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Jet Impingement Cooling of Gas Turbine Blade using different 

configurations of Jet Diameters 
 

Abstract: The cooling process of a semi-circular sheet 

simulating the leading edge of the gas turbine blade has 

been investigated experimentally in the present study. The 

circular surface is subjected into five impinging air jets with 

variable diameter cases at a Reynolds number ranged from 

5,000 to 40,000. The diameter of the orifice varies between 

three configurations namely, Fixed Diameter (FD) case, 

Ascending Diameter (AD) case, and Descending Diameter 

(DD) case. The surface temperature has been investigated 

using Infra-red thermal camera, which provides thermal 

images of the surface. The results of temperature contours 

and local heat transfer coefficient have been discussed for 

the study parameters. The results state that the sides of the 

sheet that far from impingement get higher temperature 

while the area beneath the impingement gets higher cooling 

rates. For FD configuration, the stagnation heat transfer 

coefficient of the first jet is the highest while the lower case 

is achieved under the last jet. The stagnation heat transfer 

coefficient decreases significantly in the flow stream 

direction for the DD case, and it increases in the case of AD 

due to the non- uniform impingement flow.  

 

Keywords: Cooling process, Leading edge, Semi-circular 

sheet, Infra-red thermal camera, Heat transfer coefficient. 

 

1 Introduction  

Reducing the amount of cooling fluid in internal cooling 

channels with improved convective cooling can increase 

the thermal efficiency of gas turbines. Modern internal 

cooling systems for gas turbine blades with high thermal 

loads are made up of several serpentine-shaped cooling 

channels with angled ribs. Additionally, a great deal of work 

goes into creating more sophisticated internal cooling 
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configurations with even more improvements to internal 

heat transfer. Cutting-edge technology may find use in swirl 

chamber flow configurations, where air passes through a 

pipe in a swirling motion produced by a tangential jet inlet 

[1]. It is well known that a gas turbine blade's leading edge 

has the most important heat transfer area. The leading 

edge's stagnation zone is where the airfoil's maximum heat 

transfer rates are consistently found. The creation of more 

sophisticated internal cooling configurations at the cutting 

edge is crucial to enhancing the gas turbine thermal 

efficiency even more. Most blades use a concave channel 

with multiple inline jets, which is the most advanced 

leading edge cooling configuration [2-4]. Nevertheless, this 

type of arrangement also produces a strong spent flow, 

which weakens the impingement heat transfer and moves 

the impingement away from the stagnation point [6]. 

Increasing the airfoil life and overall gas turbine efficiency 

requires proper and effective cooling of the turbine airfoil 

leading edge. The leading-edge cavities are frequently 

roughened on three walls with ribs of various geometries to 

improve the heat transfer coefficient in those areas [7]. 

Internal geometrically complex paths are typically used for 

cooling processes to be matched with the aerodynamic of 

the blade profile [8]. 

An innovative internal cooling system has been developed 

for gas turbines, incorporating dual swirl chambers (DSC) 

located at the leading edge. This design enhancement aims 

to address the issue of excessive heat buildup. By utilizing 

the dual swirl chambers technology, the system can 

generate two opposing swirls, resulting in a substantial 

improvement in heat transfer efficiency. A linear 

impingement effect is produced by the swirl flows' constant 

reattachment in the center of the chamber during DSC-

cooling [9]. The DSC provide better cooling characteristics 

and better heat transfer uniformity than the traditional direct 

impingement that is studied by Lin et al [6]. Furthermore, 
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the DSC cooling configuration exhibits three novel physical 

phenomena that lead to enhancing heat transfer. The 

impingement effect has been noted, the fluids in two swirls 

have experienced increased internal heat exchange; and the 

cross effect between two chambers has produced a "∞" 

shaped swirl, which enhances the fluid mixing [10]. 

Moreover, Mousavi et al. [11] thought that five distinct 

intake configurations may be used to mimic the swirl 

chamber (SC) and DSC [12], two distinct chamber types. 

Moreover, the impact of geometry parameters, such as the 

aspect ratio of the inlet duct and the merging ratio of the 

chambers, on the cooling performance has been the focus 

of additional research on the DSC cooling configuration 

[10]. Their findings indicated that these geometry 

parameters affected significantly the pressure drop ratio and 

heat transfer enhancement. 

Kumar and Prasad [13] studied the flow and heat transfer 

characteristics of circular impinging jets arranged inline 

normal to a concave surface. The variables were the target 

plate distance-to-jet diameter ratio, the jet Reynolds 

number (𝑹𝒆), and the inter-jet distance to jet diameter ratio. 

Moreover, a cylindrical target channel supplied by 10 

impinging jets with an axial exit flow at one end of the 

channel was used to simulate the cooling passage within the 

leading edge of a turbine blade by Yang et al. [14]. In 

addition, Liu et al. [15] conducted a numerical simulation 

to investigate the impingement cooling phenomena 

occurring in the internal leading-edge region of a high-

pressure turbine, predicated on the premise that jet flow is 

discharged from a configuration of four circular nozzles 

exhibiting diverse diameters. The findings indicated that the 

heat transfer coefficient at the leading edge of the turbine 

blade exhibited an increase correlated with the 

augmentation of both the jet Reynolds number and the 

diameters of the jet nozzles. Conversely, the spanwise area-

weighted average Nusselt number demonstrated a decline 

as the ratio of the distance between the jet nozzle and the 

target surface to the diameter of the jet nozzle intensified. 

Furthermore, a reduced ratio of the distance between the jet 

nozzle and the target surface to the jet nozzle diameter was 

deemed advantageous for optimizing the impingement 

cooling effect on the leading edge of the turbine blade. 

In the present study, the effect of changing impingement 

flow rate in the stream wise direction will be investigated 

experimentally. The control of the amount of impingement 

rate will be conducted using different jet diameters. The 

principle of increasing and decreasing the jet diameter in 

stream wise direction has been used for flat plate 

impingement cooling [16].  

 

 

The present study employed to apply non-fixed amount of 

impingement on a semi-circular sheet with a radius of 

curvature (𝑹) of 25 mm by varying the jet diameter. Three 

different jets diameter configurations namely, Fixed 

Diameter (FD) jets configuration, Ascending Diameter (AD) 

jets configuration, and Descending Diameter (DD) jets 

configurations were examined. The FD case is the regular 

configuration of the jet diameter where all jets have the 

same orifice diameter. AD configuration includes orifices 

with increasing jet diameter in the flow stream direction 

while DD configuration has a decreasing jet diameter 

toward the exit direction. The temperature contours and the 

local heat transfer coefficient on the heated surface will be 

investigated for the three different diameter configurations 

at different Reynolds numbers varied from 5,000 to 40,000. 

2  Experimental Set-up 

Fig. 1 shows the experimental set-up of cooling a semi-

circular curved surface simulating the inner surface of gas 

turbine blade leading edge by a row of five impinging air 

jets. The apparatus consists of an air compressor with a 

large storage tank that provides air pressure up to 12 bars to 

an air pipeline of 12 mm diameter. The pipeline connects 

the air supply to the plenum chamber including an air dryer, 

pressure regulator, flow control valve, and digital flow 

meter. The flow Reynolds number (𝑹𝒆)  is calculated 

based on the main pipeline diameter and the mean velocity 

at the entrance of plenum chamber. The internal dimensions 

of the plenum chamber are 100 mm width, 200 mm length, 

and 100 mm height. The bottom side of the plenum chamber, 

that is 10 mm thick, is perforated with five circular orifices 

that impinge air into the curved surface.  

The curved surface is a 0.3 mm thin sheet made of Inconel 

material which has electric-thermal properties. The thin 

sheet is hot rolled to form a semi-circle profile with a 25 

mm radius (R) of curvature and a 200 mm length (L) as 

illustrated in Fig. 2. The internal surface of the semi-

circular surface will be subjected to the jet flow however 

the external surface will be exposed to the infra-red camera. 

The outer surface is painted with a black graphite coat to 

enhance the precision of the thermal images. During the 

sheet rolling of the 100 mm side, 10 mm is left straight from 

both ends for electrical connections. These two straight 

sides are not painted because of allow electrical elements to 

directly contacted with Inconel sheet. The Inconel sheet 

assembled with the plenum by pushing it into a drilled 

grove as shown in Fig. 3. The orifice plate pushes later 

between the plenum and the Inconel sheet. Thermal grease 

is used between those moving parts to prevent air leakage 

through the fittings. The fitting between the moving parts is 

an interference fit, and more fixation is done after 

tightening the copper bus bars as will be discussed later. 
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Fig. 1. Experimental setup. 

 

Fig. 2. Semi-circular sheet. 

 

Fig. 3. Installing of the semi-circular sheet with perforated 

plate and plenum. 

The jet-to-jet spacing (𝑺) is constant and equals to 30 mm 

and the jet diameter (𝒅) is variable and has three cases of 

variation. The first case is the fixed diameter jets (FD) in 

which all jets have the same diameter of 𝑅/𝑑 = 4.17. The 

second case is ascending diameter jets (AD) in which the 

jet diameter increases (
∆𝒅+

𝒅
 = 0.15) toward the channel exit 

as shown in Fig. 4. The third case is descending diameter 

jets (DD) in which the diameter decreases (
∆𝒅−

𝒅
= 0.15) in 

the stream wise direction. 

 

Fig. 4. Specifications of test parameters. 

3. Data Reduction  

Reynolds number is calculated based on the amount of air 

mass flow rate at the inlet of the plenum which is measured 

by the digital flowmeter could be expressed as: 

𝑹𝒆 =
𝝆 𝑼 𝑫

𝝁
=

𝟒 𝒎̇

𝝅𝝁𝑫
                         (𝟏) 

The semi-circular sheet is made from a metal alloy of 

Nickel basis Inconel 600 with 200 mm length, 100 mm 

width, and 0.3 mm thickness. The dimensions of the 

circular sheet are radius (𝑹) and 200 mm length (𝑳). The 

sheet has two straight ends to relate to the electrical supply 

copper bars as shown in Fig. 1. The sheet heated electrically 

by power supply of 6 V voltage and a current varied from 

200 to 300 A to maintain the required heat flux. The copper 

bars are used to distribute electricity uniformly all over the 

sheet area. The electrical power from the supply is 

calculated from: 

𝒒̇𝒕 = 𝑰 ∗ 𝑽                                 (𝟐) 

The electrical heat power supply is dissipated in the form 

of heat energy due to the property of the sheet material. This 

heat energy will be absorbed from the heat surface to the 

atmosphere by forced convection heat transfer of the jet 

impingement, natural convection around the inner and outer 

sheet surfaces, conduction heat transfer through the sheet 

thickness, and radiation heat transfer for both sheet surfaces 

to the surrounding as follows: 

𝒒̇𝒕 = 𝒒̇𝑭𝑪 + 𝒒̇𝑵𝑪 + 𝒒̇𝑪 + 𝒒̇𝑹                     (𝟑) 

According to the collected results from the thermal camera 

images, the amount of heat transfer by natural convection 

J1 J5 

L 

2R 
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and radiation are relatively smaller compared with the 

forced convection heat transfer so it will be negligible. So, 

the amount of electrical energy will be dissipated as a 

convective heat transfer with heat transfer coefficient  at any 

point on the surface (i) and can be calculated as: 

𝒉𝒊 =
𝒒̅𝑭𝑪

(𝑻𝒊 − 𝑻∞)
                               (𝟒) 

The average heat transfer coefficient based on the thermal 

image of the projected area could be calculated based on the 

following formula: 

𝒉̅ =  
∫

𝒒̅𝑭𝑪

(𝑻𝒊 − 𝑻∞)  
𝒅𝑨

∫ 𝒅𝑨
                        (𝟓) 

To ensure experimental results accuracy, the readings of the 

thermal camera and the digital flow meter were taken three 

times with time intervals of ten seconds to maintain a steady 

state condition. Moreover, the temperature is also calibrated 

using direct thermocouples which indicate that the 

difference between the measured value and the calibrated 

value does not exceed 1%. Uncertainty analysis is conduced 

of the mass flow rate, surface temperature (𝑻), and the heat 

transfer coefficient using Kline and McClintock method 

[17]. The total uncertainties of 𝑹𝒆, 𝑻, and 𝒉 are ± 3.80%, 

± 1.13%, and ± 1.25%, respectively. 

 

4 Results and Discussion 

The experimental results and the main findings of present 

experimental investigation are presented below using 

thermal images taken by the Infra-red camera. The image 

of the projected view to the curved surface is employed to 

reveal the cooling process of the curved surface. Fig. 5 

represents the temperature contours of the projected curved 

surface at FD case for different values of 𝑹𝒆. For 𝑹𝒆 = 

5,000, the area under the jets is directly affected by the weak 

impinged flow which is characterized by the small low 

temperature circles. The sides of the surface are 

characterized by high temperature color due to the farness 

from the impingement action. The impingement impact on 

the surface has an oval area not sharp circle due to the 

defection of the impinged flow because of the crossflow 

impact. Increasing 𝑹𝒆  increases the impinged area and 

decreases the surface temperature. At 𝑹𝒆 = 20,000 and 

40,000, the impinged areas, that have low temperatures, are 

merged togethers due to the increase in jet flowrate. The 

sides are still the hotter area in the whole surface even at 

high 𝑹𝒆. The cold area becomes longitudinal layers in flow 

stream directions at high 𝑹𝒆  instead of circles at low 

values of 𝑹𝒆. The sides get the hottest temperature for all 

cases of 𝑹𝒆. It could be summarized that the area under 

impingement is getting higher heat removal rates relative to 

the terminals of the sheet. 

 

Fig. 5. Temperature contours for FD case at a 𝑹𝒆 of (a) 

5,000, (b) 10,000, (c) 20,000, and (d) 40,000. 

Fig. 6 represents the temperature contours for AD case at 

different values of 𝑹𝒆 . The increase in orifice diameter 

interpreted in the low temperature circular area. The first jet 

(J1) achieves the smallest low temperature circle however 

the last jet (J5) maintains the largest low temperature circle. 

The jet impacted area increasingly in its size toward the 

flow stream exit direction. The temperature trend is 

repeated for all values of 𝑹𝒆  while the low temperature 

area increases with increasing 𝑹𝒆. Even at 𝑹𝒆 = 40,000, 

the area under the last jet is the greatest area and the area 

under the first jet is the smallest area. The sides of the 

surface get better heat transfer rates than those at FD 

diameter case especially near the surface end where larger 

diameter jets. Hot spots are generated at the prior of the 

surface between J1 and J5 at lower 𝑹𝒆 , e.g., 5,000 and 

10,000. 

The effect of using DD case on the temperature distribution 

of the projected surface is presented in Fig. 7 at different 

values of 𝑹𝒆. The greater orifice diameter is constructed at 

the frontal part of the channel which enhances impinging 

more air flow at frontal jets, i.e., J1 and J2. This jet diameter 

decreases toward the channel exit which leads to decrease 

the impinged air. The area under the first jet is subjected to 

a huge amount of air as well as having the maximum cooled 

circle, temperature of 290 K. The last jet has a very slight 

impact on cooling the surface beneath due to the small 

amount of impinged air. Increasing 𝑹𝒆 increases the area 

of the cooled circle. The hot spot appears at the lateral part 

of the surface due to the small diameter in this area, it is 

about 428 K. The area of the cooled region has a taper shape 

profile in which the larger cooled area at the beginning of 
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the channel. 

 

Fig. 6. Temperature contours for AD case at different 

values of 𝑅𝑒. 

 

 
Fig. 7. Temperature contours for DD case at different 

values of 𝑅𝑒. 

Fig. 8 represents many different lines constructed on the 

thermal camera images to investigate the local temperature 

distribution in different directions for the FD case. 

Longitudinal line (LL) is constructed stream wise direction 

at the center of the surface. This LL is used to measure the 

variation in the surface temperature beneath the jets in the 

stream wise direction. Ten transverse lines namely, L1, 

L2, ……… L10 are constructed in the transverse directions 

at the impingement and interaction regions between jets. 

The point intersecting L1 and LL is located directly beneath 

the center point of the first jet and the point intersecting L2 

and LL is at mid-distance between J1 and J2. The transverse 

lines are constructed with length equal to 𝑺. 

 
Fig. 8. Temperature contours for FD and 𝑅𝑒= 20,000. 

 

The heat transfer distribution in the Y-direction could be 

illustrated by local heat transfer coefficient on transverse 

lines L1, L2,…, L10 as shown in Fig. 8. In addition, Fig. 9 

represents the local heat transfer coefficient across the 

transverse lines for different cases of jet diameter at 𝑅𝑒 of 

10,000. For FD case, the distribution of local heat transfer 

coefficient for all lines has a steep concave shape. Moreover, 

the five lines under impingement (L1, L3, L5, L7, and L9) 

have higher values than those at the interaction regions. 

Moreover, the great variation of ℎ between impingement 

and interaction lines is at the center line of the jet orifice. 

This variation decreases away the jet center until it vanishes 

at a distance of 𝑆/2  from the jet center. Well, the 

maximum ℎ  is 51 W/m2K which is achieved at the 

stagnation point of L1; however, the lowest stagnation ℎ is 

39 W/m2K that is achieved at L10. For AD case, the profile 

of local heat transfer coefficient is kept at mild concave 

shape with a small variation between the impingement and 

the interaction lines (distribution is convergent). At this 

configuration, the difference between maximum and 

minimum stagnation is very slight compared with FD 

configuration, 50 W/m2K and 46 W/m2K, respectively. The 

local heat transfer coefficient distribution for DD is 

characterized with very mild concave shape with small 

variation between two subsequent lines. However, the 

difference in the local heat transfer coefficient between L1 

and L10 is very significant for the whole distribution 

domain, it is about 7 W/m2K. 
Heat transfer distribution on longitudinal line (LL) for FD 

case at different values of Reynolds number is presented in 

Fig. 10. The distribution reveals the impact of jet flow on 

the cooling process where high temperature removal rate is 

achieved under the jet directly, e.g., the stagnation heat 

transfer coefficient. At the mid-distance between any two 

jets, the interaction of jet flow effect has existed where the 

heat transfer coefficient achieved the lower values [18]. The 

difference between the maximum and minimum heat 

transfer coefficient values increases with increasing the 𝑅𝑒. 

At 𝑅𝑒  = 40,000, this variation is being the significant 

value. Moreover, the results show that the first jet has the 
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maximum stagnation heat transfer coefficient, and the last 

jet has the lower stagnation heat transfer coefficient. The 

same results trend is achieved at all values of 𝑅𝑒 while at 

smaller values of 𝑅𝑒  the variation of heat transfer 

distribution is small. 

 
Fig. 9. Local heat transfer coefficient on transverse lines 

(on Y-axis direction) for all jet diameter cases at Re = 

10,000. 

 

 
Fig. 10. Local heat transfer coefficient on longitudinal line 

(LL) for FD case at different values of 𝑅𝑒. 

 

The distribution of the local heat transfer coefficient at 

different diameter cases at 𝑅𝑒 = 10,000 on LL is presented 

in Fig. 11. For FD, the results trend is discussed previously 

which state that the first jet has higher stagnation heat 

transfer coefficient while this stagnation peak decreases in 

the stream wise direction.  

 

 

 

 

 

 

For AD case, where a small amount of jet flow is issued at 

the first jet that has the lower orifice diameter, the heat 

transfer coefficient is relatively smaller than those for the 

lateral jets. The stagnation heat transfer coefficient 

increases significantly toward the exit direction due to 

increasing impingement of jet flow because of increasing 

the jet diameter. The last jet gets the highest stagnation heat 

transfer while the second jet gets the minimum value. On 

contrast for DD case where the first jet has the largest 

diameter, the stagnation heat transfer coefficient decreases 

in the direction of flow stream. The first jet achieves the 

maximum stagnation heat transfer coefficient while the last 

jet achieves the minimum stagnation heat transfer 

coefficient. Compared with the FD case, the first four jets 

achieve higher stagnation heat transfer coefficient for DD 

case than FD case. On the other hand, the first two jets 

achieve lower stagnation heat transfer coefficient than FD 

case while the last two jets achieve higher values for AD 

than the FD case. Moreover, the location of stagnation heat 

transfer of the last jet for DD case is shifted toward the 

channel exit due to the deflection of the weak jet flow 

compare with the CF of the preceding jets [19]. 

 

 
Fig. 11. Local heat transfer coefficient on longitudinal line 

(LL) for different jet diameter cases at Re = 10,000 

 
The average heat transfer coefficient of the projected 

thermal image at different diameter cases and different Re 

is presented in Fig. 12. Increasing Re increases the average 

heat transfer coefficient significantly. The increase rate in 

average heat transfer coefficient decreases while Re 

increases. AD case achieved higher ℎ̅ comparing with FD 

and DD case especially at low Re. However, for higher Re 

= 25,000 and 30,000, FD and AD cases achieved the same 

ℎ̅ . Finally, at low Re the AD case achieved higher ℎ̅ 

however, the FD case achieved higher ℎ̅ at high Re. 
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Fig. 12. Average heat transfer coefficient of the projected 

thermal image for all jet diameter cases at different Re. 

 
5. Conclusions and Recommendations 

Experimental study of using variable jet diameter for 

cooling a semi-circular sheet simulating the leading edge of 

turbine blade has been conducted in the current 

implementaion. The effect of using jets diameter 

configurations and Reynolds number on the heat transfer 

distribution of the semi-circle are investigated. The main 

significant results of the study are: 

• The area under impingement has higher heat 

removal rates relative to the terminals of the sheet. 

• The peak of the heat transfer coefficient is achieved 

under the jet directly which is called stagnation point 

while the lower heat transfer coefficient is achieved 

at the interaction point between each two jets. 

• The maximum stagnaion heat transfer coefficient is 

51 W/m2K at L1 for the FD configuration while the 

minimum stagnation stagnaion heat transfer 

coefficient is 45 W/m2K at L10 for the DD 

configuration. 

• The AD diameter configuration enhances the heat 

removal rates near the end of the surface while the 

DD configuration enhances it at the front of the 

surface with respect to the exit direction. 

• The analysis of the average heat transfer coffecient 

concluding that at low Re the AD case achieved 

higher ℎ̅ however, FD case achieved higher ℎ̅ at 

high Re.    

Finally, the study explains that the AD configuration 

enhances the heat transfer rates and enhances strongly 

the heat transfer distribution for multiple jet 

impingement issues. 
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Nomenclature 

D plenum inlet diameter [m] 

d orifice diameter [m] 

∆𝒅 diameter increment/decrement[m] 

h heat transfer coefficient [W/m2.K] 

I electrical current [A] 

L channel length [m] 

𝑚̇ mass flow rate [kg/s] 

𝑞̅ heat flux [W/m2] 

𝑞̇ heat generation [W] 

R curved surface radius 

𝑅𝑒 Reynold s number [--] 

S jet-to-jet spacing [m] 

T temperature [K] 

V voltage [V] 

  

Greek symbols 

µ dynamic viscosity [kg/m .s] 

Ρ density [kg/m3] 

  

Subscripts 

C Conduction heat transfer 

FC Forced convection 

I Location annotation 

NC Natural convection 

R Radiation heat transfer 

T total 

∞ ambient 

+ increase 

- decrease 

Acronyms 

AD Ascending diameter jets 

DD Descending diameter jets 

DSC Double swirl chamber 

FD Fixed diameter 

IR Infra-red 

L Transverse Line 

LL Longitudinal Line 

J Jet 

SC Single Swirl Chamber 

 


