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Abstract - Film cooling technique is incorporated to lower the surface temperature of gas turbine components such as vanes, blades and 

combustor liners which are exposed to significantly higher environmental temperature resulting in greater thermal stresses and prominent 

reduction in life-span of hot components. In this study, the implementation of novel airfoil deposition is adopted on 2D-flat plate surface to 

further improve the film cooling effectiveness of conventional cooling techniques. Furthermore, 26 different cases are investigated to 

demonstrate the substantial impact of different ratios of blowing, velocity and momentum flux on flow behavior of coolant jet /mainstream 

and film cooling effectiveness. It was concluded that when airfoil deposition is employed the dramatic augmentation of average(η )and 

local(ηL) centerline film cooling effectiveness is achieved e.g. with airfoil deposition at X/D=30, BR=3.01, DR=2.74, and Rem=61760,ηLwas 

found 8.0% higher than the blade surface without deposition. Moreover, with the airfoil deposition at BR=3.0, DR=2.74, and Rem=61760, η  

was found 3.8% higher than the blade surface without deposition. It was noticed that the increment in blowing ratio and coolant jet density 

yield higher local and average centerline film cooling effectiveness. The optimal value of BR and DR found in this study was 3.0 and 2.74 

respectively. 
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I. INTRODUCTION 

 

Gas turbines are employed in land-based power 

generation and for aircraft propulsion. The prominent 

enhancement in GT efficiency and power output is 

availed by augmenting the rotor inlet temperature 
(RIT). Advanced GT engines operates at prominently 

higher temperatures (13700C-14270C). This excessive 

increment in RIT tends to maximize the heat transfer 

rate to the turbine components such as vanes, blades 

and combustor liners. Conventional cooling 

techniques such as air-film cooling, impingement jet 

cooling, inclusion of turbulators etc. are employed to 

achieve the limitation in the level and variation of 

temperature within the blade materials and obtain 

desired durability goals by reducing thermal stresses  

induced within the turbine components. External 
cooling techniques (such as air-film cooling 

technique) incorporates the injection of secondary 

fluid at discrete locations along the surfaces exposed 

to predominantly higher temperatures. The coolant 

injection provides substantial thermal protection not 

only in the immediate regions of injection and but 

also in downstream regions as well. Film cooling 

effectiveness is significantly influenced by various 

geometric variables such as configuration of coolant 

injection holes, injection angles, hole shapes, hole 

spacing and pattern and fluid mechanical variables 
such as ratios of density (DR), velocity (VR), mass 

flux (M) and momentum flux (I) which impart 

noteworthy impact on acquiring desired [1].  These 

ratios are demonstrated as follows,  

M = 
ρi V i

ρ∞V∞
  ,  DR = 

ρi

ρ∞
  , I = 

ρi (V i  )
2

ρ∞(V∞ )
2  , VR = 

V i

V∞
(1) 

Here, subscript i and ∞ signifies the fluid flow 

ofcoolant jet and mainstream flow. To demonstrate 

the impact of film cooling on reduction of blade 

surface temperature new parameter film effectiveness 
(η) is introduced.  

η = 
Tw−T∞ 

Tc− T∞
   (2) 

Where, TW, T∞, and Tc represent wall temperature, 
mainstream temperature and coolant jet temperature 

respectively. Several experimental and numerical 

investigations have been performed to attain the 
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significant enhancement in film cooling effectiveness 

by incorporating various novel techniques.  In ref [2] 

the numerical investigation was performed to 

acknowledge the impact of various density ratios 

(ranging from 1.1 to 5), mass flux ratios (ranging 

from 1 to 3), and injection angles (ranging from 150 
to 900) on average film cooling effectiveness. The 

experimental study investigated the variation in 

centerline averaged and laterally averaged film 

cooling effectiveness by incorporating a row of 

inclined holes that injected cooled air across flat, 

adiabatic test plate [1]. The attachment and 

detachment of coolant jet was demonstrated by 

varying the ratios of density, mass flux, velocity and 

momentum flux. In ref [3] the experimental and 

numerical investigations were performed to 

demonstrate the influence of ribbed cross-flow 

coolant channel on average film cooling effectiveness 
and heat transfer coefficient with two different angled 

ribs (1350 and 450) and three different mass flux 

ratios (0.5, 1.0, and 2.0). The results demonstrated 

170% higher film cooling effectiveness with ribbed 

cross-flow coolant channel relative to the plenum 

cases.  The numerical study in ref [4]presented the 

film cooling of a corrugated surface and also 

demonstrated the influence of various blowing ratios, 

density ratios and injection angles on film cooling 

effectiveness. The impact jet impingement cooling 

was investigated on a semi-cylindrical surface by 
employing both normal cooling jets and tangential 

cooling jet with three different flow conditions [5]. 

The increment in Reynold number (ranges from 

10,000 to 30,000) and employment of tangential jets 

provided proper cooling distribution inside a turbine 

leading edge region. In ref numerical studies [6, 7] 

were investigated to determine the effect of holes 

types (cylindrical holes and sister holes) and varying 

flow conditions of coolant supply with different mass 

flux ratio (ranges from 0.5 to 1.5) on film cooling 

effectiveness and results demonstrated the promising 

elimination of counter-rotating vortex pairs (CVP) 
and provided lower temperature regions for M=1 with 

the inclusion of sister holes. Furthermore, the cross-

flow coolant supply conditions deemed promising 

increment in film cooling effectiveness at higher 

blowing ratio in downstream regions. A comparison 

numerical investigation was presented between the 

employment of forward and reverse holes to 

acknowledge their corresponding impact on 

enhancement of film cooling effectiveness at different 

cooling hole injection angle (ranges from 300 to 600) 

and blowing ratios (ranging from 0.25 to 3) at density 
ratio (0.91) and mainstream Reynold number 

(3.75✕105) [8]. Results demonstrated significant 

enhancement (100%-220%) in film cooling 

effectiveness when coolant jet was injected opposite 

to the mainstream direction due to the lateral spread 

of coolant jet and negligible occurrence of kidney-
vortices. From the above literature it is quite obvious 

that numerous researchers investigated the cooling 

performance of GT blades by implementing various 

novel and pioneering techniques. In this study, the 

innovative attempt was made by incorporating the 

airfoil deposition to acknowledge the variation in 

coolant and mainstream flow interaction and 

augmentation in film cooling effectiveness. To avail 
optimized blowing, velocity and momentum flux 

ratios, 26 various cases are also investigated and 

results are demonstrated for both local and average 

centerline film cooling effectiveness. 

 

II. GOVERNING EQUATIONS 

 

The equations of continuity, conservation of 

momentum and energy are the governing equations in 

this numerical study and furthermore, the k-ε 

turbulence model is employed and solved in Ansys 

Fluent v12. For further details please refer to [9]. 
 

III. GEOMETRIC CONFIGURATION OF 

COMPUTATIONAL DOMAIN 

 

The computational domain used in this study is 

demonstrated in Figure 1. The baseline geometry 

without deposition is considered to be the Case1 and 

domain with airfoil deposition is referred as Case2 in 

this study. 

 
 

IV. GRID INDEPENDENCE TEST 

 

To perform discretization of both 2D computational 

domains, structured grids are employed. For 

acquiring desired accuracy, denser mesh is used near 

the coolant jet hole, airfoil deposition and bottom 

wall while keeping the y+ value near 1. To perform 

grid independence test, three different grid elements 

were considered i.e. 51,000, 134,000 and 166,000. 
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Figure2: Discretization of computational domains (a) Case1 (b) 

Case2 

 
Figure3: Grid independence test (a) Case1 (b) Case2 

 

In Figure 3, variation of local temperature along the 

downstream regions with different grid elements are 

presented. It is quite evident that for Case1 disparity 

in grid elements tends to have negligible influence on 

local temperature. However, for Case2, 51000 grid 

elements demonstrate noticeable impact on local 

temperature disparity while other two grid elements 
(134,000 and 166,000) depicts negligible influence on 

outcomes. Therefore, 134,000 grid elements are 

considered in this study with considerable 

computational time and acceptable accuracy. 

 

V. VALIDATION OF TURBULENCE MODELS 

 

For opting robust turbulence model validation study 

was conducted for five different models (k-ε standard 

wall treatment model, k-ε enhanced wall treatment 

model, k-ε-RNG enhanced wall treatment model, k-ω 

standard model and k-ω SST model) shown in 

Figure4a. It was found that k-ε enhanced wall 

treatment model yield significant accuracy in results 

as compared to other models. Hence, this model was 

selected for performing further investigations to avoid 

erroneous outcomes. 
 

VI. BOUNDARY CONDITIONS AND 

VALIDATION TEST 

 

 
Table1: Investigated cases. 

 

To demonstrate the influence of different ratios of 

momentum flux, mass flux and velocity on film 

cooling effectiveness velocity inlet boundary 

condition was considered for coolant inlet and 
mainstream inlet. While for mainstream outlet 

pressure outlet boundary condition was considered. 

Moreover, for top and bottom walls of the channel 

no-slip boundary condition was taken. To 

demonstrate the impact of various ratios of density, 

velocity, mass flux and momentum flux, 26 different 

cases are presented in Table1. In this study, the 

temperature of coolant was varied (150K, 180K, 

250K, and 300K) while mainstream temperature was 

kept constant (i.e. 400K). The variation in coolant 

temperature tends to induce disparity in densities and 

hence different flow velocities providing different 
value of local and average centerline film cooling 

effectiveness. 
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However, for performing validation test the inlet 

temperature of coolant and mainstream were 

considered to be 300K and 400K respectively while 

keeping the inlet flow velocity constant (10m/s) and 

Rem=30880. In Figure4validation results are 

presented at BR=1.33, DR=1.33 and Rem=30880 and 
comparison is made against the recent study [9]. The 

percentage errors between the results are also 

calculated for more clarification. It was found that the 

disparity between results seemed quite negligible at 

various vertical heights i.e. at y=0.005mm and 

0.014mm the percentage difference between local 

temperature is 0 and 1 respectively. 

  

 
Figure4: Validation test (a) Various turbulence models 

comparison (b) Present study comparison 

 

VII. RESULTS AND DISCUSSION 

 

7.1. Film cooling effectiveness with surface 

deposition 

The aerodynamic shape of airfoil deposition imparts 

noteworthy role in augmenting the centerline film 

cooling effectiveness while allowing the coolant 

stream attached to the bottom wall surface and 

preventing the hot mainstream flow from interacting 

with coolant jet flow yielding higher cooling 
effectiveness even at the downstream regions. 

However, for Case1 film cooling effectiveness is 

comparatively lower than the Case2. Furthermore, 

allowing the disparity in coolant temperature and 

hence various values of density optimized film 

cooling effectiveness can be availed as discussed in 

this section. 

 

7.1.1. Influence of density and mass flux ratio:  

 

 

 
Figure5: Impact of BR on 𝛈 at Rem=61760 (a) Case1 (b) Case2 

Influence of BR on 𝛈Rem=61760 (c) Case1 (b) Case2 

 

The variation in temperature of coolant stream yield 

different values of densities. The variation in density 

ratios induces prominent changes in blowing ratios as 

well. Therefore, the optimal value of both density and 

blowing ratio are required for obtaining desired film 

cooling effectiveness. The increment in coolant 

stream density tends to provide higher average 

cooling effectiveness along the downstream regions 

while keeping the mainstream density constant as 
demonstrated in Figure5.For example, for Case1, at 

BR=3.0, and Rem=61760, DR=1.14 yield 3.94% 

lower average film cooling effectiveness than 

DR=2.74.  As the density value is enhanced, the 

variation in jet flow velocity occurs i.e. the optimal 

difference between mainstream velocity and coolant 

jet velocity prevents mainstream penetration into the 

coolant jet stream allowing coolant jet attached to the 

bottom wall of the channel providing significant 

increment in film cooling effectiveness. This film 

cooling effectiveness can further be increased by 
incorporating airfoil deposition e.g. for Case2, at 

BR=3.0, Rem=61760, DR=1.14 yield 7.59% lower 

average film cooling effectiveness than DR=2.74.   

Moreover, the increment in BR also provides lower 

temperature regions in the downstream of the channel 

resulting higher cooling effectiveness. At the lower 

BR value, coolant jet velocity is comparatively lesser 

than the mainstream velocity which enhances the 
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mainstream flow interaction with the coolant jet 

stream and deteriorates the cooling effectiveness. For 

example, at X/D=20 and Rem=61760, for BR=0.533 

the value of ηL was found to be 0.5. However, with 

the inclusion of airfoil deposition 16.7% higher ηL 

was achieved at the same conditions. 
 

7.1.2. Effect of velocity ratio (VR) and momentum 

flux ratio (I) 

The enhancement in VR and I tend to yield higher η . 

However, the excessive increment degrades the 

cooling performance. As, rise in both VR and I 

impart substantial variation in coolant jet and 

mainstream flow velocities e.g. when the VR 

increases, coolant jet velocity starts dominating the 

mainstream velocity providing less penetration of hot 

air stream into the cold air stream. However, when 
VR is augmented further, the alienation of coolant jet 

from the bottom wall occurs providing decrement in 

average centerline film cooling effectiveness as 

portrayed in Figure6. 

 

 
Fiugre6: (a) Effect of VR on 𝜼 for case2 (b) Effect of I on 𝜼 for 

case2 

 

VIII. FLOW FIELD CHARACTERISTICS 

 
To visualize the fluid flow behavior at various ratios 

of momentum flux, velocity, and mass flux 

temperature and velocity contours are depicted in this 

section. 

 

8.1. Temperature distribution 

The influence of BR on temperature distribution in 

the main channel is elucidated in Figure 7 for Case1. 

It is quite evident that foroptimal BR=3.0 lower 

temperature regions are denser on the bottom wall 

surface as compared to BR=5.0. At BR=3, the 

difference between mainstream and coolant jet 
velocity is 9.2, while for BR=5.0 the difference is 

17.0. Which entails that the greater difference 

between velocities allows coolant jet to alienate from 

the bottom wall surface yielding minimum lower 

temperature regions and hence less local and average 

film effectiveness . The circles insinuate the influence 

of higher Vc. In Figure7a it is quite manifested that 

coolant jet covers the hot surface to a greater extent 

due to the optimal value of BR. However, the 

excessive enhancement in BR provides lower local 

and average centerline film cooling effectiveness due 

to the minimum presence of lower temperature 

regions as shown in Figure7b. 
 

 
Figure7: Temperature distribution at DR=2.74, BR=3.01 𝐚𝐧𝐝 

𝐑𝐞𝐦=61760 for (a) Case1 and Temperature distribution at 

DR=2.74, BR=5 and 𝐑𝐞𝐦=61760(b) Case1 

 

IX. CONCLUSION 

 

The numerical study was performed for the 

enhancement of centerline film cooling effectiveness 

by implementing novel airfoil deposition at 1mm 

from coolant jet inlet and optimizing the ratios of 

velocity, density, momentum flux and mass flux by 

investigating 26 different cases. Followings are the 

key outcomes of this study. 
 

 The inclusion of deposition imparted dramatic 

role in augmenting the both local and average 

centerline film effectiveness by providing low 

temperature regions even at the downstream 

zones e.g. at X/D=40, BR=0.533, and 

Rem=61760 the local centerline film cooling 

effectiveness was found 15.38% higher for Case2 

as compared to case1. Moreover, at BR=1, 

DR=2.74, and Rem=61760 the average centerline 

film cooling effectiveness was found 14.81% 

higher for Case2 as compared to Case1. 

 The increment in blowing and density ratios 

provided prominent enhancement in film cooling 

effectiveness. However, it was noticed that the 

excessive rise in BR and DR tends to degrade the 

cooling effectiveness. Therefore, to avail higher 

GT efficiency optimized values of BR, DR, VR 

and I needs to be considered. In this study the 

optimum value of BR, DR, VR and I was found 

to be3.0, 2.74, 1.1 and 3.3 respectively for both 

cases.  

 The presence of airfoil deposition yields 
prominent film cooling effectiveness even at 

lower value of blowing ratio providing higher 

GT efficiency. As it guides the coolant jet along 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 8, Issue-3, Mar.-2020, http://iraj.in 

Enhancement of Centerline Film Cooling Effectiveness by Incorporating Airfoil Deposition and Optimizing Ratios of Fluid Mechanical 

Variables: A CFD Approach 

 
81 

the hot surface of blade and yield enough spread 

for dominating the mainstream flow. Finally, 

obtaining greater lower temperature regions 

without noticeable deterioration of the 

mainstream flow was the key focus of this study. 

The present study will enable researchers and 
designers to further improve conventional film 

cooling techniques and opt optimized ratios of 

fluid mechanical variables without influencing 

the performance of GT efficiency. 
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