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ABSTRACT  

Leading edge of the gas turbine blades is subjected to highest temperature. Jet impingement cooling is an efficient 

technique for leading edge blade cooling. In this present study, a single baseline cylindrical hole and the proposed 

converging conical hole is numerically investigated for convective heat transfer using CFD code, STAR CCM+. The 

converging angle of the conical hole is 20°and the ratio of diameter is equal to two. The hole diameter is 2.15 cm and the 

study is carried out at Reynolds number ranging from 11000 to 50000 for a jet impinging length of R/2. The target surface 

is maintained at constant heat flux of 10000 W/m
2
.Steady-state simulations are performed using Reynolds Averaged 

Navier Stokes equation along with kω-SST turbulence model for closure. Based on the Nusselt number and temperature 

distribution, converging conical hole is observed to give a better heat transfer thereby cooling the blades effectively. 

Around 186 % increase in Nu and 13% decrease in surface temperature of the concave surface is observed at jet 

impingement point for Re = 23000. 

 
Keywords: jet impingement blade cooling, converging conical, cylindrical, reynolds number, nusselt number, CFD. 

 

NOMENCLATURE 

 

Re  Reynolds number Re= [ 
𝑣𝐿𝜈  ]  [--] 

d Hole diameter    [m]   

D Diameter of hole exit   [m] 

h Heat transfer coefficient        [W/m
2
 K]  

L  Nozzle to wall spacing (impingement length) [m] 

Nu  Local Nusselt number   [--] 

Ta Ambient temperature                 [K]  

u Mean velocity                 [m/s]  

ρ Air density          [k g /m
3
] 

r Length along curvature   [m] 

η Efficiency    [--] 

β Converging angle               [Rad.] 

Pr  Prandtle number    [--] 

Q  Heat flux             [W/m
2
] 

ν Kinematic viscosity            [m
2
/s] 

Cp Pressure Coefficient                [--] 

K Thermal Conductivity           [w/m k]  

R Stream wise distance from the stagnation point 

[m] 

ω Specific turbulence dissipation rate   [s
-1

] 

k Turbulent kinetic energy             [m
2
/s

2
] 

 

INTERODUCTION 
The gas turbine engine operates at high 

temperature for higher efficiency and the efficiency of 

turbine increases with peak temperature produced in the 

combustor and temperature sustained by the blades of gas 

turbine.  Leading edge of the gas turbine blades is 

subjected to highest thermal load and therefore, it requires 

the efficient cooling. Effusion and jet impingement 

cooling are the techniques used for cooling the leading 

edge where the temperature of blade surface is highest. 

Impingement of high speed jets through tiny holes provide 

high heat transfer locally. Therefore, it is used in many 

engineering applications such as cooling of hot steel 

plates, tempering of glass, cooling of hot turbine blades 

and electronic component heat transfer. Among all 

techniques used for blade cooling, jet impingement has the 

maximum potential to increase the local heat transfer. 

However, the construction of impingement hole and flow 

arrangement reduces the structural strength of the blade 

and therefore this technique is used in locations where 

excessively high heat transfer is required. The cooling jet 

has higher momentum than its surrounding and creates a 

highly turbulent flow with stagnation zone right under the 

nozzle exit.  

Over the past few decades, numerous numerical 

and experimental studies were performed to study the flow 

parameter and heat transfer by jet impingement. Martin [1] 

studied the heat transfer by convection between the 

impinging gas jet and solid surface using single and 

multiple jet systems along with the effect of jet tilting. The 

variation of local Nusselt number with Reynolds number 

and effect of jet to wall spacing were discussed by Han 

and Goldstein [2]. Zuckerman and Lior [3] carried out 

experimental as well as numerical studies and gave the 

correlation between Reynolds number and Nusselt 

number. Florschuetz et al. [4] published the effect of cross 

flow and array of jet on heat Transfer. Lee et al. [5] 

carried out experiments to study the effect of curvature of 

concave surface on heat transfer parameter by using round 

impingement jet. Yang et al. [6] performed experimental 

study to analyse the effect of nozzle cross section on 

cooling of concave surface with flow ejected from holes 

having different cross sections. The studies showed that 

heat transfer characteristics differed significantly. Bunker 

[7] performed experimental study on heat transfer in 

leading edge without extracting the coolant for other 

cooling purpose. Han et al. [8] studied the effect of 

impinging jet angle i.e., ± 45
0
 on the target surface and 
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found that the jet at right angle provides higher Nusselt 

number compared to other angles. 

Haider and Yan [9] numerically analyzed the jet 

diameter effect on impingement jet cooling at leading edge 

of the turbine blade. The authors concluded that the 

Nusselt Number decreased after certain L/d ratio. Ashok 

Kumar and Prasad [10] studied the effect of effusion hole 

in a turbine blade for transpiration cooling along with jet 

impingement cooling. Effusion holes increased the 

turbulence which in turn increased the localised heat 

transfer. Sarfaraz and Ghemai [11] published their 

numerical work on internal channel cooling via jet 

impingement using ANSYS Fluent. The sensitivity study 

of jet impingement cooling on a semi-circular concave 

surface at constant heat flux with different configurations 

of jet impingement length and its position at different 

Reynolds number were also investigated. Investigation on 

heat transfer enhancement and pressure loss of a double 

swirl chamber cooling was carried out by Kusterer et al. 

[12]. Several CFD models were analyzed namely, single 

swirl chamber and double swirl chamber using kω-SST 

model. Double swirl chamber increased the heat transfer 

by around 100% compared to impingement without a 

swirl. Ahmed et al. [13] studied different geometry of 

convergent holes with convergent angle varying from 5
0
 to 

20
0
. Abdulla and Ali [14] studied different configurations 

of jet impingement length varying from R/4 to 3R/4 at 

different lateral positioning of jet. Recently, studies were 

also carried out on the effect of hole aspect ratio [15], 

vortex [16], effusion hole [17], jet spacing [18], 

aerodynamic behaviour of impingement hole [19] and 

optimisation of geometry [20]. 

In this present study, three dimensional steady-

state flow parameter and heat transfer characteristics of jet 

impingement cooling at leading edge of the gas turbine 

blade is studied using cylindrical hole and converging 

conical hole. The convergent angle of the conical hole is 

kept as 20
O
. The comparative numerical study is carried 

out by comparing the converging conical hole with the 

baseline cylindrical hole configuration. 

 

NUMERICAL METHODOLOGY 

 

a) Problem description and computational domain 

Leading edge of the gas turbine blade resembles a 

concave surface and it is considered as hemisphere for the 

present computational study. The radius of the concave 

surface is 19.05 cm and the jet impingement hole diameter 

is 2.13cm. The Reynolds number of the coolant is varied 

as11000, 23000 and 50000 [5]. The jet impingement 

length is kept as R/2 [14]. Length of the hole is kept as 

60d for a fully developed flow [12]. Figure-1(a) and 1(b) 

show the front view and isometric view of the 

computational domain for jet impingement through a 

converging conical hole. Convergent angle (β) for the 
converging conical hole is kept constant at 20

o
 and the 

ratio of d/D is maintained as 2.  Similarly, Figures 2(a) and 

2(b) show the front view and isometric view of the 

computational domain for jet impingement through a 

baseline cylindrical hole configuration. The ratio of d/D is 

equal to 1 for cylindrical hole. The configuration details 

are listed in Table-1.The 3D computational domain is 

modelled using Solid works. 

 

Table-1. Configuration details for cylindrical and 

conical holes. 
 

Impingement 

length (L) 
Diameter (d) 

Reynolds 

No. 

 

L= 
𝑅2 

 

d=2.15cm 

 

Re=11000 

Re=23000 

Re=50000 

 

 
 

Figure-1. (a) Front view of computational model of jet impingement by conical hole 

(b) Isometric view of computational model of jet impingement by conical hole. 
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Figure-2. (a) Front view of computational model of jet impingement by cylindrical hole 

(b) Isometric view of computational model of jet impingement by cylindrical hole. 

 

b) Mesh generation 

Complete unstructured polyhedral mesh is 

generated using STAR CCM+. Dense mesh is given at the 

coolant-jet mixing zone and constant heat wall region. 

Prism layers are used near the wall (i.e., target surface) 

and pipe wall. Nearly ten prism layers are introduced to 

capture the near wall boundary layer viscous effects. 

Further, a more dense mesh is created in the converging 

conical hole region to capture the effects in the convergent 

hole region. Figure 3and 4 shows the section plane of the 

meshed fluid domain of a converging conical hole and 

cylindrical hole configurations. 

 

 
 

Figure-3. Mesh generation of the computational domain 

with conical hole. 

 

 
 

Figure-4. Mesh generation of the computational domain 

with cylindrical hole. 

 

c) Validation, grid independent study and turbulence  

     model study 
CFD code STAR CCM+ which solves the 

continuity, momentum and energy equations is used for 

this present numerical investigation. Experimental results 

observed by Lee et al. [5] for local Nusselt number along 

the curvature for L/d=4, Re = 23000 and hole diameter 

2.15cm is validated and shown in Figure-5. Three different 

turbulence models namely, V2f, kε and kω-SST 

turbulence model are used for capturing the flow physics. 

As can be seen in Figure-5, kω-SST turbulence model 

gives a closer result with the experimental result [5]. 

Hence, kω-SST turbulence model is used for further 

numerical analysis of all the cases in this present study. 

Figure-6 shows the variation of Nusselt number at 

stagnation point (i.e., r/d equal to zero) with different 

mesh count. The variation of stagnation Nusselt number is 

also tabulated in Table-2. As the relative error in Nusselt 



                                    VOL. 12, NO. 22, NOVEMBER 2017                                                                                                     ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2017 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                              6400 

number is almost negligible beyond the grid count of 1.45 

millions, this mesh is taken as a reference mesh count for 

all the configurations. 

 

Table-2. Grid independence study. 
 

Grid Number of element Nusselt number (Nu) 
Relative error of 

Nu in % 

1 796504 172.2188 29.91% 

2 1039418 143.0705 7.92% 

3 1203600 135.25 2.02% 

4 1450000  [Reference] 132.565 0% 

5 1610000 132.4731 0.069% 

6 1790000 132.52 0.033 

 

 
 

Figure-5. Validation of stream wise distributions of local 

Nusselt number. 

 

 
 

Figure-6. Grid independency study. 

 

d) Boundary conditions 

The whole domain is considered as fluid domain. 

Inlet boundary condition is defined as mass flow through 

which the coolant air enters at a mass flow rate of1.14×10
-

3 
kg/s and the temperature of the coolant air is specified as 

300K.Outlet boundary condition is considered as pressure 

outlet and it is kept constant at a atmospheric pressure of 

101325 Pa. The wall of the concave surface is defined as 

wall with no-slip condition and it is maintained at a 

constant heat flux of 10000 W/m
2
. Interface is introduced 

between the concave surface and side wall of pipe and the 

interface type is baffle interface. Interface between the 

concave region and exit of the pipe is also introduced. 

Wall of the pipe is defined as adiabatic wall. SIMPLE 

algorithm is invoked and second order upwind scheme is 

used for numerical solutions. kω-SST turbulence model is 

used to achieve the closure and all the governing equations 

are solved under steady-state conditions. The normalized 

convergence criteria for is kept as 10
-6 

for continuity 

equation and 10
-4 

for the momentum and energy equations. 

Table-3 shows the boundary conditions enforced in this 

present study. 

 

Table-3. Boundary conditions [5, 12]. 
 

Boundary 

location 

Boundary 

condition 
Values 

Inlet Mass flow rate 1.14×10
-3 

Kg/s 

Outlet Pressure 101325 pa 

Wall 
No slip; Stationary 

wall 
- 

Inlet Temperature 300K 

Wall Constant heat Flux 10000 W/m
2
 

 

RESULT AND DISCUSSIONS  

Distribution of local Nusselt number stream wise 

along the concave surface for the impinging jet through a 

cylindrical hole of diameter 2.15cm and jet impingement 

length of R/2 at Reynolds number 11000, 23000 and 

50000 is shown in Figure-7. Figure-8 shows the 

distribution of local Nusselt number stream wise along the 

concave surface for the impinging jet through a 

converging conical hole. As can be seen in Figure-8, first 

peak value of Nusselt number is observed at the point of 

jet impingement on the concave surface and the second 

peak value of Nusselt number is realized which is due to 

circulation effect. This results in increased turbulence and 

enhances the heat transfer. Similar trend is also observed 

for cylindrical hole configuration as seen in Figure-7. In 

general, the Nusselt number increases with increase in 

Reynolds number. This is due to increase in velocity of the 

potential core region of jet which reduces the boundary 
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layer thickness formation at stagnation region thereby 

enhancing the heat transfer. At Re = 23000, Nusselt 

number increased by 186 % for jet impingement through 

converging conical hole in comparison with cylindrical 

hole. Similarly, it increased by185% and170.5% for Re = 

11000 and 50000 respectively.  

 

 
 

Figure-7. Distribution of local Nu stream wise along the concave surface 

for the impinging jet through a cylindrical hole. 

 

 
 

Figure-8. Distribution of local Nu stream wise along the concave surface 

for the impinging jet through a converging conical hole. 

 

Wall temperature distribution along the curvature 

of the target surface for cylindrical hole and converging 

conical hole is shown in Figure-9 Figure-10 respectively. 

Lowest temperature is attained at the point of jet 

impingement and the temperature increases gradually 

along the stream wise position in the concave surface. On 

comparing the cylindrical and converging conical hole 

configurations, 15.58% decrease in temperature is 

observed at jet impingement point for Re 11000. 

Similarly, 13% and 7.68 % decrease in temperature is 

realized for at Re = 23000 and 50000 respectively. 

 

 
 

Figure-9. Temperature along concave curvature for 

impingement through cylindrical hole. 
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Figure-10. Temperature along concave curvature for impingement 

through converging conical hole. 

 

In general, the minimum temperature reduces 

with increase in Reynolds number for both the 

configurations. Two minimum temperature points is 

observed on the concave surface, one at the jet impinging 

point and another just away from the stagnation region, 

this effect is due to the circulation. Figure 11and 12 shows 

the velocity vector plot and temperature distribution of jet 

impingement through a cylindrical hole at Re = 23000. 

Highest velocity of the impinging jet reaches 19.81m/s in 

the potential core region of the jet and the highest wall 

temperature is 835.23K for constant heat flux of 10000 

W/m
2
. Along the target surface, it is cooled to 366.66 K at 

the jet impingement point.  

 

 
 

Figure-11. Velocity vector for jet impingement through cylindrical hole. 
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Figure-12. Contour of temperature distribution for impingement through cylindrical hole. 

 

Figure-13 shows the global velocity distribution 

for jet impingent cooling using converging conical 

configuration at Re = 23000. Highest velocity reaches 

82.163 m/s in the potential core region which reduces the 

boundary layer thickness formation at the point of jet 

impingement thereby leading to a higher Nusselt number 

compared to impingement through a cylindrical hole. 

Figure-14 shows the local temperature distribution for the 

above case. The minimum temperature is found at the 

stagnation point on hemispherical surface, which then it 

increases away from the stagnation point. Highest wall 

temperature is found to be 622.65 K for constant heat flux 

of 10000 W/m
2
 and the target surface at the point of jet 

impingement is cooled to 299.88 K.  

 

 
 

Figure-13. Velocity vector for jet impingement through converging conical hole. 
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Figure-14. Temperature distributions for jet impingement through converging conical hole. 

 

Figure 15, 17 and 19 shows the comparison of 

Nusselt Number between baseline cylindrical hole and 

converging conical hole at Re = 11000, 23000 and 50000 

respectively. Similarly, Figure 16, 18 and 20 shows the 

comparative temperature distribution between these two 

configurations at different Reynolds number. In general, 

converging conical hole configuration gives a better 

cooling performance at leading edge cooling of the gas 

turbine blade cooling. Highest increase in Nusselt number 

by 186% is obtained for Re = 23000 and highest Nu value 

is obtained for Re = 50000. Maximum percentage drop in 

temperature is obtained for Re = 23000 and a minimum 

temperature of 299.88 K is obtained for Re = 23000.  

  

 
 

Figure-15. Comparison of Nu for cylindrical and 

converging conical hole at Re 11000. 

 

 
 

Figure-16. Comparison temperature distribution for 

cylindrical and converging conical hole at Re 11000. 

 

 
 

Figure-17. Comparison of Nu for cylindrical and 

converging conical hole at Re 23000. 
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Figure-18. Comparison temperature distribution for 

cylindrical and converging conical hole at Re 23000. 

 

 
 

Figure-19. Comparison of Nu for cylindrical and 

converging conical hole at Re 50000. 

 

 
 

Figure-20. Comparison temperature distributions for 

cylindrical and converging conical hole at Re 50000. 

 

 

 

CONCLUSIONS 
Based on the comparative numerical study of 

single impinging jet through cylindrical and converging 

conical hole on concave surface, the key observations are 

given below: 

 

a) Nusselt number increase varied by 170 to 186% for 

Reynolds number ranging from 11000 to 50000 in 

converging conical configuration. 

b) Temperature on the jet impinging point decreased by 

7.68 % to 15.58%as the jet is impinged through 

converging conical hole for Re 11000 to 50000. 

c) Increase in Reynolds number increased the Nusselt 

number at jet impinging point as well as along the 

curvature.  

d) Increase in Nusselt number results in increase in heat 

transfer thereby leading to enhanced blade cooling at 

leading edge. 

The results from this comparative studies shows 

that converging conical hole at Re = 23000 gives a better 

leading edge blade cooling. 
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