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Abstract 

Effects of Convex Curvature on Adiabatic Effectiveness for a Film 

Cooled Turbine Vane 

James Richard Winka, M.S.E. 

The University of Texas at Austin, 2013 

Supervisor:  David G. Bogard 

A series of experiments were carried out to measure the effects of convex 

surface curvature on film cooling. In the first series of experiments cooling holes 

were positioned along the vane such that their non-dimensional curvature 

parameter, 2r/d, was matched. Single row of holes with the same diameter were 

placed at high and moderate curvature position along a turbine vane resulting in 

2r/d = 28 and 40, accordingly. A third row of holes was installed on the vane at 

the same location as the moderate curvature row with a larger hole diameter, 

resulting in 2r/d = 28, matching the high curvature row. Adiabatic temperature 

measurements were then carried out for blowing ratios of M = 0.30 to 1.60 tested 

at a density ratio of DR = 1.20. The results indicated that there was some scaling 

of performance present with matching 2r/d, but there was not an exact matching 

of performance. 



 v 

The second series of experiments focused on the effects of a changing surface 

curvature downstream of injection.  Two row of holes were positioned along the 

vane surface such that the local radius of curvature and hole diameters were 

equivalent, with one row positioned upstream of the maximum curvature point 

and the other downstream of the maximum curvature point. Adiabatic temperature 

measurements were carried out for blowing ratios of M = 0.30 to 1.60 and tested 

at a density ratio of DR = 1.20. The results show that the change in curvature 

downstream plays a significant role in the performance of film cooling and that 

the local surface curvature is insufficient in capturing its effects. 

Additional experiments were carried out to measure the effects of the 

approaching boundary layer influence on film cooling as well as the effect of 

injection angle at a weakly convex surface. 
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Chapter 1 Introduction 

 

1.1 Introduction 

The Brayton cycle is the ideal cycle of a gas turbine engine that was first 

purposed by George Brayton in 1870 (Rathakrishnan (2005)). The ideal Brayton 

cycle, shown in Figure 1-1, consists of three main components: the compressor, the 

combustion chamber, and the turbine. The working fluid, typically air, is 

isentropically compressed to a higher pressure by the compressor. The air is then 

heated to an elevated temperature through the combustion chamber, in an isobaric 

process. Power is then extracted from the working fluid through the turbine in an 

isentropic process. In a real engine, losses exist in each component will cause the 

cycle to deviate from the ideal Brayton cycle and lower the thermal efficiency of 

the engine. 

 
Figure 1-1 – Ideal Brayton cycle of a gas turbine engine (Rathakrishnan (2005)) 
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 The thermodynamic efficiency of the Brayton cycle is a function of the 

pressure ratio and the maximum operating temperature of the engine. The thermal 

efficiency can be increased sustainably by increasing the operating temperature the 

engine. However, the material limit of the turbine blade is often the upper limit of 

which the engine can safely operate. One method used by engine designers is to 

cool the turbine blade with a secondary fluid, internally and externally, thereby 

allowing the engine to reach higher temperatures without risk of part failure. While 

this process is effective in cooling the part and increasing the lifespan of the engine 

it comes at a cost, by reducing the overall efficiency of the engine. 

1.2 Background on Film Cooling 

Film cooling is the process of injecting a secondary fluid into the mainstream 

flow at discrete locations along a turbine vane or blade. This injection of a 

secondary fluid is often used to control the surface temperature of the first stage of 

stators and rotors by providing a layer of colder fluid that acts as an insulator 

between the hot gases and the surface of the vane/blade. This is typically done in 

order to safely achieve higher working temperatures of the engine, without 

increased risk of part failure. The secondary fluid used for film cooling is bled off 

of the compressor and fed through the turbine blades and vanes. A reduction of the 

overall efficiency of the engine will occur due a reduced amount of useful fluid 

that is able to provide work onto the turbine. However, this reduction in engine 

efficiency is counteracted by the higher turbine inlet temperatures allowable due to 

the presence of film cooling. Therefore, to ensure a net gain in engine efficiency, 
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film cooling designs need to be engineered as efficiently as possible to maximize 

the amount of cooling while minimizing the coolant required. 

 The goal of film cooling is to reduce the temperature of the surface of the 

turbine vane/blade, not only at the region of injection but also farther downstream 

of the coolant holes. The film coolant can behave as an insulating layer that 

isolates the surface of the vane/blade from the mainstream gases. The film can also 

be considered to act as a heat sink that absorbs heat from the mainstream gases, 

thereby reducing the amount of heat transfer to the surface of the vane/blade 

(Goldstein (1971)). The heat transfer rate, q”, to/from the vane/blade can be 

modeled by a simple convection heat transfer analysis: 

      (       ) (1-1) 

Where, Tw is the wall temperature and h is the heat transfer coefficient. Tref 

represent the reference temperature that drives the heat transfer. Without film 

cooling present, the reference temperature would simply be the mainstream 

temperature, T∞, and the heat transfer coefficient is defined as, ho. However, this 

reference temperature is not appropriate with the presents of a secondary film over 

the surface of the vane/blade. With T∞ as the reference temperature, the heat 

transfer coefficient with film cooling present, defined as hf, will have an inherent 

dependency on the film temperature: 

      (     ) (1-2) 
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where, Tfilm is the film temperature that varies as a function of the streamwise 

coordinate downstream of the point of injection. Therefore a temperature must be 

selected that represents the driving temperature of the film and allows for a heat 

transfer coefficient that is independent of the film temperature. The adiabatic wall 

temperature, Taw, was selected as an appropriate reference temperature in the 

limiting case where the surface is perfectly insulated from the mainstream gases 

(Goldstein (1971)).  This concept of an adiabatic wall temperature is unsatisfactory 

when flows in which the film has separated from the surface are considered. In this 

case the wall is not perfectly insulated by the film coolant and thus the adiabatic 

wall temperature cannot be considered a good approximation. The adiabatic wall 

temperature is still useful however, when treating the film as a heat sink. An 

energy balance analysis within the boundary layer shows that the energy transfer 

between the mainstream flow and the film coolant is linear. Thus, the law of 

superposition can be applied treating the adiabatic wall with film cooling and the 

conducting wall without film cooling independently (Eckert (1970)). The adiabatic 

wall temperature is still a function of the mainstream and coolant temperature at 

injection. Therefore to remove the temperature dependencies on the adiabatic wall 

temperature, a non-dimensional temperature can be defined, as follows: 

 
  

      
     

 (1-3) 

The term η is referred to as the adiabatic effectiveness, where Tc is the coolant 

temperature at the point of injection in the mainstream flow. Note that for   = 1, 
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the adiabatic wall temperature is the same temperature as the coolant temperature, 

and for   = 0 the adiabatic wall temperature is the same as the mainstream 

temperature. The adiabatic effectiveness is used almost exclusively in the literature 

and industry for gauging the relative performance of a particular coolant 

configuration. By knowing how   behaves as a function of geometrical and 

thermal-fluid parameters is important in understanding and predicting the 

performance of film cooling holes. 

 While it is true that the cooler film temperature can result in a reduction in heat 

transfer due to a lower ΔT, the increased turbulence of the boundary layer resulting 

from the injection of a secondary fluid can act to increase the heat transfer to the 

surface. The amount that the heat transfer coefficient is altered by the film coolant 

is measured by the ratio of heat transfer coefficients with and without film cooling 

present, hf/ho. Values of hf/ho greater than unity indicate a higher heat transfer 

coefficient with film cooling present and thus the potential for more heat to 

transfer between the mainstream gases and the surface of the vane/blade. To 

determine if the film coolant has resulted in a net reduction in heat transfer to the 

surface, effects of a lower ΔT and an augmented heat transfer coefficient can be 

quantified by examination of the net heat flux reduction, NHFR, as follows: 

 
       

  
  

  
  
   

          

         
 (1-4) 
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Where   
   is the heat flux with film cooling present and   

   is the heat flux 

without film cooling present. For a net reduction in heat transfer to occur the ratio 

  
  /  

   should be less than unity. In previous studies, the heat transfer 

augmentation has been measured on the suction side of turbine and has been 

shown that hf/ho ≈ 1 (Rutledge (2004)). Therefore only a reduction in ΔT is 

significant in NHFR for curved surfaces. 

1.3 Relevant Parameters in Film Cooling Performance 

In general the adiabatic effectiveness of a jet is a function of several geometric 

parameters, as well as fluid and thermodynamic parameters of the flow. Several 

experimental studies have been performed to identify important physics of the flow 

and develop predictions for new cooling designs. 

The density ratio is an important parameter that identifies the relationship 

between the light combustion gases and the denser film, defined as:  

     
  

  
 (1-5) 

Where,    is the density of the film, and   is the density of the mainstream. 

Several studies have been performed to understand the effects of density ratio on 

the behavior of adiabatic effectiveness. The dependencies of the temperatures of 

the coolant and mainstream have been removed by the definition of adiabatic 

effectiveness. Hence, the relative density of the injected fluid will not result in an 

enhanced performance, but will scale the performance of the film accordingly. 
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This scaling effect has been examined in past studies and will be discussed further 

in Section 1.4.2. A typical engine operates at a density ratio of 1.8 to 2.0, but 

because of the scaling effect of the density ratio, experiments can been carried out 

at much lower density ratios. 

Another key parameter in the study of film cooling is the mass flux ratio, or 

more commonly referred to as the blowing ratio, defined as: 

 
   

    

    
 (1-6) 

Where    is the coolant velocity exiting through the total injection area of all 

coolant holes, and    is the mainstream velocity directly above the point of 

injection. This parameter relates the mass flux that exits through the coolant holes 

and the mass flux of the mainstream at the point of injection.   

 While the blowing ratio offers information about the mass flow being injected 

into the mainstream, it does not give information about the momentum of the jets. 

Jets could have the same amount of mass, but with very different momentums by 

virtue of their density. The momentum flux ratio is the ratio of momentum of the 

coolant jets to the momentum of the mainstream defined as:  

 
   

    
 

    
   

  

  
 (1-7) 

For lower momentum flux ratios the jets tend to stay attached to the surface 

eventually spreading and mixing with the mainstream flow. In the case were more 
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coolant is injected at higher speeds than the mainstream, i.e. higher momentum 

flux ratios, jets tend to separate from the surface and reattach farther downstream 

of the coolant exit or detach completely. 

Early work into the study of film cooling was carried out with experiments on 

flat surfaces using a single slot injection instead of discrete holes. For slot injection 

it was noticed that the rate of decay of adiabatic effectiveness was inversely 

proportional to the mass of coolant injected to the mainstream flow. This led to the 

use of x/Ms in the scaling of adiabatic effectiveness, where x denotes the distance 

downstream of injection, s denotes the slot width, and M is the blowing ratio 

defined previously. For discrete hole injection, the equivalent slot width, se, can be 

used in place of the slot width, defined as: 

 
   

     

 
 (1-8) 

Where Aexit is the exit area of a coolant hole and P is the pitch spacing between 

holes. The parameter x/Ms represents the amount of cooling provided on a per unit 

mass basis. Thus, scaling adiabatic effectiveness with x/Ms indicates how far a unit 

mass of cooling will extend downstream to decay to a certain level of 

effectiveness. Values of adiabatic effectiveness for low blowing ratios will 

collapse to a single curve, but will deviate once separation significantly alters the 

performance at larger blowing ratios. It is then possible to identify where 

separation effects begin to deteriorate the performance by examining the scaling of  

  with x/Ms. 
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Other geometrical parameters are of particular importance to engine designers 

such as the radius of curvature of the surface and the angle of injection of the film 

cooling holes. The effect of convex curvature on film cooling was the main focus 

of this study and thus the angle of injection was not varied throughout the 

experiments. The diameter of the coolant holes is selected in the literature as the 

relevant length scale to non-dimensionalize the radius of curvature as 2r/d. This 

geometric parameter differentiates the performance of a jet on a flat surface as 

opposed to jets on a curved surface. Values of 2r/d > 0 represent convex surfaces 

and values of 2r/d < 0 represent concave surfaces. For sufficiently large radii of 

curvature, 2r/d >> 1, the surface is essentially flat. There have been several studies 

that have shown that strongly convex surfaces tend to improve the performance of 

film cooling at lower momentum ratios, while performing worse at higher 

momentum ratios, in comparison to a flat surface. Concave surfaces perform 

opposite of convex surfaces with lower momentum jets performing worse than flat 

surfaces. The reasoning behind the change in performance is due to a balance of 

momentum of the jet and a normal pressure gradient that develops along the 

curved surface. For low momentum jets on convex surfaces, the normal pressure 

gradient force dominates the performance, forcing the film onto the surface. The 

pressure gradient counteracts the tendency of the jets to lift off of the surface, 

resulting in better performance over flat surfaces. At higher momentum flux ratios, 

jets will move in a curvilinear trajectory back towards the surface. For a convex 

wall the surface will be curving away from the jet, shown in Figure 1-2. This 
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allows for flat surfaces to in fact perform better than convex surfaces at higher 

momentum ratios.  The effects of convex curvature on film cooling will be 

discussed in more detail in the following section by virtue of a review of the 

current state of knowledge in this field. 

 
Figure 1-2 Comparison of jet trajectory for high I on flat and convex surfaces 

 

1.4 Literature Review 

1.4.1 Curvature effects on film cooling performance on a constant curvature 

wall 

Some of the earliest studies on the effect of surface curvature on the 

performance of film cooling were performance with the ideal slot injection. Mayle 
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et al. (1977) was an early study that measured the effects of curvature on adiabatic 

effectiveness and the boundary layer growth on convex, flat and concave surfaces 

with slot injection.  While the current study is with discrete hole injection, slot 

measurements supply fundamental information on the performance of a secondary 

fluid injection into a uniform flow. The slot injection behaves distinctly different 

from discrete hole injection, where by the flow field of discrete hole injection is 

three dimensional in nature unlike the two dimensional nature of the slot injection. 

The experimental setup consisted of a constant curvature test section with a 

nominal radius of curvature of 61 cm. The test section was designed such that there 

was no pressure gradient present in the mainstream channel flow, adverse or 

favorable. The mainstream flow was maintained at a temperature of 30°C and 

velocity of 21 m/s. The coolant was measured at the slot injection into the 

boundary layer flow, and maintained at 26°C below the free-stream temperature. 

Blowing ratios of 0.5, 0.7 and 0.9 were tested, with M = 0.7 being the only 

blowing ratio with boundary layer measurements. The results of the study show 

that adiabatic effectiveness on a convex curvature performs 30% better than the 

flat plat surface for M = 0.5 to 0.9. The authors concluded from their 

measurements of the growth of the thermal and velocity boundary layers that the 

convex surface effects the production, diffusion and dissipation of the Reynolds 

stresses, which reduced the amount of mixing within the boundary layer. This, the 

authors speculate, preserves the core of the coolant jet, and allows coolant to 

extend further downstream.  
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Schwarz et al. (1991) studied the effects of the strength of convex and concave 

curvature on discrete hole film cooling, by comparing their results to Ito et al. 

(1978) and Pedersen et al. (1977). This was done by scaling the surface curvature 

with injection diameter, 2r/d. In their experiments, the curvature parameter was 

varied by changing the injection diameter and not the surface curvature. Blowing 

ratio was varied from 0.3 to 2.7 with a pitch of 3 diameters, and density ratio of 

0.95 to 2.0 was achieved by using a foreign gas injection technique. The diameters 

where adjusted so that 2r/d = +61, +94, and +126 on the convex curvature portion 

of the test section. The nominal radius of curvature on the convex surface was 

20.32 cm.  Schwarz et al. concluded that for stronger curvature, lower 2r/d, the 

film cooling performance increases for low I. For a change in 2r/d from 126 to 94 

there was a 33% improvement in adiabatic effectiveness, while there was only a 

1% increase in performance for 2r/d = 94 to 61. As the momentum of the jet 

increases further, the convex surface performs worse than a flat plate surface, 

consistent with the results of Ito et al. (1978). They explained these results by 

pointing out that on curved surfaces, a cross stream pressure gradient is present, 

which pushes the jets into the surface for convex surfaces, and lifts them away 

from the surface for concave surfaces. For lower blowing ratios, the tangential and 

normal components of the jet are small and the pressure gradient dominates the 

performance. 

Ko et al. (1984) measured turbulence and velocity profiles as well as static 

pressure distributions for a coolant jet on a constant convex curvature surface.  The 
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study used a foreign gas injection technique to achieve density ratios ranging from 

1 to 1.3 and tested blowing ratios ranging from 0.2 to 1.5. A single row of three 

holes was tested with an injection angle of 30° and p/d = 2 with a curvature 

strength of 2r/d = 26.  From static pressure measurements along the surface 

downstream of the point of injection, the study found that in the near hole region, 

x/d < 3, there is region of negative pressure causing recirculation of mainstream 

flow. This recirculation region was present for low blowing ratios, M < 0.5, but 

became progressively more severe for higher blowing ratios. With an increase in 

blowing ratio from M = 0.5 to 1.0 the static pressure coefficient increased by a 

factor of 4. Their adiabatic effectiveness measurements come to similar 

conclusions as other studies on curvature effects. However their results show that 

in the near hole region, x/d < 5, the flat plate performs approximately 20% greater 

than the convex surface for M < 1 and approximately 40% worse that the convex 

surface for M ≥ 1. Farther downstream the convex curvature performs more 

consistent with other studies. 

1.4.2 Curvature effects on film cooling tested on a blade/vane cascade 

Ito et al (1978) was the first series of experiments to examine discrete hole film 

cooling on curved surfaces for a wide range of blowing ratios. The study looked at 

adiabatic effectiveness on a turbine blade with density ratios varying from 0.75 to 

2.0, blowing ratios varying from 0.20 to 2.98 for a single row of holes on convex 

and concave curvature (suction side and pressure side of the blade respectively). 

The pitch was maintained at p/d = 3, and an injection angle of α = 35° was used in 
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the experiments. A momentum balance analysis of a coolant jet over a curved 

surface was implemented in order to evaluate when jets would perform better or 

worse than a flat plate surface. The results from their analysis showed that 

separation was dependent on the momentum of the coolant jet relative to the 

mainstream flow by the parameter: Icos(α). This parameter represents the 

tangential component of the momentum of the coolant jet, or the centrifugal 

component of the coolant jet.  For a convex surface, If Icos(α) was less than unity, 

the convex surface would perform better than the flat surface. If Icos(α) was 

greater than or equal to unity the flat surface would perform better than the convex 

surface. This theoretical prediction was proven by their subsequent experiments. 

They theorize that this result is due to the presence of a surface normal pressure 

gradient that develops on a convex surface as the flow flows around the surface. 

This normal pressure gradient helps to push the core of the jet towards the surface 

of the blade.   

Waye et al. (2006) performed measurements on the effects of pitch, freestream 

turbulence, density ratio and compound angle effects on adiabatic effectiveness on 

the suction side of a turbine vane. The study was down in the same test facility as 

the current study, but a different vane model was used in their experiments. The 

focus of the study was not on curvature effects on adiabatic effectiveness, however 

the location of injection was at a position of a weak convex curvature, 2r/d = 126. 

The study made comparisons of their adiabatic effectiveness measurements to flat 

surfaces available in the literature. They found that at this position on the vane 
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there was no noticeable effect of the convex curvature on the performance of the 

jets. Therefore, it was concluded that a weakly convex curved surface could be 

considered a flat surface.  

Another study from the same test facility as the current study was done by 

Ethridge et al. (2001). This study looked into the effects of density ratio and free 

stream turbulence on adiabatic effectiveness. Measurements were carried out on a 

turbine vane in a location with strong curvature, 2r/d = 26. As with Waye et al. 

(2006), the free stream parameters are very similar to the current study, except 

measurements were carried out on a different vane design. For their series of 

experiments the density ratio varied from 1.1 to 1.6. The adiabatic measurements 

were scaled with blowing ratio or momentum flux ratio. It was found that scaling 

was better with M for low blowing ratios, M < 0.7, while scaling was better with I 

for high momentum flux ratios, I > 0.4. The free stream turbulence was varied 

from 0.5 to 20% and found that at low I, there was no change in performance, 

whereas at high I there was an approximate 50% increase in performance with 

lower levels of freestream turbulence. 

1.4.3 Injection Angle on Curved and Flat Surfaces 

Goldstein et al. (1997) studied adiabatic effectiveness and flow visualization on 

convex and concave walls with three injection angles tested: α = 15, 25 and 45°. 

The test section consisted of a constant convex or concave curvature, with a single 

row of holes with diameters of 2.18mm, spaced 3 diameters apart. This resulted in 
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a curvature parameter of 2r/d = 92.5 on the convex surface. Foreign gas injection 

was used to achieve a density ratio of 0.95 and 2.0, for blowing ratios ranging from 

0.25 to 2.50. Their results indicate that at lower blowing ratio, M = 0.5, the shallow 

injection angle of α = 15° performs approximately 30% greater than the steeper 

injection angles of α = 25° and 45°. At a larger blowing ratio, M = 2.0, the steeper 

injection angles performs better by approximately 50% over the shallow injection 

angle. This is reportedly due to shallow angles ability to deter jet separation, while 

steeper injection angles promote the production of bound-vortices that interact to 

bring the jet back to the surface after separation. These bound-vortex interactions 

or counter rotating vortices tended to translate towards the wall. Their flow 

visualization provided some evidence to this effect. The authors also compared 

density ratio effects on laterally averaged effectiveness values. They came to the 

conclusion that the peak performance, on a convex surface, occurred for M = 0.5 at 

DR = 0.95 and M = 0.75 for DR = 2.0, which correspond to a momentum flux ratio 

of I = 0.25 for both cases. 

Injection angle effect on film cooling performance was investigated by Kohli et 

al. (1997). Measurements of adiabatic effectiveness for two injection angles, α = 

35° and 55°, were carried out in a flat plate test facility. In addition, thermal and 

velocity profiles were measured downstream of the hole. Their results showed that 

the effectiveness was 10% greater for the shallower angle, α = 35°, for low I and 

increased to 30% for higher momentum jets (I > 0.6). Their thermal and velocity 

field measurements indicated that there is greater diffusion of coolant near the hole 
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for the steeper injection, α = 55°, causing the decrease in effectiveness of the jet. 

This increased level of diffusion was caused by a strong shear layer between the 

mainstream and the coolant jet. This shear layer results in the generation of very 

high levels of turbulence in the near hole region of approximately Tu = 14 to 16%, 

causing the decrease in performance of the jet at α = 55°. 

1.4.4 Approaching Boundary Layer Effect on Film Cooling Performance 

Liess (1975) performed measurements of adiabatic effectiveness and heat 

transfer coefficient on a flat plate surface. The approaching boundary layer was 

varied from laminar to fully turbulent with thicknesses varying from δ/d = 0.04 to 

0.62. The holes were spaced with a pitch of 3 diameters and aligned at 35 degrees 

to the surface.  Adiabatic effectiveness measurements were carried out with an 

approaching boundary layer that was either turbulent or laminar. The type of 

approaching boundary layer resulted in no change in performance for the same 

boundary layer thickness. The displacement thickness of the boundary layer was 

found to be of more importance than the velocity profile of the approaching flow. 

The main flow boundary layer displacement thickness at the hole exit was varied 

and adiabatic effectiveness values were measured for a blowing ratio of M = 

0.37±0.06. They found that the effectiveness was unchanged for δ*/d ≤0.2, but 

varied significantly for δ*/d >0.2. With a displacement thickness of δ*/d = 0.6, the 

adiabatic effectiveness dropped to nearly half the its initial value at δ*/d = 0.2. 
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1.4.5 Pressure Gradient Effects 

Pressure gradients are present in the mainstream flow along the suction side 

and pressure side of the turbine vane. The influence of both favorable and adverse 

pressure gradients have been studied previously in past studies in flat plate 

facilities.  The pressure gradient on the suction side of a turbine vane was 

simulated in a flat plate test facility by Schmidt and Bogard (1995). The results of 

the experiment showed that for low momentum jets there was increased lateral 

spreading of the coolant jet immediately downstream of the hole for the non-zero 

pressure gradient flow. There was also an increase in decay rate of laterally 

averaged effectiveness and a drop in centerline effectiveness of 30% from a zero 

pressure gradient value of ηcl = 0.55, for x/d < 10. Farther downstream, x/d > 10 

there was no change in performance between the zero and non-zero pressure 

gradient flows. For high momentum jets the pressure gradient had no effect on the 

effectiveness of the jet. 

1.5 Objective of Study 

Measurements of adiabatic effectiveness on curved surfaces have been studied 

in the past 30 years, but none to date have quantified the effects of the surface 

curvature on adiabatic effectiveness. Studies attempting to isolate the curvature 

effect from stream-wise pressure gradient effects and boundary layer effects often 

use constant curved surfaces. Other studies test film cooling on turbine vanes or 

blades to get generalized information about performance in a real engine. These 

studies quote the curvature strength, normalized by the hole diameter, as 2r/d. This 
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normalization of the radius of curvature first appeared in the literature by Ito et al. 

(1978) as r/d. There was no rationalization for their selection in the length scale, 

but simply a means of describing the non-dimensional radius of curvature. It was 

not until the studies by Shwarz et al. (1991) that the assumption of scaling with 

2r/d was specifically stated. Figure 1-3 shows the results of the measurements by 

Shwarz et al. (1991) which indicate that by decreasing 2r/d, representing stronger 

convex curvature, increases the film cooling performance over flat surfaces.  

However no tests to date have been performed to validate the assumption that 

adiabatic effectiveness scales with 2r/d. This assumption was tested in the current 

study by comparing the performance of two hole locations with the same 2r/d, but 

with two different local radii of curvature. The diameter of the coolant holes was 

adjusted such that both locations had matching 2r/d. A single row of holes was 

located at a position with local curvature of r = 52 mm, and with a hole diameter 

selected such that 2r/d = 28. A second row of holes was then placed at a location 

farther downstream with a local radius of curvature r = 75 mm. The diameter of 

the holes was then selected such that 2r/d = 28. A third configuration was tested as 

a reference condition with a local radius of curvature as r = 75 mm, but the 

diameter was selected such that 2r/d = 40. If the configurations with matching 2r/d 

holes agreed well, then that would indicate scaling with the curvature parameter, 

2r/d. However, if the configurations with matching local radius of curvature agreed 

well, then that would indicate that the dimensional radius of curvature is more 

important than the scaled radius of curvature. 
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Figure 1-3 Laterally averaged Adiabatic effectiveness measurements for various 2r/d. 

(Schwarz et. al (1991)) 

 

The major assumption for scaling of adiabatic effectiveness with 2r/d is that 

the performance solely depends on the local curvature at the hole exit without any 

information of the change in curvature downstream. Studies that attempt to isolate 

curvature effect by using a constant convexly curved wall will not capture any 

effect due to a wall with changing curvature. A wall with changing curvature is 

inherent in turbine blade and vane designs. To measure the effect of downstream 
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curvature and its impact on scaling, two holes were positioned upstream and 

downstream of the point where dr/ds = 0, the maximum curvature position. The 

holes were designed and located such that the local curvature, diameter, and hence 

relative curvature strength were equivalent between the two positions. The main 

difference being the change in curvature downstream of the coolant hole exit.  

In addition to identifying curvature scaling, impact of boundary layer and 

injection angles on film cooling performance were measured along the suction side 

of the vane. An important reference condition was required to isolate the effects of 

relative strengths of curvature. Row of holes located on a weakly convex surface 

was tested with a steep injection angle, matching those at the higher curvature 

positions. By gathering information at a weakly convex surface the relative 

increase in performance is more clearly identified. Boundary layer effects were 

measured by installing a trip upstream of the cooling hole. The boundary layer will 

trip to turbulence and result in a thicker approaching boundary layer. The effect of 

the approaching boundary layer on film cooling performance can be identified by 

noting any change in effectiveness between conditions with and without a trip 

installed. 
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Chapter 2 Facility and Experimental Methods 

2.1 Facility Description 

The experiments carried out in this study were performed in the Turbulence 

and Turbine Cooling Research Laboratory (TTCRL) at the University of Texas at 

Austin. The facility consisted of a closed loop low speed wind tunnel originally 

constructed by Engineering Laboratory Design Inc. Since its original construction, 

major modifications have been made to the wind tunnel design to allow for various 

test section designs. The test section used in this study was a simulated three vane 

cascade for a C3X vane model. The test section was originally designed by 

Polanka (1999) and Cutbirth (2000), for a PW4000 vane model. Modifications to 

the test section were carried out by Dees (2010) and Alberts (2011) for the use of a 

C3X vane model.  

There are two flow paths used in the experiments: the main flow loop which 

provides the external motion of air about the vane cascade and the secondary flow 

loop which provides the internal cooling in the test vane. The details of these two 

flow loops will be described in detail in the following sections. 

2.1.1 Main Flow Loop 

 A schematic of the closed loop wind tunnel used in this study is provided in 

Figure 2-1. The main flow was driven by a 50HP variable speed fan positioned 

inline within the wind tunnel. The flow rate was controlled and maintained at a 

constant speed by making minor adjustments to the frequency of the variable speed 
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drive. These fine adjustments were made throughout the test to control the speed of 

the flow entering the test section. If larger adjustments were required, the flow rate 

could be controlled further by making adjustments to the angle of the pitch of the 

fan blades.   

The main flow was conditioned before the test section, by passage through 

several screens, heat exchangers, and flow contractions. To control the humidity, 

the flow was drawn past six desiccant packs filled with a molecular sieve. After 

dehumidification, the temperature of the flow was adjusted by a fin tube, cross-

flow heat exchanger using water as the secondary fluid. The main-stream flow 

would require cooling due to heat generation by the in-line fan motor, the 

dehumidification process, or through heat transfer through the walls of the wind 

tunnel. A series of screens and aluminum honeycomb structures were used to 

reduce the amount of mainstream turbulence generated from the desiccant packs 

and the heat exchanger. The main flow was then accelerated to a higher speed at 

the entrance to the test section by a contraction nozzle with an area ratio of 4:1. A 

row of turbulence generators were then used to generate a large main stream 

turbulence level, a detail description of which is supplied in Section 2.1.3. Finally 

the flow passed through the test section, for which a detailed description is offered 

in Section 2.1.4. 
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Figure 2-1 Schematic of TTCRL wind tunnel 

 

2.1.2 Secondary Flow Loop 

 A secondary flow loop was used to provide low temperature coolant through 

the internal loop of the test section. A small portion of the mainstream air was 

drawn into the secondary flow loop by a 35hp constant speed blower, as shown in 

Figure 2-2. The blower supplied a higher volume of air than was required for the 

operation of the experiments in this study. Hence, a bypass valve was used to send 

a major portion of the air drawn from the mainstream flow back into the tunnel. 

The flow into and out of the test vane was controlled by two 2.5 inch gate valves. 

The amount of coolant that would exit the film cooling holes was controlled by 

adjusting the inlet and outlet valves. The flow rate of the coolant was measured 

using two orifice meters positioned upstream of each gate valve. The difference 

between the mass flow measurements at the inlet and outlet flow meters is the 
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amount of coolant exiting through the coolant holes. The details of the blowing 

ratio control, measurement, and calculation are outlined in Section 2.3.3.3.  

The flow remaining in the secondary loop was passed through several fin tubed 

heat exchangers. The heat exchangers were enclosed in a wooden box, with the 

spacing between the walls the heat exchangers fill with insulation. Liquid nitrogen 

was passed through the heat exchangers to cool the secondary flow to temperatures 

around 240K, thereby increasing the density of the fluid. The nitrogen would then 

mix with the secondary flow at the exit of the heat exchanger. 

 
Figure 2-2 Schematic of secondary flow loop 

 

2.1.3 Turbulence Generator 

 A grid turbulence generator was used to control the level of turbulence in the 

mainstream flow as it passed into the test section. A row of 12, 38mm diameter, 

vertical rods spaced 85mm apart were used to generate the turbulence in the 

approaching flow. The grid was located at a position 48.3 cm (0.91C) upstream of 
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the geometric leading edge of the vane cascade. Turbulence intensity 

measurements were originally performed by Polanka (1999) and Cutbirth (2000). 

More recent measurements have been performed by an undergraduate research 

assistant, Yoran Pichon, at a position of 14.5cm (0.27C) upstream of the leading 

edge using a hot-wire anemometer (Pichon (2009)). The turbulence intensity was 

measured to be Tu = 20% ±1.2% with an integral length scale of Λf = 3.7 ±0.9 cm 

at this location (Albert (2011)).  

2.1.4 Test Section and Vane Model 

 The test section used in this study resided within one corner of the closed loop 

wind tunnel seen in Figure 2-1. The test section consisted of a simulated three 

vane, 2 passage cascade, 0.52 m tall and 1.02 m wide at the entrance to the test 

section, seen in Figure 2-3. The center vane was the only complete vane with the 

two vanes on opposite sides being partial vanes. Flow bypasses were used on each 

half vane to help control the pressure distribution about the center vane. In addition 

to the bypasses, adjustable walls were used along the outside wall of the center test 

vane to correctly match a pressure distribution predicted by a CFD simulation of 

an infinite cascade.  The pressure distribution about the vane was computationally 

predicted and experimentally measured by Dees et al. (2012) and presented in 

Figure 2-4.  

 The test section enclosure was composed of a Plexiglas construction with 

various ports located around the test section for easy access to the test vane. 
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Infrared thermography was used in the measurement of film cooling performance. 

However, Plexiglas is opaque to infrared radiation. Therefore some of the port 

holes located on the test section were replaced with single crystal NaCl IR 

windows. The NaCl windows allowed for the transmittance of infrared 

wavelengths and thus temperature measurements on the surface of the test vane.  

 
Figure 2-3 Schematic of Test section 
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Figure 2-4 CFD prediction and experimental measurements of C3X pressure 

distribution (Dees (2010)) 

 

The test vane was a 12x scale model of a NASA C3X vane, described in 

Hylton et al. (1983). The C3X test vane had a chord length of 53.1 cm, a spanwise 

height of 54.7 cm, and a pitch spacing of 45.7 cm.  The vane was constructed of a 

low thermal conductivity closed-cell polyurethane foam, with a thermal 

conductivity of k = 0.048 W/m-K. This low thermal conductivity made the test 

vane nearly adiabatic. The approach velocity of the vane was maintained at 5.8m/s, 

which resulted in an exit velocity of 30m/s. This corresponds to a Reynolds 

number, based on the vane chord length, of Rec,approach = 1.9e5 and Rec,exit
 
 = 7.0e5 . 

A summary of the test vane parameters are provided in Table 2-1, show below. 
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Table 2-1 Summary of test section parameters 

Parameter Value 

Chord Length (C) 53.1 cm 

Spanwise Height 54.7 cm 

Vane Pitch 45.7 cm 

Thermal Conductivity (k) 0.048 W/m-K 

Inlet Mainstream Velocity (Uinf) 5.8 m/s 

Exit Mainstream Velocity (Uinf) 30 m/s 

Inlet Reynolds Number (Rec,approach) 1.9e5 

Exit Reynolds Number (Rec,exit) 7.0e5 

 

2.2 Manufacturing Technique 

 This section is intended to describe the design process that went into the final 

construction of each hatch. There were in total 4 new hatch constructions in this 

study and 2 hatches re-tested which were previously designed by a former master’s 

student Marc Nathan. The main design and construction was extended from 

Nathan (2011), who studied the effects of curvature on adiabatic effectiveness on a 

turbine vane. 

2.2.1 Hatch Design and Construction 

 Similar to the test vane, the hatches were constructed of low thermal 

conductivity, closed-cell polyurethane foam. The vane consisted of several cut outs 

located at distinct locations on the vane which corresponded to the suction side and 

pressure side regions of the vane. New hatches could be replaced in each cut out 

such that new film cooling hole configurations could be tested. The hatch profile 

was designed to exactly match the profile of the vane at that particular location. 

The locations of the film cooling holes, for this study, were along the suction side 
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of the vane, which corresponded to two hatch locations indicated in Figure 2-5. 

The remaining hatches were either blank inserts or had coolant holes present which 

were securely sealed with adhesive tape and clay. 

 
Figure 2-5 Location of suction side hatches of C3X 

 

 As stated previously, the design for the current study was based on the 

previous work of Nathan (2011). In the study of Nathan (2011) curvature effects 

were tested at two locations on the suction side of the vane, s/C = 0.24 and 0.30, 

which correspond to positions of high and moderate local curvature respectively. 

The high curvature location had a local radius of curvature of r = 52 mm and a 

hole diameter of d = 3.73 mm, giving 2r/d = 28. The moderate curvature location 

had a local curvature of r = 75 mm and a hole diameter of d = 3.73 mm, giving 

2r/d = 40. The holes tested in the 2011 study had an injection angle of 45° and a 

pitch distance between holes of 8 diameters at both locations.  

The designs of the new hatches were carried out in Solidworks, a sample of a 

hatch design is shown in Figure 2-6. The injection angle and pitch were kept the 

same as the 2011 tests in order to have direct comparisons between each test. Once 
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the design was completed the hatches were then manufactured on a CNC machine 

by the UT ME machine shop. A summary of the configurations tested are show in 

Table 2-2 below and their relative location on the vane is indicated in Figure 2-7. 

 
Figure 2-6 Example of cross-sectional view of hole design 

 

Table 2-2 Summary of test configurations 

Case 2r/d s/C L/d d (mm) r (mm) 

1 28 0.24 5.68 3.73 52 

2 28 0.30 5.18 5.37 75 

3 40 0.30 5.29 3.73 75 

4 40 0.28 5.35 3.34 67 

5 40 0.16 5.35 3.34 67 

6 NA 0.56 5.54 3.85 >1000 
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Figure 2-7 Hole locations along vane of each test case 

 

2.3 Testing Procedure 

2.3.1 Hatch Installation 

There were a few steps required to install the hatch into the vane before testing. 

Before the hatches were installed into the vane, two thermocouples sensors for film 

gas temperature measurements were attached on the underside of the hatch at holes 

located above and below the viewing area. The hatches were securely fastened to 

the vane using 9 screws and sealed using DAP vinyl plaster. The plaster not only 

provided an excellent seal between the cracks, but also provided a smooth 

transition between the hatch and vane surfaces. Finally the surface of hatch and 

vane were painted black to achieve an emissivity of ε = 0.98. 
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2.3.2 Test Preparation 

2.3.2.1 Vane Preparation and Installation 

Two acrylic boards were attached to the top and bottom of the test vane and 

used to attached and seal the test vane to the test section of the wind tunnel. The 

bottom acrylic board had cut outs that matched the shape of the internal flow loop 

of the test vane to allow coolant to pass through. The bottom was sealed to the test 

section using a rubber gasket greased with vacuum grease. This was done to ensure 

that no cross stream contamination occurred between the inlet and outlet or 

between the mainstream and the internal flow loop. Finally screws were used to 

securely attach the vane to the wind tunnel test section. 

2.3.2.2 IR Camera Setup 

 In all but one test case, a single IR camera was used to measure the surface 

temperature of the vane. In the test case with the coolant holes located upstream of 

the maximum curvature, a single camera was not sufficient and two cameras were 

required to capture the performance. This was due to the steep curvature of the 

vane, which only allowed 10 diameters downstream to be viewed before the vane 

curved out of the sight of the upstream camera. Figure 2-8 shows the positioning of 

the cameras for the Case 5 test. The second camera located further downstream 

along the vane, was the position of the camera used for the remaining test cases. 

For all test cases the camera was angled in such a way to maximize the amount of 

surface downstream of the exit of the coolant holes that could be seen in an IR 
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image. The field of view was reduced due to the size of the IR window. The image 

of the IR camera was restricted by the window edge, which could alter the 

apparent temperature of the surface of the vane. To make sure this did not occur, 

the IR camera was positioned so that no temperature augmentation occurred in the 

field of view. 

 
Figure 2-8 Camera position along suction side of the vane 

 

Before each experiment was run, location images of the vane were taken, using 

the location lines discussed in Section 2.3.2. The silver paint was used to draw the 

lines would reflect infrared radiation if a thermal source was provided. Often the 

heat from a hand or arm was sufficient to provide enough incident radiation upon 

the vane surface. If there was not enough illumination of the location lines, a 

heated 1mm diameter steel rod would be used to point to tick mark locations. 
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These images were used in the image reduction and x/d and z/d correlations which 

are described sections 2.5.2 and 2.5.3 respectively. 

2.3.3 Tunnel Operation 

 The following sections outline the procedure done for a complete experiment. 

The procedure consisted of drying out the tunnel and cooling down the internal 

flow loop. Once the tunnel had reached steady state conditions, various blowing 

ratios were tested and surface temperature measurements were made. 

2.3.3.1 Tunnel Drying 

 Due to the extreme temperatures used in the facility, it was required that the 

tunnel have as little moisture as possible to prevent the formation of frost on 

valves, fitting and the test vane itself.  Therefore frost formation in the secondary 

loop and on the vane was a major concern. Nitrogen gas purging and desiccant 

packs were used to reduce the level of humidity present in the tunnel, which often 

varied from 20% to 50% RH at the start of an experiment. Tunnel purging was 

accomplished by injection of a large volume of nitrogen gas at 30psig into the 

tunnel, displacing the moist air with the dry nitrogen gas. Once the mainstream 

flow had reached approximately 10% relative humidity, recharged desiccant packs 

were mounted into the wind tunnel. These desiccant packs were recharged by 

heating them to a temperature of 450°F for 12 hours. With both desiccant packs 

installed and continuation of nitrogen purge, the secondary flow loop was initiated 

to remove any moisture present in the coolant flow path. A humidity level of 3% 
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was often accomplished and sufficient enough to deter any frost formation during 

the duration of the test. Humidity levels were checked periodically throughout an 

experiment with only a rise of 2 to 3% over the course of 5 hours. 

2.3.3.2 Secondary Flow Loop Cool Down 

 Cool down of the secondary flow loop was achieved by the usage of liquid 

nitrogen. The secondary flow loop consisted of a 35hp blower that would drive the 

air used as the coolant through the vane. The tests would run at a nominal density 

ratio of 1.20 ± 0.01. To achieve this density ratio the temperature of the film 

needed to exit at 255K. There was considerable heat gain through the piping up to 

the test vane, which required the temperature at the heat exchanger exit to be 

240K. In addition, the coolant would pass through several feet of piping, valves, 

and the test vane itself. These components combined had a large thermal mass and 

required a significant amount of time to achieve the appropriate temperatures, 

often taking upwards of one hour to reach steady state conditions. The liquid 

nitrogen Dewar’s would drift in pressure as liquid nitrogen was used up during the 

test. For continual operation throughout the test, liquid nitrogen output would be 

adjusted by the liquid port valve on the liquid nitrogen Dewar. This continual 

adjustment during a test kept the density ratio of the flow at oscillations of about 

+/- 0.01 around the nominal density ratio of 1.20. 
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2.3.3.3 Flow Rate Measurement and Blowing Ratio Calculation 

 Measurements of blowing ratios were carried out by the usage of two orifice 

plate flow meters and controlled by two 2.5 inch gate valves. The internal flow 

path of the vane consisted of a U-bend passage, with coolant entering in and out of 

the vane. A small portion of this flow would exit through the coolant holes. The 

amount of coolant that would exit through the coolant holes was determined by 

making measurements of the amount of coolant entering the vane and the amount 

exiting. The mass flow rate of the film was then assumed to exit uniformly 

throughout the coolant holes. This flow uniformity was confirmed by IR images of 

the complete row of holes shown in Figure 2-9 a and b, where relative lengths of 

the jets are indicated. As seen, the jets are uniform along the row, the only 

exception being the top and bottom holes. These holes are near the top and bottom 

of the test section walls, and therefore the boundary layer will disturb the coolant 

flow path significantly. 



38 

 

 
Figure 2-9 Jet uniformity of single row of holes with a low I jet (left) and high I jet 

(right) 

 

 The flow rate of both the inlet and the outlet were measured with orifice plate 

flow meters with β = 0.8589, where β is the ratio of the diameter of the orifice 

plate to the pipe diameter. The pressure drop across the orifice plate was measured 

with two 0 to 5 in. of water pressure transducers. The static pressure at each 

respective transducer was measured by teeing off the inlet pressure tap and 

measuring the pressure differential between the upstream pressure tap and the 

atmospheric pressure. The static pressure was measured with two 0 to 20 in. of 

water pressure transducers.  

The inlet orifice flow meter was calibrated by a graduate research assistant 

Tom Dyson PhD using a laminar flow element manufactured by Meriam. The 

details of the calibration are found in Dyson (2012). The calibration of the 
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discharge coefficient of the orifice plate, Cd, versus the orifice Reynolds number 

was determined to be of the form: 

 

           ((
   

               
)

    

)

 

   ((
   

               
)

    

)     

(2.1) 

 

Where, A, B, and C are the calibration coefficients and Reorifice is the Reynolds 

number of the orifice. The outlet orifice flow meter had been previously calibrated 

by Albert (2011), but was not calibrated down to the flow rates required for this 

study. Therefore the outlet was calibrated again using the calibrated inlet orifice 

meter. It was important to obtain an accurate calibration of the outlet flow meter 

considering that the film coolant flow rate measurement comes from the difference 

between the inlet and outlet flow rate measurements. The flow path of the 

secondary loop was restricted such that any flow entering the vane would not exit 

through the coolant holes. The outlet valve was position in the fully open position 

and the inlet valve was adjusted to measure a wide range of flow rates. The 

calibration form was chosen to be of the same form as the inlet orifice meter, 

Equation (2.1). The calibration curves of the inlet and outlet are shown in Figure 

2-10 and Figure 2-11, with their respective calibration coefficients. 
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Figure 2-10 Inlet orifice flow meter calibration 
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Figure 2-11 Outlet orifice flow meter calibration 

 

The mass flow rate,  ̇, through each flow meter was calculated using the 

following equation:  
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(2.2) 

Where,   is the density of the fluid, Ap is the area of the pipe, and    is the 

pressure drop across the orifice plate. The density was computed by making 

temperature and pressure measurements upstream of the respective orifice meter, 

and assuming the air behaves as an ideal gas. The discharge coefficient is 
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determined from each respective calibration curve. However, the discharge 

coefficient is a function of the flow rate through the orifice meter itself. Therefore 

an iteration process was used to converge to the correct discharge coefficient and 

mass flow rate. 

 

The iteration required for the mass flow calculation was too cumbersome to 

compute in the Labview VI, which was used to collect and monitor all relevant 

data streams. A correlation of the flow rate based on the ideal conditions of the 

flow was developed to obtain a quick estimate of the flow rate through each orifice 

meter. The correlation was a quadratic equation with flow rate as a function of 

√   across the orifice. This allowed for real time measurement of the blowing 

ratio. The accuracy of the correlation was checked throughout the experiment, by 

making manual iterations using Excel Workbook. All blowing ratios presented in 

this study were computed using the iteration process discussed above. The 

correlation used for the inlet and the outlet flow meters is shown in Figure 2-12.  
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Figure 2-12 Correlation of inlet and outlet mass flow rates 

 

The coolant mass flow rate was determined by taking the difference between 

the mass flow rate into the vane and out of the vane. The average mass flux of the 

coolant is computed by dividing the film mass flow rate by the total exit area, as 

seen in following equation: 
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Where Nh is the number of holes in a row and dh is the nominal hole diameter. The 

mass flux over the coolant holes has to be found in order to compute the blowing 
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pressure distribution about the vane. Because the pressure distribution was 

matched between the test section and the numerical prediction, the free-stream 

velocity computed using the CFD prediction was fairly close to the actual free-

stream velocity. Multiplying the free-stream velocity by the mainstream density, 

gives the free-stream mass flux, dividing the coolant mass flux by this quantity 

gives the blowing ratio.  

2.3.3.5 Testing Procedure 

 Blowing ratios ranging from M = 0.3 to 1.6 were tested after the tunnel drying 

and cool down procedures were completed. The blowing ratio was increased 

consecutively by 0.1 between M = 0.30 and 0.80, then the blowing ratio was 

measured every 0.2 between M = 0.80 to 1.60. The tunnel was monitored to 

maintain a density ratio of 1.20, by manually adjusting the mainstream and 

secondary loop temperatures at the correct levels. The mainstream was maintained 

at a temperature of 305K, while the secondary loop was maintained at a 

temperature of 255K measured at the hole exit. For all testing conditions the inlet 

flow rate was fixed at a Reynolds number of 10,000, based on the hydraulic 

diameter of the inlet channel of the vane. Each data point averaged 8000 points 

over 8 seconds, sampling at a rate of 1000Hz. 

 At the start of each experiment the tunnel would be shut off, stopping the 

mainstream flow, but the secondary loop was kept on to maintain the appropriate 

temperature within the heat exchanger. The mainstream pressure transducer was 
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then zeroed by taking ten data points. The 10 data points were then averaged and 

used as the zero for the mainstream pressure transducer by subtracting this average 

value from all other data points being read. The mainstream tunnel would start up 

again, and steady conditions would be reached within 5 minutes. The pressure 

transducers on the orifice meters were then zeroed in a similar manner, this time 

however, the blower remained on and the valves controlling the inlet and outlet 

flow would be completely closed. These zero values were then subsequently 

subtracted from their respective pressure measurements taken throughout the test. 

The pressure transducer would drift over the course of an experiment and would 

therefore have to be re-zeroed. The zeroing procedure was done every 30 minutes 

for the orifice pressure transducers and every 60 minutes for the mainstream 

pressure transducer. A typical drift on the office pressure transducers was 0.0002 

to 0.0004 in. of water, while a typical drift for the mainstream pressure transducer 

was 0.001 in. of water. 

 Three different blowing ratios could be measured between pressure transducer 

zeros, due to the very low response time of the adiabatic vane. The time to reach 

steady state had been measured previously by Robertson (2003) who indicated that 

the time to reach steady state for low changes in blowing ratios (ΔM < 0.3) was 

only 10 seconds, while large changes in blowing ratios (ΔM > 0.3) required 30 

seconds. The vane used in Robertson (2003) was of a different design than this 

study, but made of the same material. Because of this, the C3X vane was allowed 

roughly 2 minutes to reach steady conditions after any change was made to the 
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blowing ratio. Multiple measurements were taken at each blowing ratio, spaced 1 

to 3 minutes apart. Shown in Figure 2-13 and Figure 2-14, are two blowing ratios 

measured over the course of several minutes with no significant change in 

performance at a set blowing ratio. This indicates that indeed the vane is a steady 

state. 

 
Figure 2-13 Steady state condition for low I jet  
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Figure 2-14 Steady state condition for a high I jet 
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the flow rate measurements were valid, the blowing ratio would measure a value of 

zero, i.e. inlet flow rate matched the outlet flow rate. A small correction, on the 

order of 0.001 in. of water, was added to the inlet flow measurement to balance the 

flow rates if a slight difference was measured due to leaks present in the flow path. 

This flow measurement was only checked at an inlet Reynolds number of 10,000, 

since this was kept constant throughout the experiment. Any correction required on 

the flow rate was applied uniformly to all blowing ratios. 

2.4 Instrumentation 

 Multiple pressure and temperature measurements were made using a variety of 

differential pressure transducers and thermocouples. All temperature 

measurements in this study were measured with type-e thermocouples made in-

house using a simple wire welder. Thermocouples were used to measure 

mainstream and secondary flow temperatures, and used in property calculations as 

well. Thermocouples were also installed on the underside of each hatch to measure 

the film temperature, which was used in the calculation of the density ratio. Two 

types of pressure transducers were used to measure differential and static pressure 

in the secondary and mainstream flow. A 0 to 5 inch pressure transducer was used 

on each orifice plate pressure drop measurement, and on the mainstream pitot-

static probe. The pressure line was split and connected to a 0 to 20 inch pressure 

transducer, which measured the static pressure for each orifice plate. 
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2.4.1 Pressure transducer Calibration 

 All pressure transducers used in this study were previously calibrated before 

any experiments were carried out. A 0 to 10 inch micro-manometer was used as 

the calibration standard for the pressure transducers. A simple hand pump was 

connected to the micro-manometer and the pressure transducer leaving a port on 

each measurement device open to atmospheric pressure. The hand pump supplied a 

positive pressure to the micro-manometer and the differential pressure transducer, 

and then fine adjustments were made using the micro-manometer. The transducer 

output was averaged over several data points to ensure that any scatter was 

confined to slight disturbances in the standard. A sample calibration curve is 

shown in Figure 2-15 for the inlet pressure transducer.  

 
Figure 2-15 Example of differential pressure transducer calibration 
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2.4.2 IR Camera Calibration 

 Infrared Cameras were used to take surface temperature measurements on the 

vane. For most experiments, one camera was sufficient to picture two or more 

pitches and approximately 30d downstream. However, the camera position for 

Case 5 could only image 10d downstream before the curvature of the vane turned 

out of view. Therefore two cameras were used to achieve a measurement of the 

coolant 30d downstream.  

The two types of cameras used in the experiments are the FLIR P20 series and 

the FLIR P25 series. The IR cameras are pre-calibrated by FLIR for a specified 

humidity level in the air, emissivity of surface, and transmissivity of any medium 

infrared radiation may pass through. These parameters can be adjusted in the 

camera, but they are largely unknown or difficult to measure currently in the 

laboratory. Therefore in house calibrations of the IR cameras are used to negate 

any effects of humidity, emissivity and transmissivity. Calibrations are also 

necessary because the IR cameras are not rated to the low temperatures reached 

during a typical experiment.  

The IR camera calibrations are done with the camera placed in similar 

positions as it would be in a typical experiment. Any radiation that may be 

reflected from outside sources is also minimized by a protective shroud that is 

placed around the camera. Thin ribbon surface thermocouples were used as the 

standard to calibrate the camera. The thermocouples were attached to 2 x 2 cm 
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copper plates and positioned on the vane over two film cooling hole. The plates 

were attached to the vane such that coolant would impact the copper plate, thereby 

lowering its temperature. Images of the copper plates were taken as the plate 

cooled down, while all conditions were kept similar to a normal experiment such 

as mainstream temperature and humidity. Both cool down and warm up of the 

plates were imaged to check for any hysteresis effects in the IR camera. The 

calibrations of both the P20 and P25 cameras were performed in this manner. The 

P20 IR camera had been previously calibrated by Jason Albert PhD, the details of 

the calibration are found in Albert (2011). The camera was positioned at a different 

location on the suction side of the vane than the position of the camera for this 

study. The P25 calibration was performed at the beginning of the study. The 

calibration curves for the P20 and P25 are shown in Figure 2-16 and Figure 2-17 

respectively.  
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Figure 2-16 P20 IR camera calibration 

 

 
Figure 2-17 P25 IR camera calibration 
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2.5 Data Reduction 

 Once an experiment was completed the data needed to be processed into a 

presentable form. This section will describe the process of reducing and refining 

the data. The first step in processing the data is reducing the images down to two 

or three complete pitches. Then each pixel is correlated to an x/d and z/d location, 

and a corresponding temperature. The data was then compiled in Excel and Matlab 

to develop laterally averaged plots and spatial distribution plots. 

2.5.1 Temperature Correlation 

 The surface temperature, measured by the IR camera, was extracted from each 

image using Thermacam Researcher Pro 2.7. Each image from the camera had a 

resolution of 320 by 240, which corresponds to a matrix of temperatures of this 

size. An example of the temperature discretization by the IR camera is shown in 

Figure 2-18. The finite resolution meant that the temperature at a pixel was 

averaged over a representative area. Depending on the location along the vane, a 

single pixel would represent a 1 mm to 4 mm square area. The temperature 

extracted is the temperature reading of the IR camera and not the actual 

temperature of the surface. The IR camera calibration, explained in section 2.4.2, is 

applied to the data to correct the temperature reading. At each x-pixel location the 

temperatures of all corresponding y-pixels are averaged to obtain an average 

temperature distribution downstream of the hole exit, as indicated in Figure 2-18. 

The laterally average adiabatic effectiveness is then computed using Equation (1-3) 

and the laterally averaged temperature measurement. A Matlab script was 
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developed previously and used to perform the above operations once the 

temperature had been extracted into a usable form by Thermacam. 

 
Figure 2-18 Pixel coordinate for temperatures from IR camera  

 

2.5.2 x/d Correlation 

 Due to the curvature of the vane and the angle of the camera, a correlation of 

the streamwise position and x-coordinate pixel had to be developed. The curvature 

about the suction side of the vane results in an image that is curving away from 

view. This meant that the further downstream the camera could view, the more 

area a pixel would represent, as stated in the previous section. The x/d correlation 

was developed by collecting location images of the vane, without any film cooling 

present. This was accomplished by first marking lines on the vane with silver paint 
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pen, placed at mid pitches that extended roughly 5d upstream to 30d downstream 

of the hole exit. Then ticks were marked at 1 cm intervals in the stream wise 

direction along each mid pitch line. The silver paint was reflective in infrared 

radiation, and could be imaged if a small heat source was incident upon the surface 

of the vane. Once the image was obtained, pixel locations at each 1 cm interval 

along each mid pitch line could be found and correlated to an x/d positions. A 

sample location image is shown in Figure 2-19 below. As seen in Figure 2-19, mid 

pitch lines were placed above and below to encase two full pitches. 

 
Figure 2-19 Example of locating image  

 

2.5.3 z/d Correlation 
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laterally average effectiveness. A linear interpolation between the top and bottom 

lines was used to correlate each y-pixel to a corresponding z/d location, as follows: 

 
      (

          

              
)      

 

 
 (2.4) 

Where ybot and ytop are the y-pixel coordinates along each mid pitch line, Np is the 

number of complete pitches, P/d is the length of each pitch, and i represents the 

corresponding x-pixel coordinate. It is easily noted that at yi = ybot, z/dmin = 0 and 

similarly at yi = ytop, z/dmax = Np*P/d. 

2.5.4 Conduction Correction 

 The adiabatic effectiveness can be calculated at each pixel location using the 

surface temperature correlation and Equation (1-3). This equation represents the 

non-dimensional adiabatic wall temperature about the surface of the vane. This 

requires that the boundary condition of the wall to be completely adiabatic. While 

the vane is made of a material with low thermal conductivity, a small amount of 

heat transfer occurs between the mainstream and the secondary internal loop. A 

one dimensional correction was developed by Ethridge (2000) and a derivation 

based on a 1-D heat transfer analysis is provided in Rutledge (2004) and Robertson 

(2003).  

Using a 1D heat transfer analysis, the following equation was derived to 

correct the adiabatic effectiveness: 
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  ̅   
            

    
 

(2.5) 

Where ηmeasured is the non-corrected laterally averaged adiabatic effectiveness and 

ηo is the adiabatic effectiveness without film coolant present. This equation 

accounts for reduced conduction error for regions with coolant present.  This 

means that the maximum measured effectiveness,   ≈ 1.0, will have a smaller error 

due to conduction because the internal and external surface having similar 

temperatures. The smaller temperature difference between the two surfaces will 

result in a smaller correction, which is captured by Equation (2.5). The smallest 

effectiveness measured will be a small non-zero value resulting from a lower 

surface temperature due to conduction through the vane. The lowest measured 

effectiveness will have a value close to   , which will equate to zero after the 

conduction correction is applied. This change in effectiveness for a typical lateral 

distribution is shown in Figure 2-20. As seen in the figure large values of   are 

unchanged while smaller values of   are reduced to zero. Equation (2.6) is linear, 

and thus can be applied either before or after laterally averaging the adiabatic 

effectiveness.  
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Figure 2-20 Change in adiabatic effectiveness after the conduction correction is applied 
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Figure 2-21 Conduction error downstream of hole exit at s/C = 0.30 

 

 

Figure 2-22 Conduction error downstream of hole exit at s/C = 0.24 
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2.6 Uncertainty Analysis 

2.6.1 Adiabatic Effectiveness Uncertainty 

 The uncertainty in adiabatic effectiveness is due to the uncertainty in the 

temperature measurements of the coolant, the mainstream, and the vane surface. 

The temperature of the coolant and the mainstream flows were measured with 

type-e thermocouples which have an uncertainty of δT = ±0.5K as stated by 

Omega. The IR camera is used to measure the wall temperature and is calibrated 

by using type-e surface thermocouples. The uncertainty in the wall temperature is 

mainly from the uncertainty in the calibration. The uncertainty of the IR calibration 

is quoted in Albert (2011) as δTw = ±1.2K. This uncertainty was perturbed into the 

equation for adiabatic effectiveness, Equation (1-3), using the sequential 

perturbation method detailed in Moffat (1988). No conduction correction has been 

applied yet and therefore the uncertainty is only for a non-dimensional temperature 

computed using the same equation as Equation (1-3), but with Tw replacing Taw. 

The uncertainty in the uncorrected effectiveness measurement is δηno_CC = ±0.025. 

The uncertainty of the uncorrected laterally averaged effectiveness,  ̅        , 

needs to be determined before the uncertainty due to the conduction correction can 

be applied to the laterally averaged adiabatic effectiveness. The laterally averaged 

effectiveness is defined by the following: 

 
 ̅   

∑     
 
   

 
 

(2.6) 
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Where  ̅  is the laterally average effectiveness at a particular x/d position, index i, 

and ηj,i  is the effectiveness along the span covering a complete pitch, with index j 

representing z/d position. The variable N is the total number of pixels across one 

pitch spacing. 

The elemental uncertainty in  ̅   from a specific     , where index k is a single 

location along z/d, is given by:  

   ̅ 

     
   ̅  

∑                      
   ∑     

 
     

 

  
                 

 
 

(2.7) 

Where       is the uncertainty in effectiveness without a conduction correction 

applied, stated previously as δηno_CC = ±0.025. The uncertainty in the uncorrected 

laterally averaged effectiveness is then calculated by the sum of the squares of 

each elemental uncertainty for k = 0 to N. The uncertainty in the uncorrected 

laterally averaged effectiveness amounts to   ̅         = ± 0.001 for all x/d 

positions.  

The uncertainty in the conduction error,   , is estimated by changes in 

conduction correction repeated tests with the same hole location. The maximum 

deviations of    was ±0.02 between repeated tests, but deviations in    were 

typically on the order of ±0.01. Therefore the estimated uncertainty in the 

conduction error is     = ±0.005.  By propagating the uncertainty in  ̅         
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and    into the conduction correction equation, Equation (2.5), the total 

uncertainty in adiabatic effectiveness can be computed. The value of uncertainty in 

laterally averaged adiabatic effectiveness varies from   ̅ = ±0.015 to ±0.005 

depending on the blowing ratio, distance downstream of hole exit, and the 

distribution of  . The uncertainty in the laterally averaged adiabatic effectiveness 

for holes located at s/C = 0.24 and 0.30 are shown in Figure 2-23 and  

 Figure 2-24 respectively, for a range of blowing ratios. 

 
Figure 2-23 Uncertainty in laterally averaged effectiveness for holes at s/C = 0.24 
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  Figure 2-24 Uncertainty in laterally averaged effectiveness for holes at s/C = 0.30 
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In test repeats were taken at the end of the experiment. Blowing ratios of M = 

0.30, 0.50 and 0.70 were chosen as repeat points to cover a wide range of 

conditions. Figure 2-25 and Figure 2-26 show in test repeats for blowing ratios of 

M = 0.30 and M = 0.70 respectively. Test to test repeats were also carried out at 

select locations on the vane and also indicated in Figure 2-25 and Figure 2-26. The 

change in effectiveness between repeats for M = 0.30 was Δη  < 0.001, much lower 

than the reported uncertainty of the measurement. At M = 0.70 the difference 

between repeats is Δη  = 0.005, which is larger than the repeats of the low blowing 

ratio condition, but less than the measurement uncertainty. 

 
Figure 2-25 Test to test and in-test repeats for M = 0.30/ I = 0.08 with 2r/d = 28, s/C = 0.30 

and d = 5.37mm 
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Figure 2-26 Test to test and in-test repeats for M = 0.70/ I = 0.40 with 2r/d = 28, s/C = 0.30 

and d = 5.37mm 
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uncertainty is δDRmeasured = ±0.010, calculated using the sequential perturbation 

method. In addition to measurement uncertainty, there was uncertainty in the 

density ratio due to manual controlling the temperature of the mainstream and the 

flow rate of liquid nitrogen. The uncertainty in the density ratio due to the manual 

control is estimated as δDRcontrol = ±0.010, since the density ratio fluctuated a 

maximum of ±0.010 of the nominal value of DR = 1.20, throughout the course of a 

test. The total uncertainty of the reported density ratio is then δDR = ±0.013. 

2.6.3 Blowing Ratio Uncertainty 

 The blowing ratio is calculated using several temperature and pressure 

measurements, both on the mainstream and secondary flow loops. These 

measurements contribute to the overall uncertainty in the calculated value. By far 

the most significant uncertainty is the differential pressure measurement on the 

inlet and exit flow paths. The uncertainty in the differential pressure measurement 

is several orders of magnitude larger than all other elemental uncertainties 

combined. Therefore the only two uncertainties considered in the total uncertainty 

of the blowing ratio are the differential pressure measurement and the orifice 

discharge coefficient. 

 The differential pressure transducers were calibrated using a micro-manometer 

as the standard. The uncertainties in the calibration fit were estimated using the 

method of evaluating confidence limits on a linear regression. The uncertainties of 

the inlet and outlet pressure transducers were δΔP = ±0.63 and ±0.24 in H2O, 
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respectively. This amounted to 6% of the measured value for the inlet at all 

conditions while just 3% of the measured value of the outlet at low blowing ratios. 

However, this value jumped for the outlet to 24% of the measured value at higher 

blowing ratios. At high blowing ratios most of the flow in the secondary loop is 

exiting through the coolant holes. Therefore a small pressure drop is being 

measured at the outlet flow meter. This large uncertainty is mainly due to the 

wrong type of flow meter and pressure transducer on the outlet flow path.  

 The uncertainty in the discharge coefficient was considered in addition to the 

pressure drop uncertainty.  The uncertainty in the discharge coefficient was 

estimated to be δCd = ±0.008, for both the inlet and the outlet flow meters. This 

was also computed as the confidence limits of the linear regression. Using 

sequential perturbation on the mass flow measurement and then again on the 

blowing ratio calculation, the total uncertainty was found to be δM = ±0.10 to 

±0.24 for M = 0.30 to 1.60. 
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Chapter 3 Results and Discussions 

The focus of the study was to identify convex curvature effects on adiabatic 

effectiveness and to identify appropriate scaling. Results of the mainstream 

approaching boundary layer will be discuss to indicate any effects of a boundary 

layer on the performance. A reference condition at a weakly convex surface was 

tested with a steep injection angle. The results of these measurements are 

compared to data available in the literature. The effects of increasing convex 

curvature strength (decreasing radius of curvature) on adiabatic effectiveness are 

discuss. How adiabatic effectiveness scales with local curvature is then evaluated 

from measurements at positions with matching radius of curvature or matching 

2r/d. Finally the effects of the change in curvature downstream of the point of 

injection are presented and discussed. 

3.1 Effects of approaching boundary layer on a convexly surface 

 The effect of the approaching boundary layer on film cooling performance 

was experimentally measured on high to low convexly curved surfaces. On a real 

engine component, film cooling is present at the stagnation region of the vane, 

defined as the showerhead region. Showerhead film cooling will cause the 

boundary layer to transition to turbulence much sooner than a turbine vane 

without an active showerhead. Thus by tripping the boundary layer from laminar 

to turbulence upstream of the point of injection is simulating the effects of 

showerhead film cooling. Tripping the boundary layer was carried out by 

installing a 1 mm diameter boundary layer trip onto the surface of the vane 
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upstream of the point of injection. The trip would cause the transition to 

turbulence to occur earlier, resulting in a much thicker boundary layer at the hole 

location. Previous boundary layer measurements were carried along the vane with 

and without a boundary layer trip installed and concluded that indeed the trip 

transitions the boundary layer to turbulence and approximately doubles in 

thickness. The trip was removed and similar blowing ratios were retested. The trip 

was located at a position of Δs/C = 0.11 upstream of the hole for the high and 

moderate curvature positions, s/C = 0.24 and s/C = 0.30 respectively. The low 

curvature hole, at s/C = 0.56, had the trip placed Δs/C = 0.38 upstream, 

corresponding to the same location on the vane as the trip for the moderate 

curvature position. 

 The effects of the trip at the moderate curvature position, s/C = 0.30, are 

shown in Figure 3-1. A conduction correction image was not taken at this location 

for the no trip condition. A conduction correction was applied to the data by 

taking the mid-pitch adiabatic effectiveness as ηo. This process could only be 

done up to x/d = 8, after which the jets merge and the mid-pitch effectiveness is 

no longer representative of ηo. As seen in Figure 3-1, there is a 10% increase in 

near hole effectiveness for M = 0.30 and a 30% increase in near hole effectiveness 

for M = 0.50, without the trip present. There is a slight increase in effectiveness 

for M = 0.70, but the change in performance without the trip is well within the 

measurement uncertainty. After about 5 to 7d downstream, there is no change in 

performance with and without the trip for M = 0.50 and 0.70.  However, after x/d 
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= 3, the effectiveness for M = 0.30 without the trip installed drops below the case 

with the trip installed. The lateral distribution of adiabatic effectiveness for M = 

0.50 with and without the trip at x/d = 2 and 15, is shown in Figure 3-2. At x/d = 

2, there is a 10% increase in peak effectiveness as well as a 14% increase in 

lateral spreading for the condition without the trip over the condition with the trip. 

At x/d = 15 there is no change in effectiveness between the trip and no trip cases. 

This suggests that there is some effect of the approaching boundary in the near 

hole region, but farther downstream the jets trip the boundary layer to a turbulent 

boundary layer, resulting in no change in performance between the trip and no trip 

case.  

 

Figure 3-1 η̅ with and without the boundary layer trip installed: s/C = 0.30 and 2r/d 

= 40 
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Figure 3-2 Distribution of η moderate curvature position: s/C = 0.30 and 2r/d = 40 
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changes in approaching flow conditions than the holes at the high curvature 

position. In the following sections, the performance at the moderate and high 

curvature position are compared with the boundary layer trip installed on the 

vane. The trip only had an effect in the near hole region of the moderate curvature 

position and will not have an influence on the overall comparisons of the 

performance between the two positions.  

 
Figure 3-3 η̅ with and without the boundary layer trip installed: s/C = 0.24 and 2r/d 

= 28 
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Figure 3-4 Distribution of η moderate curvature position: s/C = 0.24 and 2r/d = 28 
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trip installed farther downstream than this study at s/C = 0.21. The boundary layer 

thickness was measured to be δtrip = 10.9 mm and δno_trip = 6.6 mm, with and 

without the trip respectively. This shows that the boundary layer trip does indeed 

alter the flow and creates a much thicker boundary layer at this location. The 

corresponding displacement thicknesses are δ*/d = 0.21 with the trip installed and 

δ*/d = 0.34 without the trip installed. These values are larger than the limit of 

δ*/d < 0.20 for no change to occur in adiabatic effectiveness, presented in Liess 

(1975). The results of Liess (1975) show a 50% drop in effectiveness for an 

increase in displacement thickness of δ*/d = 0.21 to 0.34, for M = 0.30 to 0.40. 

There are reasons to believe that the results presented in Liess (1975) are not 

entirely accurate and the threshold of δ*/d < 0.20 for no change to occur may not 

be correct.  
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Figure 3-5 η̅ with and without the boundary layer trip installed: s/C = 0.56 and 2r/d 

> 100 
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merge to similar levels of effectiveness after x/d = 10, after which there is a slight 

drop in effectiveness. This indicates that separation does not significantly alter the 

performance until I = 0.72. This can be seen more clearly in Figure 3-7, where 

laterally averaged adiabatic effectiveness collapsed to a single curve for I < 0.72, 

but deviate for I ≥ 0.72. However, jets lift off of the surface at the hole exit 

starting at I = 0.09, due to the steep injection angle. This is apparent by the small 

drip in effectiveness 1d downstream of the hole exit. 

 
Figure 3-6 η̅ vs x/d at weakly convex curvature position: 2r/d > 100, s/C = 0.56 
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Figure 3-7 η̅ vs x/Mse at weakly convex curvature position: 2r/d > 100, s/C = 0.56 
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(2007). Holes were located at a position with 2r/d = 158, which were found to 

perform similar to holes positioned on a flat surface, as stated previously. The 

injection angle of Waye et al. (2007) was also at a shallower angle than the 

current study. A summary of the geometrical parameters and the flow conditions 

of the flat plate study, Waye et al. (2007), and Kohli et al. (1996) are presented in 

Table 3-1.  

Table 3-1 Geometrical and flow parameters from similar studies 

 Low 

Curvature 

Flat 

Plate 

Waye et 

al. 

Kohli et al. 

α 45° 35° 30° 35° and 55° 

DR 1.20 1.50 1.30 1.60 

Uapproach 5.8 m/s 15 m/s 5.8 m/s 10 – 30m/s 

dhole 3.85 mm 7.00 mm 4.11 mm 11.1 mm 

P/d 8 8 5.55 3 

  

Comparisons of the current study, the flat plate study, and Waye et al. (2007) 

are shown in Figure 3-8 and Figure 3-9. Comparisons are made in terms of 

laterally averaged effectiveness at x/d = 10 and 20 versus momentum flux ratio. 

The pitch of Waye et al. (2007) was less than the pitch of the current study and the 

flat plate study by a factor of 1.44. To adjust the effectiveness of the current study 

and the flat plate test results to match those of Waye et al. (2007), a linear 

superposition prediction was used as follows: 
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Where  ̅          is the predicted adiabatic effectiveness with the new pitch, 

(
 

 
)
   

, and  ̅         is the measured adiabatic effectiveness with the pitch used 

in this study, (
 

 
)
       

. Figure 3-8 and Figure 3-9 show that there is a significant 

degradation in performance for the steeper injection angle, a 40% loss in 

performance for the 45° injection angle. The peak effectiveness for both x/d = 10 

and 20 is also shifted towards a lower I value. The peak for Waye et al. (2007) 

and the flat plate occurs near I = 0.30, while the peak for the current study is at I = 

0.15. This suggests that the jets are more susceptible to separation at the larger 

injection angle. The boundary layer thickness is another factor that could also 

play an important role in the loss of performance. Information about the boundary 

layer is largely unknown for all test conditions. However, the position of the holes 

for the current study is farther downstream than the other two cases, allowing for 

a thicker boundary layer to develop. As discussed in Liess (1975), displacement 

thickness δ*/d > 0.2 will result in a loss in performance.  
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Figure 3-8 Comparison of η̅ for shallow injection angles at x/d = 10 

 

 

 
Figure 3-9 Comparison of η̅ with shallow injection angles at x/d = 20  
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Comparisons of  η from the current study and Kohli et al. (1996) are shown in 

Figure 3-10 and Figure 3-11 for x/d = 6 and 15 respectively. Contrary to what is 

expected, there is a 40% increase in performance for the steeper injection angle of 

Kohli et al. (1996), α = 55°. The decrease in performance can be attributed to the 

difference in the mainstream conditions of the two experiments. The boundary 

layer thickness on the vane was measured at s/C = 0.53 with a trip located at s/C = 

0.21 by Dees (2010). The boundary layer thickness was found to be δ/d ≈ 2.83, 

and displacement thickness of δ*/d ≈ 0.34. Kohli et al. (1996) reported the 

approaching boundary layer was turbulent with a displacement thickness of δ*/d 

= 0.12 and shape factor of H = 1.48. By assuming that the turbulent velocity 

profile can be approximated with the 1/7
th

 power law, the boundary layer 

thickness was estimated to be δ/d ≈ 0.83. The jets injected on the vane of the 

current study are completely contained with the boundary layer of the mainstream 

flow. This would cause more mixing with the mainstream flow in the near hole 

region, resulting in the reduction in film cooling performance. The displacement 

thickness of Kohli et al. (1997) is below the threshold in which no change in 

performance will occur for δ*/d < 0.2 (Liess (1975)). The displacement thickness 

on the vane at s/C = 0.53 is greater than this threshold, indicating that a loss in 

performance will occur. In addition, the mainstream turbulence levels of the 

current study are greater than those present in Kohli et al. (1997). Turbulence 

levels at the stagnation region of the vane were measured as Tu = 20%, but decay 

to levels around Tu = 5% by s/C = 0.56 (Dees (2010)). The turbulence levels 
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reported by Kohli et al. (1997) were much lower at Tu = 0.2%. It has been shown 

in past studies such as Ethridge et al. (2001) and Waye et al. (2007) that higher 

freestream turbulence decreases the performance of jets compared to lower 

freestream turbulence levels. Even with different mainstream conditions, the peak 

performance occurs at the same I for both injection angles. This suggests that 

steeper injection angles cause separation to occur at the same jet momentum 

regardless of the mainstream conditions. 

 
Figure 3-10 Comparison of η̅ with steep injection angles at x/d = 6 
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Figure 3-11 Comparison η̅ with steep injection angles at x/d = 15 
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angle of α = 45° is due to the decrease in lateral spreading of the jets and a greater 

deterioration of the jets once then enter the mainstream flow. These results are 

contrary to what is expected, and other results presented in the literature. It should 

be noted that there was an issue with the conduction correction, which is of vital 

importance for such a large pitch, and the test should have been repeated. Due to 

time constraints a repeated measurement was not taken to validate the results 

presented. 

 
Figure 3-12 Comparison ηcl for various injection angles with I = 0.15 
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Figure 3-13 Comparison ηcl for various injection angles with I = 0.63 (Kohli et al. (1997)) 

and I = 0.72 (Current study) 
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peak effectiveness for all three conditions occurs at similar blowing ratios, 

nominally M = 0.50, I = 0.20. At the peak effectiveness blowing ratio, there is a 

clear increase in performance with increasing curvature strength. There is a 50% 

increase in effectiveness at I = 0.20, and x/d = 10 with increased convex curvature 

from low to moderate and again a 50% increase from moderate to high. At x/d = 

20 there is a 43% increase in effectiveness between moderate to high, and a 75% 

increase in effectiveness between low and moderate curvature. Regardless of x/d 

positions, the jets at each hole location perform the same for I ≥ 1, where all jets 

have significantly separated from the surface. The results of Ito et al. (1978) and 

Shwarz et al. (1991) showed that flat surfaces should perform better than convex 

surfaces for Icos(α) > 1, which corresponds to I > 1.4 for α = 45°. The weakly 

convex surface should perform better than the strongly convex surfaces for large 

I, since flat surfaces tend to perform better at higher I than convex surfaces, but 

this is not seen in the results shown in Figure 3-14 and Figure 3-15. Because of 

the large pitch spacing, the effectiveness levels are low and on the same order of 

magnitude as the uncertainty in the measurement. Therefore, no definitive 

conclusions can be made for the performance of the three surfaces at large I. 



87 

 

 
Figure 3-14 η̅ at high, moderate, and low curved surfaces at x/d = 10 

 

 
Figure 3-15 η̅ at high, moderate, and low curved surfaces at x/d = 20 
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The contour plots of a single jet are shown in Figure 3-16 for the 2r/d =28, 40, 

and >100, representing high, moderate and low convex curvature respectively. 

For the strong curvature position, 2r/d = 28, the contours are wider and extend 

farther downstream than both the moderate and low curvature positions. At I = 

0.08, the centerline effectiveness of 0.1 extends to 20, 17 and 14 diameters 

downstream for high, moderate, and low curvature respectively. For I = 0.40, this 

distance increases to 27 and 21 diameters downstream at the high and moderate 

curvature positions, while jets at the low curvature do not significantly extended 

any farther downstream. This could be due to the steeper injection angle affects 

jets at the low curvature position more strongly than at positions with stronger 

convex curvature.  

The wall normal pressure gradient is a function of the freestream velocity 

and the local radius of curvature of the vane as follows: 

   

  
 

    
 

 
 

(3.2) 

Where, dP/dr is the wall normal pressure gradient,   is the freestream density, 

   is the freestream velocity and r is the local radius of curvature (Ito et al. 

(1978)). The local curvature at the weakly convex curvature position is very large 

at r = 1200 mm. This implies that the wall normal pressure gradient at the low 

curvature position is on the order of 10.  The local radii of curvature at the 

stronger curvature positions are lower by a factor of 20, resulting in wall normal 
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pressure gradient that is on the order of a 1000. This larger pressure gradient at 

the stronger curvature positions counteracts the tendency of the jets to lift off of 

the surface, allowing for a better coverage over the surface of the vane.  

 

 
Figure 3-16 Contour plot comparison for high, moderate, and low curved surfaces 

for M = 0.30, 0.50, and 0.70 

 

Additional insight of the performance of the jets at the high, moderate, and 

low curved surfaces can be visualized by the adiabatic effectiveness distributions 

at positions downstream of injection. From Figure 3-14 and Figure 3-15 the peak 

performance was observed to occur at M = 0.50, I = 0.20. The adiabatic 

distributions for this blowing ratio are shown for 5, 10, and 20 diameters 

downstream in Figure 3-17, Figure 3-18, and Figure 3-19, respectively. At the 

near field region, x/d = 5, the width of the jet and the centerline effectiveness 
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increase with decreasing radius of curvature. As the jets move downstream, the 

film mixes with the mainstream and spreads outward laterally, lowering the 

centerline effectiveness. The centerline effectiveness at x/d = 5 is ηcl = 0.45, 0.33, 

and 0.22 for the high, moderate and low curved surfaces respectively. By x/d = 10 

the centerline effectiveness drops by 30% for all surfaces to ηcl = 0.31, 0.21, and 

0.15 and again dropping at x/d = 20 by 50% for all surfaces to ηcl = 0.15, 0.11, 

and 0.08 accordingly. The width of the jets as they move downstream is 

consistently larger for the highly curved surfaces. This could be accounted for by 

the larger normal pressure gradient present on the highly curved surfaces and not 

present at the flatter surface of the vane downstream. For lower momentum ratios, 

the wall normal pressure gradient dominates over the upward momentum of the 

jet, pushing the jets into the surface of the vane. This is indicated by the larger 

peak effectiveness and wider jets of the highly curved surface. 
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Figure 3-17 Distribution of η for high, moderate and low curved surfaces at x/d = 5 

 

 

 
Figure 3-18 Distribution of η for high, moderate and low curved surfaces at x/d = 10 
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Figure 3-19 Distribution of η for high, moderate and low curved surfaces at x/d = 20 
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giving 2r/d = 40. If scaling with 2r/d is appropriate, the rows with matched 2r/d 

should perform the same. If however, the performance of the row of holes with 

matching dimensional radius of curvature are similar, then this would indicate that 

adiabatic effectiveness is more dependent on the radius of curvature regardless of 

the hole diameter. It should also be noted that, while the rows are at two separate 

locations on the vane, the freestream velocity is similar for all three rows. This is 

due to the acceleration of the flow is transitioning from accelerating to 

decelerating in this range, as seen in Figure 3-20.   

 
Figure 3-20 Vane velocity distribution along the suction side (Dees (2010)) 
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Figure 3-21 η̅ vs x/d for various M with 2r/d = 28, s/C = 0.24 and d = 3.73mm 

 

 
Figure 3-22 η̅ vs x/Mse for various M with 2r/d = 28, s/C = 0.24 and d = 3.73mm 
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 Laterally averaged adiabatic effectiveness for various blowing ratios at s/C = 

0.24 with 2r/d = 28 are shown in Figure 3-21. The jets are attached for I = 0.05 to 

0.08, with small signs of jet lift off present near the hole at I = 0.17. Jets do not 

significantly separate until I = 0.33-0.44, where the performance near the hole and 

downstream drop considerably. After I = 1.05 the jets are detached from the 

surface entirely as noted by their very poor effectiveness levels downstream of the 

hole. The peak near hole effectiveness is  ̅ = 0.20, and remains at a similar lever 

for I = 0.05 to 0.17. With increasing I there is a loss in the near hole effectiveness 

due to jet lift off from the surface. The jets reattach to the surface slightly farther 

downstream and collapse to similar  ̅ for x/d > 15. A plot of laterally averaged 

effectiveness versus x/Mse is shown in Figure 3-22. As seen in the figure, 

separation does not significantly affect the performance until I = 69, noted by the 

point at which the data no long collapse. Plots of effectiveness in terms of x/Mse 

for the remaining configurations will be similar to Figure 3-22, the only change 

will be the slope of the collapsed data for large x/Mse and the I in which data no 

longer collapse together. 
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Figure 3-23 η̅ vs x/d for various M with 2r/d = 28, s/C = 0.30 and d = 5.37mm 
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5. This behavior is similar to the row of holes at s/C = 0.24, but the collapse of the 

data occurs farther downstream. Interestingly, this collapse occurs at similar 

positions on the vane. For row of holes at s/C = 0.24 the collapse occurs at s/C = 

0.34, while for the row of holes at s/C = 0.30 the collapse occurs at s/C = 0.35. At 

this location the dimensional radius of curvature of the vane is r = 100 to 125 mm, 

which is nearly 50% flatter than the curvature at the point of injection. For I > 

0.89, the jets are significantly detached from the surface of the vane by 

observation of the small trace of cooling measured on the vane surface. Unlike the 

holes at s/C = 0.24 with 2r/d = 28, there is still a considerable amount of film 

coverage on the vane surface 25 diameters downstream. As mentioned before the 

dimensional radius of curvature of the vane at s/C = 0.35 is r = 125 mm. By x/d = 

15, the radius of curvature is essentially a flat surface at, r = 325 mm. Flat 

surfaces tend to perform better than convex surfaces at higher momentum jets due 

to the convex surfaces curving away from the jet as the jets curve back towards 

the surface. This rise in effectiveness for I > 0.89 is due to the film entering a 

region of very low curvature, where the surface is not curving away from the jet, 

thereby keeping the jets attached to the surface for high momentum jets. 

 Figure 3-24 displays the laterally averaged effectiveness for various M at s/C 

= 0.30 with 2r/d = 40. The behavior of the jets is quite different at this location 

than the other two configurations. The peak performance is similar for the 

attached jets of I < 0.15, but there is a large drop in the near hole performance of 

about 25% between I = 0.15 to 0.24. This signifies that the effects of jet 
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separation are felt much more strongly than at s/C = 0.24 and s/C = 0.30 with 2r/d 

= 28. The jets from I = 0.24 to 0.56 have jet lift off present at the near hole region 

and reattachment downstream. Unlike the previous to test cases, the jets do not 

collapse as well in the far field. In addition there is not a rise in effectiveness after 

separation, only a constant level of effectiveness from x/d = 5 to 25 diameters 

downstream. The injection location has a lower normal pressure gradient than the 

row positioned upstream, at s/C = 0.24. With the absence of a strong pressure 

gradient, there is not a significant counteraction to the centrifugal force of the jets. 

Jets with I > 0.85 are significantly detached to the surface and provided 

essentially no film coverage. 

 
Figure 3-24 η̅ vs x/d for various M with 2r/d = 40, s/C = 0.30 and d = 3.73mm 
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Spatially averaged effectiveness values were computed over an area of z/d = 0 

to 16 and x/d = 0 to 24 for each test condition. The spatially averaged 

effectiveness with matching r and matching 2r/d are shown in Figure 3-25. The 

performance for matching 2r/d agree quite well for low I jets, I < 0.30. For I > 0.3 

and I < 0.5, there is no agreement in spatially averaged effectiveness for 

configurations with matching 2r/d or matching r. For larger momentum jets, I > 

0.5, the hole configurations without matching r and 2r/d are in good agreement. 

This result indicates that the average effectiveness does scale with 2r/d rather than 

the dimensional r for low momentum jets. Direct comparisons of laterally 

averaged effectiveness for I = 0.20 and I = 0.85, are provided in Figure 3-26 and 

Figure 3-27. For I = 0.20, the effectiveness levels agree closely between the 

matched 2r/d cases more so than the matched r cases. However, the effectiveness 

is not an exact match for x/d < 15 and matching 2r/d only gives an approximation 

in performance. In the far field, the effectiveness levels match exactly for x/d > 

15. The higher momentum jets of I = 0.85, there is no agreement with matched 

2r/d or matched r. The case with 2r/d = 28 at s/C = 0.30 has a much different 

behavior for high momentum jets then the other two test cases. There is still a 

sizeable amount of film coverage on the surface for high momentum jets, whereas 

the smaller diameter cases have completely detached from the surface of the vane. 
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Figure 3-25 η̅ ̅for matching 2r/d and matching r test cases 

 

 
Figure 3-26 η̅ comparison for matching 2r/d and matching r for M = 0.50 
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Figure 3-27 η̅ comparison for matching 2r/d and matching r for M = 1.00 
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configurations. For higher I jets, film cooling for 2r/d = 28 and s/C = 0.30 is still 

prevalent on the vane, while the remaining jets have detached from the surface 

entirely. Indicating the scaling clearly is not valid for higher momentum jets and 

merely an approximation for lower momentum jets. 

 
Figure 3-28 Contour plot comparison for matching 2r/d and matching r for I = 0.20 

(left) and 1.00 (right) 

 

3.5 Downstream Curvature Effects 

To the author’s knowledge, no experiments have been run to evaluate the 

effects of downstream curvature on film cooling adiabatic effectiveness. To 

evaluate the effects on film cooling performance by the change in curvature 

downstream of injection, two rows of holes were located upstream and 

downstream of the maximum curvature position on the suction side of the vane, 

both with the same dimensional curvature.  The diameter of the coolant holes was 

fixed at d = 3.34 mm for the upstream and downstream positions. Therefore the 
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same non-dimensional curvature was also matched between the upstream and 

downstream holes.  The upstream row was located at an s/C = 0.16 and the 

downstream row was located at s/C = 0.28. The maximum curvature point, where 

dr/ds = 0, was located at s/C = 0.22. The positioning of the holes amounted to a 

10d distance between the maximum curvature point and the location of each row 

of holes. Hence the upstream row had a decreasing radius of curvature for 10d 

downstream followed by an increasing radius of curvature past the maximum 

curvature position. In contrast the downstream row of holes was located such that 

the radius of curvature was always increasing with increasing distance 

downstream. The change in radius of curvature downstream of each respective 

hole location is shown in Figure 3-29. In addition to the change in curvature, the 

mainstream flow was also unique for each location as seen in Figure 3-30. The 

upstream row was located in a region of high mainstream flow acceleration and a 

local freestream velocity of Ulocal/Uapproach = 2.70. The downstream row had a 

relatively constant velocity, i.e. zero acceleration, and a freestream velocity that 

was nearly twice as large at Ulocal/Uapproach = 4.50. This means that for the same 

blowing ratio, the upstream row of holes will have a mass flow rate of only 60% 

of that for the row positioned farther downstream on the vane. A boundary layer 

trip was also used to control the approaching boundary layer for each row of 

holes. The trip was installed at Δs/C = 0.09 upstream of the row of holes at a 

position upstream of the maximum curvature point. The trip was installed slightly 

farther up along the vane for the downstream row of holes, Δs/C = 0.11. The trip 
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was found to cause no change in performance at the upstream row of holes, but 

the trip did have an effect in the near hole region for the downstream row of 

holes, as discussed in Section 3.1.  

 
Figure 3-29 Radius of curvature downstream of the point of injection 
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Figure 3-30 Vane velocity distribution on the suction side (Dees (2010)) 
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field region of x/Mse < 500, where the effectiveness matches, but does not 

collapse well for x/Mse > 500 in the far field.  In addition, the drop in adiabatic 

effectiveness should be linear in a log-log plot for large x/Mse as seen in data 

presented previously, Figure 3-7 and Figure 3-22. This linear behavior is not 

present in the data at this location on the vane. 

 
Figure 3-31 η̅ vs x/d for various I at s/C = 0.16, 2r/d = 40 with d = 3.34mm 
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Figure 3-32 η̅ vs x/Mse for various I at s/C = 0.16, 2r/d = 40 with d = 3.34mm 
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Figure 3-33 η̅ vs x/d for various I at s/C = 0.28, 2r/d = 40 with d = 3.34mm 

 

 
Figure 3-34 η̅ vs x/Mse for various I at s/C = 0.28, 2r/d = 40 with d = 3.34mm 
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A comparison of laterally averaged effectiveness for similar I is shown in 

Figure 3-35. There are several striking differences in performance between the 

two positions on the vane. The peak effectiveness for the attached jets of I = 0.10 

are at a similar level of effectiveness of  ̅   but the rate of at which the 

effectiveness decays differs between the upstream and downstream holes. A short 

distance downstream at x/d = 5, the effectiveness of the downstream holes was 

about 30% lower than the upstream row. Farther downstream, the upstream holes 

decayed about 35% of the peak effectiveness while the downstream holes have 

decayed about 65% of the peak effectiveness by x/d = 20. The effects of jet 

separation are also deterred to higher I for the upstream holes. There is a large 

drop in performance of nearly 60% at x/d = 5 and I = 0.34 for the downstream 

holes where the jets have significantly separated. While jets do not significantly 

separate until I = 0.45 at the upstream position. 
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Figure 3-35 η̅ comparison for upstream and downstream row of holes 

 

Contour plots of adiabatic effectiveness are compared for the upstream and 

downstream row of holes is shown in Figure 3-36 for nominal values of I = 0.10, 

0.30, 0.80, and 1.20. In the immediate near hole region the effectiveness 

distributions are quite similar, but the upstream holes have a higher centerline 

effectiveness than the downstream holes. The upstream holes also extend much 

farther downstream and spread more laterally in the far-field. At I = 0.10, the 

centerline effectiveness of 0.1 extends to x/d = 26 for the upstream row and only 

extends to x/d = 16 for the downstream row. For I = 0.30, this distance increases 

to 30 and 23 diameters downstream of the point of injection for the upstream and 

downstream rows respectively. The jets of the upstream row have also spread 

over the full pitch for I < 0.30 by x/d = 20, while the downstream holes do not 
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spread nearly as much. The effects of jet separation are more visible in the 

contour plots, where there is still a noticeable amount of coolant attached to the 

surface for the upstream row at I = 1.30, unlike the downstream position. Clearly 

the downstream change in curvature has a significant impact on the behavior of 

the jets. 

 
Figure 3-36 Contour plots for holes at s/C = 0.28 (left) and holes at s/C = 0.16 (right) 

 

 A direct comparison can be made between the two locations by plotting the 

laterally averaged effectiveness versus its corresponding momentum flux ratio. 

Figure 3-37 and Figure 3-38 compare the performance of the upstream and 

downstream row of holes at an x/d = 10 and 20, respectively. For each blowing 

ratio the upstream holes are roughly 40% to 500% more effective even for large 

momentum jets. This improved performance for the upstream holes not only 
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exists in the near hole region, but also farther downstream. However, the peak 

effectiveness does occur at similar momentum ratios, I = 0.25, albeit not as severe 

for the upstream row of holes evident by the higher performance of the upstream 

holes. 

 
Figure 3-37 η̅ comparison of upstream and downstream holes at x/d = 10 
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Figure 3-38 η̅ comparison of upstream and downstream holes at x/d = 20 

 

Insight into the mechanism causing the increase in performance can be seen 

by the lateral distribution of η at distinct locations downstream of the hole for a 

nominal value of I = 0.30. Distributions of η at x/d = 10 and 20 are shown in 

Figure 3-39 and Figure 3-40, respectively, for both the upstream and downstream 

holes. As seen at x/d = 10 and 20, the upstream holes have a higher centerline 

effectiveness and a wider jet width. There is a 50% drop in centerline 

effectiveness of the downstream row of holes at x/d = 10. This larger performance 

is prevalent as the jets move farther downstream at x/d = 20.  

The mainstream flow fields vary greatly between the two hole locations, 

which could account for the deviations in performance. However, the upstream 

row of holes was located in a region with a lower mainstream velocity, resulting 
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in 40% less coolant injected for matching I. This loss in mass flow rate should be 

detrimental to the performance of the jets at the upstream location. Therefore the 

improved performance must be attributed to the differences in downstream 

curvature, which induces pressure gradients normal to the wall and suppresses 

turbulence. The upstream holes are located such that the normal pressure gradient 

is increasing with x/d. The downstream row of holes however, has a diminishing 

normal pressure gradient with increasing x/d. The increasing pressure gradient at 

the upstream hole position, counter acts the upward momentum of the jet as it 

passes over the highly convex surface of the vane, accounting for some of the 

increases in performance of the upstream row of holes. There will as be a 

reduction in the Reynolds stresses due to the convex nature of the vane. The jets 

of the upstream row of holes will pass through a larger portion of highly convex 

surface than the downstream row of holes. This could also account for the 

increased performance of the upstream row of hole by reducing the amount of 

mixing of the film with the mainstream flow. More importantly the results 

indicate that different flow fields are present with the same local radius of 

curvature, meaning that 2r/d is insufficient as a single global parameter for 

scaling film cooling performance. 



115 

 

 
Figure 3-39 η distribution for upstream and downstream holes at x/d = 10 

 

 
Figure 3-40 η distribution for upstream and downstream holes at x/d = 20 

  

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.00 2.00 4.00 6.00 8.00

η 

z/d 

s/C = 0.16: M = 0.55, I = 0.25
s/C = 0.28: M = 0.65, I = 0.34

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.00 2.00 4.00 6.00 8.00

η 

z/d 

s/C = 0.16: M = 0.55, I = 0.25
s/C = 0.28: M = 0.65, I = 0.34



116 

 

Chapter 4 Conclusions 

The chapter will summarize the conclusions from the results presented in 

chapter 3 as well as recommendations for future research that can build off of the 

results of this study. 

4.1 Effect of Approaching Boundary Layer Thickness 

The approaching boundary layer effect on film cooling performance was 

measured on high, moderate and low convex surfaces by using a 1mm diameter 

trip.  At locations of high and moderate convex curvature, the trip was positioned 

Δs/C = 0.11 upstream of the point of inject. The row of holes located at the low 

curvature location, the trip was installed Δs/C = 0.38 upstream of the point of 

injection.  Adiabatic effectiveness measurements were carried out for conditions 

with and without the boundary layer trip installed on the vane. Previous 

measurements have shown that the boundary layer transitions to turbulence with 

the trip installed and more than doubles in thickness. For the high curvature and 

the low curvature points, the trip was found to have no effect on performance, 

while the moderate curvature position did show a noticeable difference in 

performance in the near hole region. However, the change in performance at the 

moderate curvature position was only confined to the near hole region, x/d < 5. 

4.2 Effect of injection Angle on a Weakly Convex Surface 

The holes were install on the low convex surface with a steep injection angle 

of α = 45°. The results of the experiment were then compared to data in the 
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literature with steeper or shallower angles of injection. It was found that the 

injection angle of α = 45° resulted in a large drop in performance in comparison 

to coolant holes with shallow injection angles of α = 30° and 35°. There was also 

a shift in the peak performance from I = 0.30 for α = 30° and 35°, to I = 0.15 for α 

= 45°. This shift in peak effectiveness was consistent with the results of Kohli et 

al. (1997), who measured adiabatic effectiveness with α = 35° and 55°. The 

Effectiveness levels of the current study in comparison to data for 55° injection 

from Kohli et al. (1997) shows a 40% decrease in performance. It is speculated 

that the lower performance for α = 45° when compared to holes with a steeper 

injection angle is mainly the result of a thicker boundary layer and higher 

freestream turbulence levels that were present in the current study. The boundary 

layer thickness of this study was three times as large as that present in Kohli et al. 

(1997) and the freestream turbulence level was 25 times larger than that present in 

Kohli et al. (1997). Both of these effects act to degrade the performance of film 

cooling. 

4.3 Convex Curvature Effect on Film Cooling 

Adiabatic effectiveness was measured on surfaces ranging from weakly to 

strongly convex. The geometrical parameters of the holes such as pitch and 

injection angle were the same at each location tested. The curvature was found to 

increase the performance of the film with a decreasing radius of curvature for low 

momentum jets, I < 1. The curvature was found to have no effect on film cooling 

performance for momentum ratios of I > 1. The increase in effectiveness for I < 1 
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is consistent with those reported in the literature, but the results are inconclusive 

for I > 1. A flat surface tends to outperform convex surface at high momentum 

flux ratios, for reasons discussed in section 1.3.  However, the differences in the 

levels of adiabatic effectiveness for I > 1 are on the same order of magnitude as 

the uncertainty in the measurement and therefore no conclusions can be made for 

the higher momentum ratios. 

4.4 Scaling of Adiabatic Effectiveness with Local Curvature  

To test the applicability of scaling of adiabatic effectiveness with local 

curvature, row of holes were placed in locations with matching 2r/d and matching 

r. No experiments to date have explicitly tested 2r/d scaling, but it has been 

assumed that film coiling with similar 2r/d will behave the same. The results 

suggest that scaling with 2r/d is applicable for low momentum flux ratios, I < 

0.30, but deviates for jets with large momentum ratios. The spatially averaged 

effectiveness showed that holes with matching 2r/d agreed quite well, but laterally 

averaged effectiveness values indicated that there was only an approximation in 

performance.  

4.5 Downstream Curvature Effect on Film Cooling 

The downstream curvature effect was quantified by measuring adiabatic 

effectiveness on holes with matching 2r/d and matching r, but positioned with 

differing curvature profiles downstream of injection. The holes located at a 

position upstream of the maximum curvature point showed 40% to 500% increase 
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in performance over holes positioned downstream of the maximum curvature 

point. By examination of the effectiveness distribution at select blowing ratios, it 

was noted that the jets have higher centerline effectiveness levels as well as wider 

jets at the upstream position. The normal pressure gradient is increasing 

downstream of injection for the upstream holes, while the normal pressure 

gradient is decreasing with downstream distance for the row of holes located 

downstream of the maximum curvature point. The jets entering the mainstream 

flow at the upstream position pass through a larger region of high curvature then 

the downstream row of holes, where a reduction in turbulence intensity will occur. 

These effects are speculated to be the reason for the better performance at the 

upstream position. The results of the experiment indicate that different flow fields 

are present with the same local radius of curvature, meaning that 2r/d is 

insufficient as a single global parameter for scaling film cooling performance. 

Instead how the curvature changes downstream is an important parameter that 

must be considered in the scaling of film cooling designs. 

4.6 Recommendations for Future Work 

There are gaps in the data available that could identify key bits of information 

that will answer questions left by this study. When measuring the effect of the 

approach boundary layer, data was sparse on the exact boundary layer thickness at 

the locations of each configuration. By measuring the boundary layer and velocity 

profiles, an increased understanding of the flow along the vane can be obtained. 

The measurements of adiabatic effectiveness on a weakly convex surface were 
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done with a large boundary layer thickness. This is unavoidable on the vane, due 

to the large length for the flow to develop before interaction with the film cooling 

injection. Measurements should be carried out with the same injection angle and 

location, but with a larger hole diameter. This will allow for a relative boundary 

layer thickness to be more comparable to the moderate and high curvature holes. 

Further work is also required in identifying the appropriate method of scaling 

adiabatic effectiveness on strongly curved surfaces. One key difference in the 

location of the coolant holes was the normal pressure gradient downstream of 

injection. The injection location upstream of the maximum curvature point had a 

normal pressure gradient that would increase with increasing distance 

downstream, then decreasing after the maximum curvature point. The injection 

location downstream of the maximum curvature point had a constantly decreasing 

normal pressure gradient. To the author’s knowledge there is no data available in 

the literature that quantifies the effect of the wall normal pressure gradient on film 

cooling performance. Experiments should be designed to evaluate such effects 

and to determine appropriate scaling parameters.  
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