal load to its hot-

section components and reducing their life span. 

Therefore, very complicated cooling technology such as 

film cooling and internal cooling is required especially for 

HP turbine blades. In film cooling, relatively cool air is 

injected onto the blade surface to form a protective layer 

between the surface and hot mainstream gas. Film 

cooling is one of the cooling systems investigated for the 

application to gas turbine blades. Gas turbines use film 

cooling in addition to turbulated internal cooling to 

protect the blades outer surface from hot gases. The 

present study concentrates on the numerical investigation 

of film cooling performance for a trenched shape hole in 

a modern turbine blade. The adiabatic film effectiveness 

and the heat transfer coefficient are determined 

numerically on a flat plate downstream of a single hole of 

inclined different blowing ratio cases by Computational 

Fluid Dynamics (CFD) analyses. The focus of this 

investigation is to investigate advanced cooling hole 

geometry on film cooling heat transfer and cooling 

effectiveness over flat and turbine airfoil surfaces.  

 

In the present study, only inflow flow parameters are 

varied at a time, which leads to four different cases to 

achieve the desired blowing ratio (BLR). The geometry 

with trenched hole configuration has to be analysed for 

the different blowing ratios (0.5, 0.7, 1.0 and 1.5). The 

study is carried out for four cases using inlet and outlet 

boundary conditions. These cases are mainly divided into 

Case 1, Case 2, Case 3 and Case 4. Unstructured 

(tetrahedral) mesh is used with layers of prism and mesh 

is of ~4.5M elements. The present study flow field is 

solved by using k-omega turbulence model (Reynolds 

stress transport model) for simulation of turbulent flows 

in film cooling and the simulation is run using ANSYS 

FLUENT 13.0 computer code.  
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1.Introduction 
Gas turbines are used for aircraft propulsion and in 

land-based power generation or industrial 

applications. In the 1930s, the development of high 

performance piston engines for aircraft propulsion 

had reached its peak, with further performance 

increases being unlikely. New technologies had to be 

developed in order to achieve the desired higher 

flight velocities, higher thrust to weight ratios and 

reduced engine sizes. In the following years, two new 

aircraft propulsion systems were developed and 

brought into service in military aircraft, namely the 

rocket and the gas turbine engines. The main three 

components of a gas turbine engine are compressor, 

combustor and turbine as shown in Figure 1. The 

compressor compresses the incoming air to high 

pressure, the combustor burns the fuel and produces 

high pressure, and high temperature, high velocity 

gas and the turbine extract the energy from the gas.  

 
Figure 1: Components of gas turbine engine 

 

The continuous improvement in the performance of 

air-breathing propulsion systems necessitates a 

continuous increase in the turbine inlet temperatures. 

This, coupled with the demands of reduced size of 

the combustors, has put a significant burden on 

turbine technology. Since the inlet temperatures of 
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present generation gas turbines are much higher than 

the melting temperatures of the available alloys used 

to make the turbine blades, cooling of the blades is a 

critical issue in turbine technology. The development 

of turbine inlet temperatures is shown in Figure 2. 

Improvements in blade materials have allowed an 

increase of melting point around 200° and use of 

turbine cooling has allowed an increase of 

approximately another 250°, which allow turbine 

inlet gas temperature above the melting points of the 

materials used.  

 
Figure 2: Development of Turbine Inlet Temperature 

[1] 

Various internal and external cooling techniques are 

employed to bring down the temperature of the blade 

material below its melting point. As shown in Figure 

3 in internal cooling, relatively cold air is bypassed 

from the compressor and passed through the hollow 

passages inside the turbine blade. In external cooling, 

the bypassed air is exited out through small holes at 

discrete locations of the turbine blade. This relatively 

cold air creates a protective blanket that saves the 

turbine blade from the harsh environment. This type 

of cooling is called film cooling.  

 

 
Figure 3: Cooling concepts of a modern multi-pass 

turbine blade [2] 

 

Figure 4: Compound Hole Configuration [3] 

 

Heat transfer coefficient downstream of the film 

injection is enhanced due to increased turbulence 

produced by mixing if the coolant jets with the 

mainstream boundary layer. This increased 

turbulence locally enhances the heat transfer 

coefficients. The effect of the coolant jet decreases 

downstream of injection as the jet structure dissipates 

and the mainstream dominates the coolant film 

completely. The high heat transfer coefficient in the 

near injection region is due to the three-dimensional 

nature of the jet, and far downstream (x/D>26), the 

jet structure is completely absent and is two-

dimensional in nature. The heat transfer coefficient 

ratio decreases with increasing axial distance from 

the injection hole. The heat transfer coefficient ratio 

is almost equal to unity. There is a large body of 

existing literature on film cooling efficiency with the 

effect of hole geometry. Some of these studies 

compared simple angle holes with compound angle 

holes. The compound angle injection hole has two 

injection angles, as shown in Figure 4. The 

inclination angle (α ) is defined as the angle between 

the injection vector and its projection on the x–z 

plane, whereas the orientation angle (β ) is defined as 

the angle between the streamwise direction and the 

projection of the injection vector on the x–z plane. In 

the compound angle orientation system, the coolant is 

injected with a spanwise momentum, which provides 

more uniform film coverage and shows higher heat 

transfer coefficient enhancement.  

There are some researches about the multihole film 

cooling. The configuration of single hole film cooling 

is illustrated in Figure 5, a large number of holes are 

drilled on the blade wall, normal or inclined to the 

wall surface, arranged in a specific pattern. This 

cooling scheme functions through three processes. 

First, when the coolant flows through the annular 

passage, heat is absorbed by the coolant from the hot 
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wall by convection. Second, the coolant passes 

through the small holes, leading to the so-called 

internal heat convection to further cool the wall. 

Third, when the coolant is discharged from the holes, 

it forms a cooling film. The second process accounts 

for the higher level of overall cooling effectiveness of 

this cooling scheme than a conventional slot film 

cooling scheme. The second cooling process 

contributes to the same degree provided the same 

hole diameter and inclination angle as well as the 

same number of holes per unit area (hole opening 

density). Therefore, the potential to further enhance 

cooling lies in the third process as different hole 

patterns could lead to different adiabatic film cooling 

effectiveness (Ɛ ).  

The design practice in the heat transfer community 

for film cooling has been mostly empirical in nature, 

relying heavily on a large experimental database. 

However, there are many parameters and factors that 

need to be considered. In general, it is important to 

optimize the amount of coolant for airfoil film 

cooling under engine operating conditions. It is also 

important to determine the effects of free-stream 

turbulence and unsteady wakes on the airfoil film-

cooling performance. The turbine-cooling system 

designers need to know where the heat is transferred 

from the hot mainstream to the airfoil in order to 

design better film-cooling patterns for airfoils. These 

film-hole patterns (i.e., film-hole location, 

distribution, angle and shape) affect film cooling 

performance.  

 

 
 

Figure 5: Schematic of film cooling concept 

 

Ammari et al. [3] also presented the effect of density 

ratio on heat transfer coefficient contours 

downstream of a film hole inclined 35° along the 

streamwise direction for two different coolant-to-

mainstream density ratios of 1.0 and 1.52 for a 

coolant blowing ratio of M=1.46. Differences of 10% 

occurred when coolant densities were changed. It was 

observed that lower-density injectant provides higher 

heat transfer coefficient at the same blowing ratio due 

to higher momentum.  

Ekkad et al. [4] provided effectiveness results for two 

different density ratios. The adopted orientation 

angles were 0, 45, and 90º. using the transient liquid 

crystal technique, 10 they reported that compound 

angle injection produces higher film effectiveness 

than simple angle injection for both density ratios. 

They concluded that the highest effectiveness was 

obtained at a mass flux ratio of 1.0 for compound 

angle injection.  

Bons et al. [5] studied the effect of high stream 

turbulence on film cooling effectiveness. At high free 

stream turbulence, heat transfer coefficients with film 

cooling are not as significantly as the film 

effectiveness. Film injection by itself produces high 

heat transfer coefficient enhancement due to high 

turbulent mixing between jet mainstream.  

Lin et al. [6] computed the leading edge film cooling 

with injection through rows of compound angle 

holes. They used a low-Reynolds number k −ω 

turbulence model in a cell-centered finite volume 

code called CFL3D. He et al. [10] computed film 

cooling at the leading edge region. Irmisch [11] 

simulated film-cooling aerodynamics with 

unstructured mesh. In a series of publications Garg 

and Gaugler [12] predicted different aspects of film 

cooling and Walters et al. [13] predicted jet in cross-

flow.  

Hole supply geometry typically indicates how the 

coolant enters the film hole and what happens to the 

coolant within the film hole. Burd et al. [9] made 

flow measurement son a flat surface with different 

hole lengths feeding the film coolant. Leylek and 

Zerkle [8] indicated that short holes are subjected to a 

“jetting” effect.  

Schmidt et al. [7] measured the film cooling 

effectiveness using a single row of inclined holes, 

which injected high-density, cryogenically cooled air. 

They reported that 60º orientation angle injection at a 

high momentum flux ratio results in higher 

effectiveness values than streamwise-directed holes. 

The forward expansion hole with compound angle 

orientation showed significantly improved 

effectiveness. 

2.Numerical CFD Simulation 
The present Trench CFD studies on a simplified 

geometry. This is required to understand the 

sensitivities of features likely to constrain the 

core/casting definition, and to understand the 

robustness of the current trench design for geometric 

(Surface Angle) condition. The effectiveness 
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following single hole of the surface inclination angle 

of 25º was investigated to achieve the blowing ratios, 

while maintain pressure ratio is 1.07 across the film 

duct and plenum inlet Mach number is 0.16. 

 

 
Figure 6: Computational Domain 

Study involves the first order sensitivity study of the 

cooling performance with respect to variation in 

geometric parameter i.e. surface angle. In total four 

cases are analysed, each of them with only one 

variation with respect to the hole diameter. The 

following dimensions set to prepare the all models 

are assumed same Hole diameter (D = 0.4 mm), 

Radial angle (50º), Trench depth (0.8D), Hole length 

to diameter (3.5D), Layback angle (8º) and Diffuser 

angle (24º). The mainstream channel wall surface is 

mainly divided into region, it is separated with trench 

shaped hole entry region, along x direction: (a) the 

upstream region, -20≤ x ≤ 0 in which only hot 

mainstream gases are flowing and (b) the 

downstream region, 0≤ x ≤ 30, where the film 

cooling influence has be seen i.e. effective wall. All 

these models are made using ANSYS Design 

Modeler. The geometry contains the mainstream 

channel and plenum channel with the inclined 

trenched holes. The boundary conditions to run the 

CFD analysis to be referred in given below Figure 6.  

The geometry is a divided into two domain 

Mainstream channel and Coolant feed plenum and 

connected with trenched shape hole. The trenched 

shape hole is inclined at given surface angle and 

radial angle. The surface angle is between the axis of 

the film cooling hole and the mainstream surface, 

projected in the XY plane and The Radial Angle is 

also shown in figure 6, and it is defined as the angle 

between the axis of the film cooling hole and the 

normal to mainstream surface, projected in the plane 

YZ.  

The main stream channel has one inlet and one outlet 

and entry channel of trench and top surface is defined 

by free stream wall and both side walls are 

considered as symmetric and bottom walls are split in 

three pieces to see the impact of blowing ratio and 

film effectiveness. Similarly the plenum channel 

modelled with inlet, outlet and walls with an opening 

to the trench. There are in total two inlets and outlets 

namely – Mainstream Inlet, Plenum Outlet and 

Mainstream Outlet, Plenum Outlet and other surfaces 

are considered as wall, interface and symmetry. Both 

the zone separated by interface boundary.  

The 3D CFD model shown in Figure 7 is meshed 

using ANSYS meshing generation suites, to create an 

unstructured tetrahedral mesh. The model is meshed 

with ~4.5 million elements for all the cases. The near 

wall spacing of the element is chosen (0.0075mm) so 

as to obtain near wall y+ ranging from 1 to 3 and 12 

prism layers are used to resolve the boundary layers.  

 

  

Figure 7: Mesh Generated on Geometry Model 

 

 Boundary Conditions and Computation 

Methods 

In this paper, four trench shaped hole with surface 

angle configuration with different targeted blowing 

ratio cases have been taken for simulations. All the 

numerical simulations are performed at fixed surface 

angle configuration for each targeted blowing ratio so 

total four cases are studied.  

The boundary conditions applied to the problem are 

extracted from several advanced gas turbine engines 

to simulate the actual situation of turbine guide vane 

cooling.  

In order to compare the computational results of each 

case with other cases, the main boundary conditions 

for all four cases are set to be the same. For the 

Mainstream, the temperature and Mach number at the 

entrance of the fluid domain are assumed to be 

uniform and are set as T∞ = 1600K and M∞ = 0.4, 

respectively. Coolant flow to mainstream flow 

density ratio is set as 1.54. For the coolant flow, the 

coolant is ejected at a stagnation temperature that is 
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400K lower than that of the mainstream to allow the 

coolant to be traced and the velocity Uc at the 

entrance is set based on targeted coolant-to-

mainstream density ratio of 1.54 and a coolant 

blowing ratio 0.7.  

The exit of mixing flow, i.e. the downstream end face 

of the fluid domain treated as a “pressure outlet” with 

pressure set to operating pressure. The inlet boundary 

conditions for the turbulent quantities are difficult to 

prescribe. In this study, a turbulence intensity of 2% 

and a turbulence length scale of 10% hole diameter 

are specified at the mainstream inlet, and a turbulence 

intensity of 1% and a turbulence length scale of 10% 

hole diameter are specified at the plenum inlet.  

The computational domain is solved using CFD 

solver. The flow is assumed to be steady and 

compressible. The pressure, density and temperature 

are related by using the ideal gas law. The walls of 

the model were defined as no-slip, specified shear, 

hydraulically smooth and adiabatic walls. The 

extended cavity inlet and outlet surfaces were 

modelled as free-slip walls, which has zero shears. 

The k−omega turbulence model is applied to simulate 

the flow field, which treated the very well near wall 

region. The discretization formats of the flow and 

turbulence equations are all set to second order 

upwind. Each equation is solved using SIMPLEC 

scheme with under-relaxation. A summary of the 

convergence parameters detailed below are provided 

for each case at least 4 orders of magnitude reduction 

for all residuals, scaled energy residual below 10-6 

and the net mass flux imbalance and energy 

imbalance should be less than 0.001% and 0.01% 

respectively.  

 

 Results and Discussion 

The objective of this investigation is to understand 

the usefulness of placing film duct at right surface 

angle of a film cooling hole in improving cooling 

effectiveness, Ɛ. In this study, cooling effectiveness 

obtained by four cases having fixed surface angle 

film duct configurations is compared for the blowing 

ratio cases themselves. The main factors that 

influence the value of Ɛ are flow parameter such as 

blowing ratio.  

The adiabatic cooling effectiveness, Ɛ of the film 

cooled plate on the top hot side surface of the plate is 

defined as Fill Effectiveness 

 

Ɛ = ( (T∞ -Tw )  )/((T∞ -Tc )  )   (1) 

 

The film cooling effectiveness, ε is primarily defined 

by the adiabatic wall temperature, Tw and T∞ and Tc 

is the hot gas temperature and cooling flow 

temperature. This wall temperature is the driving 

temperature potential for heat transfer to the wall and 

reducing this temperature is the objective of film 

cooling.  

  

 

Figure 8: Comparison of Film Effectiveness plots for 

all cases 

 

 

  

Figure 9: Comparison of film cooling contour plots 

for all cases 

Figure 9 show the distribution of lateral averaged 

adiabatic cooling effectiveness, Ɛ and contours for 

Case 2 with surface angle, SA=25º for blowing ratio 

equal to 0.7 and three other blowing ratio cases (Case 

1, Case 3 and Case 4) at defined surface angle, 

SA=25 º respectively. From all these figures it can be 

seen that case2 for BLR =0.7 trench shaped hole 

showed improved cooling effectiveness compared to 

the other blowing ratio cases. The main reason 

behind this is “jet lift-off” phenomenon.  

In Case 2, the cooling effectiveness is quite high near 

the hole region but as x/d increases, rapid decrease in 

effectiveness has been observed compared to other 

cases, except Case 1. In other words, the rate of 

decrease in effectiveness is quite high for Case 2 

compared to other cases. This is because of the fact 

that, in Case2 when coolant jet comes out of the hole, 

a pair of kidney vortices set up in the jet. This pair of 

kidney vortices tries to lift-off the coolant jet from 

the surface. As jet lift-off occurs, the surrounding hot 

mainstream air occupies the space underneath coolant 

jet and pushes the coolant jet further away from the 

blade surface. Due to this coolant jet detaches from 

the surface and cooling effectiveness rapidly 

decreases.  

On the other hand, in Case 2 the film cooling 

effectiveness is found to be higher compared to other 

cases. The main reason behind this is reduced jet lift-

off. In Case 2, jet lift-off is reduced to the great 

extent because of the fact that, majority volume of 

the coolant is flowing within the trench shape, so it is 

properly guided and protected by the shape of hole. 

This reduced the turbulent mixing between the 

mainstream and coolant flow. Due to this reason 

coolant jet did not lose its coolness and retained its 

coolness throughout the length of the effective wall. 

This reduced the jet lift-off and improved the cooling 

effectiveness of Case 2. Compared to other cases, in 

Case 2, minimum and maximum improvement in 

film cooling effectiveness has been observed  
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Hence it can be stated that “Incorporation of Trench 

shaped hole at surface angle, SA=25º into film 

cooling system is advantageous” among the cases.  

On the other hand, in Case 2 the film cooling 

effectiveness is found to be higher compared to other 

cases. The main reason behind this is reduced jet lift-

off. In Case 2, jet lift-off is reduced to the great 

extent because of the fact that, majority volume of 

the coolant is flowing within the trench shape, so it is 

properly guided and protected by the shape of hole. 

This reduced the turbulent mixing between the 

mainstream and coolant flow. Due to this reason 

coolant jet did not lose its coolness and retained its 

coolness throughout the length of the effective wall. 

This reduced the jet lift-off and improved the cooling 

effectiveness of Case 2. Compared to other cases, in 

Case 2, minimum 4% and maximum 30% 

improvement in film cooling effectiveness has been 

observed  

Hence it can be stated that “Incorporation of Trench 

shaped hole at surface angle, SA=25º into film 

cooling system is advantageous” among the cases.  

With reference to Figure 8, when comparing lateral 

averaged cooling effectiveness curves amongst Case 

1, Case 2, Case3 and Case 4 with surface angle at 

SA=25º, it can be seen that cooling effectiveness 

obtained by Case 2 is higher over a wide range of 

plate length (2 ≤ x/D ≤ 26) compared to other cases. 

Even though the highest effectiveness value is 

obtained for Case 1 near the hole region, Case 2 

showed better effectiveness over the wide range of 

plate. This is because of the fact that, in Case 1, there 

is a rapid decrease in effectiveness compared to Case 

2. In other words, it can be stated that effectiveness 

values for Case 4 are nearly same as Case 1 & 3 with 

much variation. Hence it can be concluded that for 

less inclined hole i.e. hole having average medium 

surface angle, cooling effectiveness distribution is 

poor across the effective wall length whereas for 

minimum surface angle i.e. Case 2, distribution of 

cooling effectiveness is better than others. From 

Figure 8 it has been observed that there is a strong 

influence of angle variation on cooling effectiveness 

compared to angle variation. Since blowing ratio 

variation shows significant variation in cooling 

effectiveness curve.  

 

 Conclusion 

The present numerical study has highlighted the 

potential of using trench shaped with varying 

blowing ratio for film holes for cooling purposes in 

gas turbines. In this study, influence of trench shaped 

hole geometry on film cooling effectiveness have 

also been investigated by varying blowing ratio of 

trench shaped hole at four different geometry 

configurations Case1, Case 2, Case 3 & Case 4 for 

given boundary condition with given surface angle 

for targeted, BLR. The lateral averaged cooling 

effectiveness curves obtained by four trench shaped 

hole for different blowing ratio cases were analyzed 

and compared among the cases.  

After analyzing all the results and graphs, the key 

conclusions drawn are as follows:  

 Varying the blowing ratio of trench shaped 

hole into film cooling system has improved the 

cooling effectiveness at surface angle, SA=25º over 

the effective wall, which is Case 2 among the cases at 

given condition. Compared to other cases, in Case 2, 

minimum 4% and maximum 30% improvement in 

film cooling effectiveness has been observed.  

 In Case 2, it has been observed that cooling 

effectiveness is less over the trench wall but 

influence is quite strong over the effective wall 

compared to other cases due to blowing ratio 

variations.  

 At given blowing ratio, BLR=0.7 trench 

shaped hole with surface angle, SA=25º (i.e. Case 2) 

showed best overall cooling effectiveness distribution 

across the length of the effective wall surface.  

 Highest cooling effectiveness near trench 

shaped hole region is achieved at targeted blowing 

ratio. However their effectiveness rapidly decreases 

with increase in x/d but Case 2 is predicting slightly 

higher as compared to other cases.  

 

From this conclusion it can be stated that, in order to 

get maximum cooling effectiveness distribution 

across the length of the plate using trench shaped at 

given surface angle, keep the targeted blowing ratio 

of hole is slightly higher than the minimum. 
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