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CHAPTER 1 

 

INTRODUCTION 

 

       The gas turbine industry is always seeking to raise the thermal efficiency 

of the gas turbine engine by increasing the turbine inlet temperature. 

Increasing the operating temperature, however, leads to some major problems. 

Turbine blades, for example, are not able to withstand such high temperatures 

and thermal stresses. The design operating temperature in a gas turbine far 

surpasses the melting temperature of most materials. In modern gas turbines, 

sophisticated cooling schemes are implemented to help protect the blades and 

vanes from thermal failure. 

 

1.1 Turbine Cooling 

  

        The main three components of a gas turbine engine are compressor, 

combustor and turbine as shown in Figure (1.1). The compressor compresses 

the incoming air to high pressure, the combustor burns the fuel and produces 

high pressure, high temperature, and high velocity gas and the turbine 

extracts the energy from the gas. The gas turbine may be employed also in a 

combined cycle with a steam power plant by using the exhaust of the gas 

turbine to heat the steam.  

 

Figure (1.1) Components of gas turbine engine, 

http://www.allrefer.com/pictures/s1/g0057200-gas-turbine [21] 

http://www.allrefer.com/pictures/s1/g0057200-gas-turbine%20%5b21
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           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 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 (1.2). 

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 (1.3) shows a cooling concept of a modern turbine blade cooling. 

In internal cooling, the bypass air from the compressor is fed inside the blade, 

which is hollow. This cold air, in the trailing air region, cools the blade by 

extracting heat from the pin fins. The air then passes through the serpentine 

passages with rib turbulators on the inner side of the blade in the mid chord 

region extracting hear from the inside surface of the blade. In the leading 

edge region, the air passes through a plate with small holes, i.e. the 

impingement insertion, and impinges on the inside wall of the leading edge 

and thus cooling the internal surface of the blade. 

       The air used in internal cooling is ejected out of the blade from the 

discrete holes drilled at various positions in the blade surface. The air thus 

ejected forms a protective film that protects the blade surface from the hot 

detrimental mainstream air. This method of externally cooling the blade is 

known as film cooling. 
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Figure (1.2) Development of Turbine Inlet Temperature, Friedrichs, S. [17] 
 

 

Figure (1.3) Cooling Concept of a Modern Multi-Pass Turbine Blade, Han et. 

al. [27] (not to scale) 
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1.2 Film Cooling 

  

       Film Cooling is the introduction of a secondary fluid (coolant or injected 

fluid) at one or more discrete locations along a surface exposed to a high 

temperature environment to protect that surface not only in the immediate 

region of injection but also in the downstream region, Foster and Lampard 

[15]. Film cooling protects the surface directly by forming a protective layer 

of cold air as compared to internal cooling, where blade is cooled by 

extracting heat by convection. Film Cooling also provides cooling from 

internal convection in the film holes. Turbine airfoil surfaces, shrouds, blade 

tips, and end walls are all cooled by film cooling. Figure (1.4) shows a typical 

cooled airfoil. 

 

Figure (1.4) A Typical Cooled Airfoil, Hay and Lamprad [29] 

       Figure (1.5) shows Film-cooling holes on both the vane surface and 

along the vane endwall. Film-cooling holes use cool fluid bled from the 

compressor to create a cool film blanket over the metal surfaces of the 

hardware. The ejected cool air forms an insulating layer between the hot main 

flow and the surface to be cooled, reducing thereby the heat transfer to the 
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surface. The cooling effectiveness is high close to the ejection and decreases 

progressively in downstream direction due to the mixing of cooling film and 

hot main flow. The ejection from a slot is, therefore, more efficient than the 

ejection from a row of holes, because the mixing process is less intensive for 

the closed film ejected from a slot. But the high thermal stresses encountered 

on gas turbine blades and vanes do not allow the use of long slots. The 

modern film cooled turbine blades, therefore, are provided with rows of holes 

or rows of small slots. 

 

 

Figure (1.5) Film Cooling Holes on Both the vane surface and along the vane 

endwall, Friedrichs [17]    

       Flat surface models can be used to study the effects of individual 

parameters with relative ease and are less expensive. Early studies have 

proved that the results obtained on simple flat-surface models can be applied 

to real engine design with slight corrections. The effects of geometrical 

parameters (hole geometry, shape, size, spacing) and flow parameters 

(coolant-to-mainstream mass flux, temperature ratio, mainstream Reynolds 

number, velocity, etc.) have been studied on flat surface. Also, the effects of 

pressure gradient and curved surface have also been studied. Some studies 

have focused only on the heat transfer coefficient enhancement and others 

have presented only film effectiveness results. But according to some of 
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researches results (Haven et al.[28], Lemmon et al.[41], and Dhungel [11]), 

there are pair of counter rotating vortices due to the interaction between the 

coolant inclined jet and the mainstream. These vortices cause the jet to lift off 

(more details about the rotating vortices will be discussed in chapter 2.    

 

1.3 Objectives 

 

       The objective of this study is to design and test innovative film cooling 

cylindrical holes supplemented with a pair of cylindrical anti-vortex holes 

branching out from the main cylindrical holes. The effect of the coolant flow 

from the anti-vortex film cooling holes that would be able to mitigate the 

effect of kidney vortices that causes the jet to lift off is to be determined. The 

coolant that is released from the main cylindrical film cooling holes is also 

reduced in quantity, Such that the jet adheres to the base plate shielding the 

hot mainstream gas from the base plate.  

       The present work includes both numerical and experimental studies. 

Numerical results will be compared with experimental results for film 

cooling effectiveness. The experimental and numerical studies will carried 

out under Zero Pressure Gradient (ZPG) and adverse pressure gradient 

(APG(1)) which is used to simulate the pressure gradient on the suction side 

of the Pak-B‘‘ airfoil, which is an industry supplied research airfoil that is 

representative of a modern, aggressive Low Pressure Turbine (LPT) design .  

        Upon verification of the numerical model used, the model will be used 

to study the effect of different pressure gradient on the film cooling 

phenomenon.  

 

 

 

 

 

 

 

 


