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Abstract 

This study employed the use of experimental data of film cooling effectiveness using 

corrugation film cooling hole. Effects of blowing ratio in conjunction with twisted angles (0°, 90°, 

180°, 270° and 360°) were also investigated. Recently, the utilization a vortices in enhancing 

thermal transfers is becoming increasingly attractive as a result of its dual advantages including its 

surfaces that are extended, turbulent twisted holes as well as coarseness. Results of enhancement in 

the effectiveness ranging from 1.2–2.2 times those from conventional smooth film cooling holes 

with significantly increased coefficient of thermal transfer ranging from 1.50 to 2.70 times those of 

the conventional film cooling holes with smooth surfaces. Both the numerical and the experimental 

analysis of the effectiveness of film cooling were authenticated by results from pervious related 

studies. The authors found and concluded thus, effectiveness of twisted film cooling holes at 

rectangular spiral corrugation shape was higher in comparison to holes with cylindrical shape. The 

effectiveness of film cooling for the twisted holes were observed to be hugely influenced by 

inclination angle between the main and the secondary holes of the film cooling hole antivortex. 

 

Key words: film cooling, anti-kidney vortex, geometry of jet, experimental work, 

 cooling performance, losses 

 

 التحدید التجریبي لفعالیة تقنیة التبرید الغشائي لریشة التوربین الغازي

 مدرس دكتور/ حیدر حسن عبد بالة

 نجف/ جامعة الفرات الاوسط التقنیة -الكلیة التقنیة الھندسیة

 رالكلمات المفتاحیة: تبرید غشائي، مضادات الدوامات ، ھندسة النفاثات ، عمل تجریبي، كفاءة التبرید، خسائ 

1. Introduction 

Recently, the frequency of utilizing film cooling in the reduction of the heat burden on high-

pressure turbine airfoil in attempt to achieve higher turbine inlet temperature for the purpose of 

enhancing thermal efficiency is on the increase. The heat transfer enhancement basically based on 

the adopting of many tools that induces a swirl and vortices at the secondary flow region, which 

mixed the fluid layers with the core flow and increasing the surface area [1]. A film of cooling air is 

then produced over the blade surface, thereby reducing the overall heat burden to on the blade 

surface. The effect of swirling movement on film cooling has equally been demonstrated to be 

important in both turbine blades and turbine vanes [2]. This is owing to the fact that in recent air-

cooled turbine blade and turbine vanes , impingement cooling and a serpentine flow passage with a 

turbulent promoter are employed in cooling the airfoil and end wall internally. The thrust for an 

improvement in cooling performance has made film cooling designs the focus of several studies. 
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With regard to this, one of the main aspect of approach in achieving enhanced cooling performance 

has been shown to be the alteration of the morphology of film cooling hole to modulate jet lift off 

and subsequently reduce the overall burden of hot gas entrainment which is typically associated 

with the conventional round jets. Even though single film cooling hole designs usually involve 

range of geometrical variables such as the shape of the hole, jet inclination angle (β) and twisted 

film cooling hole angle (α), only variations of the hole configuration was considered in the present 

work. Detailed reports on other geometric measurement has been previously documented in related 

studies by other authors [3]. James D. [4] investigated “anti-vortex” film cooling concept and 

proposed the addition of two additional holes from the primary holes for the purpose of generating 

vortices to counter the detrimental kidney vortices from the major jet as depicted in Fig. 1. The 

concept of anti-vortex film cooling hole had been computationally modelled for single rows of 30° 

angled holes on a flat surface. A little modification in the concept of the anti-vortex whereby the 

branched holes exit adjacent to the major hole has been computationally investigated for blowing 

ratios of 1.0 and 2.0 at density ratios between 1.0 and 2.0. The outcome of the computational 

investigation show that the modified design improves the effectiveness of the film cooling relative 

to the round hole baseline and previous anti-vortex cases, which confirms the findings of the 

experimental studies.  

 

 
Fig. 1 Front view of the adjacent anti-vortex design [4]. 

 

A commonly known and exhaustively investigated property of the flow from  round film 

cooling holes is has been shown to be the counter rotating vortex pair which is responsible for the 

separation of the cooling jet from the surface at a significantly high blowing ratio. This 

phenomenon is depicted in Fig. 2. The counter-rotating vortex pair entrains the hot free stream gas 

and lifts the coolant away from the surface، thereby significantly reducing its efficiency. The 

counter-rotating vortex pair is has been previously described by Haven et al. [5] 

 
Fig. 2 Counter-rotating vortex pair and jet lift-off, [5]  
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Several investigations on film cooling effects have been conducted. Early works in this area 

had been summarized in a previous review [6] while the latest in this field were reviewed by 

Bogard and Thole [7]. Other researchers [8, 9] have similarly investigated the flows blowing via 

inclined discrete holes. Several other experimental endeavors to enhance film cooling effectiveness 

through adoption of film cooling holes whose exits are expanded had been conducted by several 

other authors [10-13]. An excellent and summarized profile of film cooling effects has been 

recently documented [14]. Several other new ideas for regulating an anti-kidney vortex structure 

had been similarly documented. Two other different film cooling designs with different compound 

angles had been previously evaluated in a related study [15]. Recently, additional cooling air jet has 

been proposed in a circular film cooling hole to modulate and subsequently crash the kidney-type 

vortex [16]. A generator of the delta vortex origin was placed at the downstream of the ejection 

hole. Amazingly, the vortex generator introduced was observed to be very effective in producing 

generating an anti-kidney vortex pair [1]. Abdulwahid et.al. [17] had experimentally investigated 

heat transfer dynamics within corrugation film cooling holes of varying cross sectional area square, 

rectangular and circular. Circumstances of this investigation of blowing ratios ranging from 0.5-2.0 

and hole angle at 30°. The results of experimental studies  employing swirling film cooling flow has 

shown that rectangular film cooling holes induce decrease in the effectiveness of the film cooling at 

a low swirl but enhanced it at a high swirl number. The resulted anti-kidney vortex pair generated in 

the said study triggered coolant to be blown toward the wall while concurrently spreading it out 

along it. A ‘sister hole’ design which led to an increase in film cooling effectiveness owing to 

previously established vortex structure which was investigated in an earlier study [18]. Such cooling 

methods employ the motion of vortex of the cooling air to enhance the coefficient of heat transfer. 

Additionally, the film cooling air was normally ejected from the air sources, which still maintained 

either weak or strong vortex. The motion of the vortex in the bleeding film cooling air may enhance 

the effectiveness of film cooling, especially where the strength of the vortices could blend with the 

film cooling conditions [19]. In addition to the use of motions of the vortex in the inner cooling 

airflow. The development of a new cooling method that could make use of actively produced vortex 

motion in the cooling flow of the film will be very crucial in enhancing the effectiveness of film 

cooling in an elevated temperature gas turbine for both its vanes and blades. A measurement system 

that would enable the achieving of the rapid and averaged time mixing of flow fields of the film 

cooling air and mainstream utilizing laser-induced fluorescence (LIF) technique which was recently 

developed [20]. It was further demonstrated that the technique could be a powerful tool for studying 

the mechanisms of the mixing process in film cooling in view of rapid fields. Abdulwahid et. al. 

[21] investigated a new numerical method of film cooling employing swirling coolant flow via a 

rectangular twisted film cooling holes with spiral corrugated tube. The constraints of this study 

were the blowing ratios which ranged from 0.25-4.0 and the angle of hole which was at 30°. The 

results of the effectiveness of the cooling obtained were compared against a standard untwisted 

tube. The results of the study revealed that the overall thermal effectiveness was enhanced 

significantly when the difference in temperature between the air flows was at 25 degrees.  

Such enhancement was is supported by heat transfer improvement that was obtained from 

19.7% to 57.4%. The influence of swirled film cooling air on the effectiveness of film cooling, 

employing a twisted tape in a circular cooling hole has been previously investigated and an 

enhancement in the effectiveness of film cooling in conjunction with the swirling coolant flow was 

observed [22]. However, the study neither provided quantitative description nor do they present 

experimental findings that shed more light on the mechanism of film cooling with the swirling flow. 

Although effects film cooling have been extensively studied, studies treating effectiveness of film 

cooling with a swirling flow are very few. 

Recently, film cooling arrangement aimed at cooling the end wall of first vane of a high-

temperature industrial gas turbine built with a hexagonal shell structure with two other inclined 

impingement nozzles on the cover plate of the hexagonal shell has been proposed. The swirling 
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coolant flow produced by these inclined impingement nozzles was anticipated to blow through a 

film-cooling hole on the end wall. This concept could control not only the film-cooling airflow rate 

but also blowing ratio which could eventually give rise to optimize the effectiveness of film cooling 

on the end wall. Hence, the current study presents an experimental as well as numerical studies of a 

new film cooling corrugation shapes (rectangular, circular and hexagonal) in film cooling 

corrugated holes in order to investigate evaluate the effects of the corrugation shape on 

effectiveness enhancement and heat transfer coefficient as well as to correlate an empirical 

expression for effectiveness and heat transfer coefficient. 

 

 

2. Experimental apparatus and procedure 

 

Table 1 Details of the experimental conditions 

 

   Actual 

Test Model ReD Br ReD Br T∞ (°K) 

One Hole 

6
2

0
0
 

0.5 6195 0.52 350 

One Hole 1.0 6185 1.0 352 

One Hole 2.0 6194 2.01 349 

Two Holes 0.5 6201 0.51 350 

Two Holes 1.0 6201 1.0 353 

Two Holes 2.0 6204 2.0 352 

Three Holes 0.5 6210 0.5 355 

Three Holes 1.0 6211 1.01 348 

Three Holes 2.0 6217 1.98 350.9 

 

The studied configuration: 

Three study models are used in this experiment and these were namely Test Models with 

one hole, two holes and three holes respectively. The 3 different test models were all used in the 

thermal studies. Figure 3 revealed the well-known non-dimensional configuration of the hole for 

thermal investigations. The cooling hole employed was a conventional rectangular twisted hole with 

inclination to the main direction of flow at angle, β = 30˚, 45 and 90 as depicted in Fig. 7. The 

cooling hole was separated in lateral direction at 6D. The diameters of the hole for the thermal and 

aerodynamics investigation were adjusted to 7 mm while the width and the breath of the plate tested 

was fashioned to offer the hole length to diameter ratio,  l/D = 6. The models tested were produced 

from acrylic plate and the production precision of ±0.1 mm. The setup of the experiment for the 

thermal evaluation employed in the current investigation is depicted in Fig. 4. The facility 

comprises of a wind tunnel utilised for delivering the mainstream air through separate blowers for 

the secondary air. The test canal cross section was designed to have 150 mm width as well as 150 

mm height with a sharp upstream edge to restructure the boundary layer within the test section. The 

test or study models originated from acrylic plates possessing thermal (heat) conductivity of 0.19 

W.m-1K-1 with 7 mm diameter of cooling hole. Thermocouple was placed on the test model to 

generate data on temperature which are essential for calibration, and were utilised to approximate 

the emissivity of the test surface. During the determination, the secondary air was regulated at a 

temperature of 50°K less than the major stream temperature. The IR camera used was FLUKE I400 

which has a maximum recording capacity of 30 frames per second with the determination lasting 

for a period of three minutes. The camera was operated in a long-wavelength infrared band with 

spectrum ranging from 8 to 13 μm. 
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Fig. 3. The setup of the thermal experiment. 

 
Fig. 4. Experimental set-up scheme. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Case 1 (α =360°)  Case 2 (α =270°)  Case 3 (α =180°)  Case 4 (α =90°)   Case 5 (α =0°) 

 

Fig.5. Rectangular geometry varied corrugations. 
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(a)                    (b)                       (c)  

Fig. 6. Three shapes of corrugation; (a) rectangular (b) hexagonal (c) circular. 

 

 

 
Case 3 (β =90°) 

Fig.7. Variation of holed angle at 30°, 45° and 90° for rectangular geometry. 

 

Table 2: Film cooling hole of experimental and numerical tests 

No. of 

Hole 

Br β Rem Rej Status 

1 0.25- 4.0 30°,45° and 

60° 

27.56*10
3
 6200 Numerical and 

Experimental 

1 0.25- 4.0 30°,45° and 

60° 

30.66*10
3
 6200 Numerical and 

Experimental 

1 0.25- 4.0 30°,45° and 

60° 

44.15*10
4
 6200 Numerical and 

Experimental 

1 1.0 30° 27.56*10
3
 6200 Smooth Hole 

Case 1 (β =45°) Case 1 (β =30°) 
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Numerical and 

Experimental 

Incropera et. al. 

[23] 

1 1.0 35° 35.86*10
4
  Smooth Hole 

Num. Leedom 

et. al. [25] 

2 0.25- 4.0 30°,45° and 

60° 

27.56*10
3
 6200 Numerical and 

Experimental 

2 0.25- 4.0 30°,45° and 

60° 

30.66*10
3
 6200 Numerical and 

Experimental 

2 0.25- 4.0 30°,45° and 

60° 

44.15*10
4
 6200 Numerical and 

Experimental 

3 0.25- 4.0 30°,45° and 

60° 

27.56*10
3
 6200 Numerical and 

Experimental 

3 0.25- 4.0 30°,45° and 

60° 

30.66*10
3
 6200 Numerical and 

Experimental 

3 0.25- 4.0 30°,45° and 

60° 

44.15*10
4
 6200 Numerical and 

Experimental 

 

3. Numerical procedure 

3.1. Geometrical configuration 

Stainless steel film cooling holes of spiral corrugation having 7 mm hydraulic diameter  were 

modelled with the same corrugation features and corrugation profile as those of the spiral 

corrugation film cooling holes used in the experimental tests to curtail the deviation between 

Experimental and numerical data. In addition, one smooth and one corrugated tubes were also 

modelled to be numerically simulated as shown in Table 2. Further enhancement were achieved by 

using corrugation in the turbulent flow region accompanied with pressure drop. Individually 

corrugated tubes were modelled according to the methods described by Incropera [23] for the 

purpose of validation. 

 

 
Fig.8 Boundary condition configuration. 
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3.2. Governing equations 

The governing mathematical expression of the flow problem in the Cartesian coordinates system 

were derived from the following equations 

Conservation of mass : 

 . !"#$ = 0 (1) 

Momentum equation: 

 . %!"#$&"#$' = ( ) +  . %* ,"#$' (2) 

Energy equation: 

 . %!&"#$&-/&1' =  . 23& 14 (3) 

 

 

 Results and Discussion of Heat Transfer 

3.3. The Transient Heat Transfer Theory: 

 The transient heat flow over a flat plate maintained at an initial even temperature Ti, at time t > 

0 is depicted in Fig. 9. The condition of the convective boundary was applied on the plate with the 

assumption that the conduction of heat is was mainly in x-direction. The energy balance on the plate 

was calculated using the following expression: 

 

 

 

 

 

 

 

 

Fig. 9 Flow over a flat plate. 

 

The 1-D transient conduction equation is expressed as: 

 

&&&&&&&&&&5
67
586 =

9
:
57
5;  (5) 

 

The boundary conditions (BC) was obtained from the following expression; 

 

At x=0,  (k 57
58<8>? = h@TA ( T2?B;4C 

 

The initial condition (IC) was derived from the expression below 

At t=0, T=Ti 

From Equation (5), one more BC is required in order to derive a solution since Eq. (5) is a partial 

differential equation of the 2nd order, where   

Ti=       Initial temperature of the test surface  

Tw=      the prescribed wall temperature  

Tm=     Mainstream temperature  

α=        Thermal diffusivity of test surface  

k =       Thermal conductivity of test surface  

t =      Time when the IR image was taken after the test was initiated.  

h =      Heat transfer coefficient 

The convective boundary surface and the non-dimensional temperature of Incropera et. al. [21] 

was employed as shown in the expression below: 
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 !" #
 $" #

= 1 % &exp '(
)*+
,) -. erfc &

(/*+
, . (6) 

 

Locally mixed two streams were employed to evaluate the film temperature. For the purpose of 

this investigation, heat flux into the surface was calculated using the expression shown below: 

 

 
Fig. 10 Flow over a flat plate 

 

In adiabatic surface, the temperature of the adiabatic wall the same with the film temperature, 

where the film temperature (Tf) and the heat transfer coefficient (hf) were unknown variables. 

Thus, the film cooling effectiveness (0), which is a non-dimensional temperature was employed 

to determine the unknown Tf given that Tm and Tc are known as depicted in Eq. (6): 

0 = T2 % T3
T4 % T3

 

Or  

  T2 = 05T4 % T36 7 T3 = 0T4 7 51 % 06T3 (7) 

Such that values of the film cooling effectiveness falls within the range of 0 and 1 with regards to 

its lowest and highest values respectively. 

By substituting Tm in Equation (7) with Tf in Equation (6), the equations for the two unknown 

variables, h and η were obtained as depicted in the following expression: 

 

89 % 8: = 1 % &;<> '?
)@A
B) -. ;CDE &

?/@A
B . × [F8G 7 51 % F68H % 8:]IIIIIII(8) 

The results generated from the three test models were compared with experimental studies on 

standard smooth holes that were previously described [23]. The validation analysis is presented in 

Fig. 11 and comparison with previous studies [37, 39] are depicted in Fig. 12. Comparison between 

both the experimental as well as numerical data SST k- ω turbulence model are equally presented in 

Fig. 12. The results have demonstrated that the deviation was less than 2%, which falls within the 

acceptable range, and the numerical setup and the simulations were similarly acceptable. 

The twisted angle was found to induce increase in the effectiveness, these forms causes: 

• An increase in the angle of the vortices in jet flow.  

• A decrease on the thermal stress exerted on the walls as a result of the difference in expansion 

with respect to the grill.  

• Enables secondary movements of the fluid as a result of the alternating changes in the curves in 

order to maintain high pressure loss 

• Increases the surface plates convection as. 

From Fig. 13-15, it could be deduce that the optimum effectiveness was achieved at both the 

rectangular cross section as well as at twisted angle (360°) owing to the optimum vortices in the jet 

flow. These twisted film cooling holes produced a swirling within the blade of the turbine, with α 

angle to impingement with main stream. 

 It was found that increase in twisted angle (0°, 90°, 180°, 270° and 360°) induces corresponding 

increase in the effectiveness, while a decrease was recorded when the blowing ratio (BR) was 

increased owing to the fact that the jet flow becomes faster on surface of the blade turbine. 
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It was similarly found that the effectiveness of the rectangular hole shape increase when 

compared with the circular hole shape which ranges from 40 to 70.17% and from 40 to 65.523 % in 

the case of hexagonal cross section area. 

The results were compared with the experimental data of straight fan shaped hole (standard smooth 

hole) by Sinha [37], and Pedersen, [39]. The conditions of previous experimental investigations 

have a BR of 1.5 and angle of secondary flow 35° as shown in Fig. 11. This figure has two regions, 

with each having specific symptoms. The first region of X/Dh range 1-5 exhibits a rapid decrease of 

cooling effectiveness and high cooling effectiveness value in the current experimental results 

comparison to the other pervious study [37, 39].  

The second region exhibit a lesser decrease, but the cooling effectiveness value of current and 

literature reports were so closed. This behavior resulted owing to the different secondary coolant 

hole angle employed. The deviation between the current study and the other two studies were 

±2.5% and ±3.5% respectively. This deviation is within the acceptable range, as it was mentioned in 

a previous related study Ghorab, 2009 [38] stated a maximum deviation ±10%.  

 

 

 
Fig. 11 Comparison between the conventional standard smooth hole [37] and [39] present 

experimental findings. 

 

The reliability of the results is very important, because the validation helps to give an 

imagination for the obtained data whether the research going to wrong or right way.  The lateral-

averaged film cooling effectiveness was compared with a cylindrical smooth hole under similar test 

conditions, as depicted in Fig. 14. The BR was 1.5 while the inclination angle relative to the wall 

surface is was at 30°. Compared with studies conducted previously [40, 41], from X/Dh range of 1.0 

– 10, except for a slight difference in values, the general tendency was consistent with the published 

findings of central averaged film cooling effectiveness as presented in Fig. 14. The deviation 

between the current study the two other two studies were ±2% and ±3% respectively. 

 

 
Fig. 12 Comparison between the conventional smooth hole [40, 41] and the present 

experimental findings  
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Fig. 13a shows that the secondary hole angle β = 30° has the optimal cooling effectiveness 

amongst all the arrangements at BR of 2.0, with β = 45° and  

β = 90° offering the least protection. The increased effectiveness values provided by the secondary 

cooling hole angle β = 30° continued at distances downstream greater than X/Dh 11.0. 

It is imperative to note that the coverage values of all the holes are different when looking at 

this data. On the other hand, the coverage for β = 90° was 22% and 40% for β = 30°. This implies 

that the highest value of β = 30° which was at the exit of the holes should be towards η = 0.4, while 

it should only be 0.22 for β = 90°. The implications of this is discussed later in this section. Hence, 

only the general trends were discussed, in the context of BR parameters as outlined in the literature 

At BR of 1.5, as presented in Fig.15b, hole angles β = 30°, β = 45° and β = 90° started 

lifting off. This is seen in the cooling effectiveness of the curves which were found to be at low 

X/Dh, and the subsequent upsurge and sustenance of the cooling effectiveness value of 0.45 at hole 

angles β = 30°, also flattens out, while hole angles β = 45° and hole angles β=90° show very similar 

values of η at more than X/Dh =10 as in BR=1.5. However, the performance of these three hole 

angles β=30°, β=45° and β=90°improves for values when compared to BR=2.0. 

Fig. 13c presents the BR of 1.0. The result shows that the secondary hole angle β=30° offers 

the highest cooling effectiveness (η =0.48) of all the configurations at blowing ratio 2.0 and 1.5 

with β=45° a3nd β=90° offering the least protection. The increased effectiveness values provided by 

the wider hole angle β=30° continue at distances downstream greater than X/Dh 10. 

Fig. 13d presents the BR of a film cooling jet via a rectangular twisted hole of 0.5 improved 

the effectiveness of the film cooling. The findings offered the highest cooling effectiveness (η = 

0.51) of all the configurations at BR 2.0, 1.5 and 1.0 with β = 45° and β = 90° offering the least 

protection. The improvement in film cooling effectiveness was as a result of the interactions 

between the swirling film jet and the mainstream. The swirling motion was noted to have destroyed 

the kidney vortex structure and subsequently made the film-cooling air adhere to the wall. 

 

 

 

        
                        (a)                                                                  (b) 

 

    
       (c)                                                              (d) 

 

Fig. 13 Effectiveness against stream wise location at BR equal to  

((a) BR= 2.0 (b) BR=1.5 (c) BR=1.0 (d) BR=0.5) 
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Fig. 14 depicts the local averaged film cooling effectiveness performances for the rectangular 

twisted hole for diverse downstream locations and at varying BRs of 0.5, 1.0, 1.5 and 2.0. The 

results demonstrated that at X/Dh of 1.2, the higher value of the effectiveness of the film cooling 

performance generated by the rectangular twisted hole was superlative compared to the standard 

smooth hole. The difference in film cooling performance between the two film hole arrangements 

indicated an increase more with decreasing BRs, as presented in figure.  

The downstream film cooling effectiveness decreased along the streamwise direction for both 

configurations until reach X/Dh 11.0, owing to a decline in the momentum of the secondary flow. 

The averaged film cooling effectiveness performance of the rectangular twisted hole was still higher 

compared to the one generated by the circular hole at whole range of X/Dh from 1.2-11.0, as 

depicted in Fig. 16. 

 At a high BR of 2.0, the circular film hole provided a lateral film cooling performance near zero, as 

shown in Figure 5.8d. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                 (b) 

 

 

 

 

 

 

 

 

 

 

 

(c)                                                               (d) 

Fig. 14 Spanwise film cooling effectiveness of the twisted hole at diverse BRs (a) BR = 0.5 (b) 

BR = 1.0 (c) BR = 1.5 (d) BR = 2.0 

 

Fig. 15.a depict the heat transfer ratio with twisted angle 360° highest point at X/Dh about ~ 

2.0 near the injection hole. At lower BR, the twisted film cooling holes produce variations in the 

magnitude of the thermal transfer ratio. However, it provides a lower value downstream. . The 

result shows offers the optimal heat transfer ratio (hf / h0 =1.8) of all the other BR curves at 1.0, 1.5 

and 2.0. The observed improvement emerged from the interactions between the swirling film jet, 

the mainstream as well as the swirling motion. 

Fig. 15b shows the heat transfer ratio for the smooth rectangular shape hole highest point at X/Dh 

which was about ~ 2.0, corresponding to the highest values in heat transfer ratio (hf / h0 =1.5). The 
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proposed scheme produces a value of the centerline heat transfer coefficient ratio higher than unity 

near the trailing edge of the film holes. This was as a result of the high velocity in the boundary 

layer with three dimensional flow structures, near the film hole. Along the streamwise direction, the 

velocity decreases and gradually the flow become mainly two dimensional flow structures. 

 

     
(a)                                                                   (b) 

 

Figure 15 Heat transfer coefficient ratio vs. stream wise location 

 (a) α=360° (b) α=0° 

4. Development of New Formula 

 

Empirical correlations were commonly used to predict the Nusselt number and laterally 

averaged adiabatic cooling effectiveness. They are mathematical formulations of different levels of 

complexity derived from experimental results and may cover ranges of flow as well as geometrical 

parameters. When selecting a correlation model, two important topics should be considered, one 

related to the limitations of the model and the other concerning the predictability of the model. 

 

 ! = "(#$, %$, &, ', )* 
 

The computer package (STATISTICA) was used to make analysis for the equation through 

a non- linear regression analysis. 

 

 ! = +-(#$*
./(%$*.0(&*.1('*.2()*.3 

 

C1= 0.0045, C2= -0.754, C3= 0.513, C4= 0.179, C5= 0.847 and C6=0.35 

 

R
2
 = 0.95 

 

So, the equation becomes: 

 ! = 4544678(#$*9:5;<>(%$*:5<-?(&*:5-;@('*:5A>;()*:5?< 
 (9) 

The coefficient of determination (R
2
) for this formula was (0.95). 

Another data is used to test the equation. A statistical comparison of equations is used to show the 

predicted convergence to observed records. The value of  

R
2 

= 0.931 were observed to be in good agreement for all data as shown in Fig. 24.  
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Fig. 16 Comparison of equation (9) with experimental data 

 

The Nu correlation was generated for the data obtained from the experimental results by using 

Buckingham pi theorem. The correlation was compared with the findings of the experimental 

investigations in order to validate the ability of the correlation to predict the Nu and the error was 

found within ±9.0 %. 

 

5. Conclusions 

In this study, a three case spirally corrugated film cooling holes (one, two and three holes) 

were experimentally and numerically evaluated to determine the effects of new twisted film cooling 

hole angle (α)  and angle of hole (β) on thermal efficiency and/or performance. The findings of this 

study revealed that the adopted geometry of film cooling hole with smooth spiral corrugations can 

significantly improve effectiveness, ranging from 2.2–3.4 times those of the smooth film cooling 

holes with significant increase in the overall heat transfer coefficient ranging from 1.5–2.7 times 

those from smooth film cooling holes. The best thermal performance at twisted film cooling angle 

(α) equal to 360° and angle of hole (β) equal to 30° at blowing ratio equal to 0.5. Based on the data 

obtained in this study, it was concluded that the most important factor in generating higher heat 

transfer coefficient as well as enhanced effectiveness  lies in adopting and modified geometry of 

film cooling holes with smooth spirally corrugation profile which has to be optimized for greater 

efficiency.  

 

Nomenclature 

Symbol Quantity Units 

Br blowing ratio (ρjuj/ρmum) - 

Cp specific heat W/kg.k 

Dh hydraulic diameter of 

film hole (m) 

m 

dh hydraulic diameter of the 

main duct 

m                                                           

DR density ratio (ρj/ρm) - 

h heat transfer coefficient  W/m
2
. K 

K thermal conductivity of 

plate  

W/m K 

L length of film hole m 
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Nu Nusselt number  - 

p film hole pitch  m 

q Heat transfer flux  W/m
2
 

Re Reynolds number  - 

T temperature  K 

t time  s 

Tw average wall temperature  K 

Um normal main stream 

velocity in x-direction  

m/s 

x, y, z coordinates  

ά thermal diffusivity  m
2
/s 

η local film cooling 

effectiveness  

- 

β Angle of holes ° 

α Angle of twisted holes ° 
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