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Abstract 
Gas turbines are widely used in power generation and aviation industries due to their high efficiency and reliability. 
However, their performance is significantly affected by thermal loads, making effective cooling strategies essential for 
maintaining operational integrity. This study explores state-of-the-art cooling techniques for gas turbine components, 
focusing on impingement jet cooling. Computer Fluid Dynamics (CFD) as well as experiments were performed to test the 
effect of mass flow rate, inlet jet width and its position on the cooling performance. Three key parameters were examined: 
average cavity wall temperature, outlet temperature, and the average Nusselt number. The model was exposed to a 
continuous heat flux and the cavity temperature measurements were recorded. Results indicated that the lowest average 
cavity wall temperature was achieved at the smallest inlet width and highest mass flow rate, with mass flow rate as the 
most significant factor.  
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1. Introduction 

Gas turbines are essential in industries such as power generation, 
aviation, and oil and gas, where high efficiency, reliability, and 
safety are paramount. The performance and lifespan of a gas 
turbine significantly impact its overall operational cost and 
economic viability [1]. A gas turbine is a rotating thermal engine 
that converts energy from combusted fuel into mechanical 
power. It is known for its high reliability, low emissions, and 
considerable electrical efficiency [2]. 
Turbine blades operate under extreme conditions, being exposed 
to high temperatures, pressures, and chemically aggressive 
environments [3]. These harsh conditions contribute to various 
degradation mechanisms, including fatigue, creep, corrosion, 
erosion, foreign object damage, and vibration, which can 
compromise blade integrity [4]. Carter [5] highlighted that 
prolonged high-speed operation exacerbates these issues, 
leading to failures in critical components such as compressors, 
combustors, and vanes. Early blade fractures are a primary cause 
of turbine failures, resulting in unplanned shutdowns and 
substantial financial losses [6]. Additionally, Cao et al. [7] 
emphasized that in some turbine designs, component failures 
necessitate the replacement of the entire system, further 
increasing costs and downtime. Consequently, improving gas 
turbine performance and durability has become an area of 
growing importance [8]. 
A study by Kanesund et al. [9] examined various operational 
challenges, identifying pitting corrosion as one of the most 
critical issues affecting turbine blades. This localized form of 
corrosion weakens structural integrity and serves as an initiation 
site for fatigue cracks, accelerating component failure. 
Corrosion also accelerates crack propagation due to its 

temperature-dependent nature. Furthermore, experimental 
research by Wang et al. [10] demonstrated that turbine failures 
often result from multiple interacting failure mechanisms, such 
as the simultaneous effects of creep and fatigue. The interaction 
between these two factors is particularly detrimental at high 
temperatures, where prolonged stress leads to microstructural 
degradation, reducing the material’s resistance to cyclic loading. 
Mirhosseini et al. [11] underscored the necessity of detailed 
failure analysis to identify the root causes of blade failures and 
improve turbine reliability. While protective coatings can 
mitigate early-stage corrosion, they provide only a temporary 
solution, as they degrade over time due to thermal cycling, 
oxidation, and mechanical wear, necessitating frequent 
reapplication and maintenance [12]. 
Future advancements in gas turbine technology emphasize the 
need for effective cooling strategies to enhance efficiency and 
durability. Gas turbine blade cooling is one of the most 
influential factors in improving turbine efficiency [13]. Effective 
cooling techniques help maintain structural integrity and extend 
blade lifespan by allowing higher operating temperatures 
without compromising material performance. Blade cooling 
techniques are broadly categorized into internal and external 
methods [14]. Internal cooling involves jet impingement 
cooling, where relatively cool air from the compressor is forced 
through internal blade passages to dissipate heat effectively [15]. 
Advances in serpentine cooling channel designs have 
significantly improved internal cooling efficiency. However, 
internal cooling alone is often insufficient to protect blades from 
extreme thermal loads, necessitating external cooling solutions 
[16]. 
External cooling methods, such as film cooling, transpiration 
cooling, and effusion cooling, play a crucial role in thermal 
protection [17]. Film cooling, one of the most widely used 
techniques, injects coolant through small holes or slots on the 
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blade surface, creating a thin insulating layer that reduces direct 
heat transfer from hot combustion gases. Effusion cooling, a 
more advanced approach, utilizes a dense array of micro-
perforations to generate a uniform cooling film, improving 
thermal resistance and overall efficiency. The effectiveness of 
these cooling techniques depends on parameters such as hole 
arrangement, injection angle, and coolant properties, all of 
which significantly impact turbine blade performance and 
longevity. 
Computational Fluid Dynamics (CFD) has become an 
invaluable tool for analyzing turbine performance, enabling 
researchers to simulate airflow, heat transfer, and operational 
conditions with high accuracy [18]. Leidenberger and Urban 
[19] highlighted the widespread application of CFD in fields 
such as automotive, shipbuilding, and turbine optimization, 
where even minor efficiency improvements yield significant 
economic benefits. CFD-driven advancements have led to 
substantial improvements in turbine blade designs and cooling 
methodologies [20]. Ali and Janajreh [21] conducted a 
numerical study on jet impingement cooling of a semi-circular 
surface, comparing central and side jet configurations. They 
found that central jets offered more effective localized cooling, 
and shorter jet-to-surface distances enhanced heat transfer. 
When applied to turbine blades, the optimized jet setup 
significantly reduced surface temperatures and improved 
thermal performance. 
This study involves a novel approach to turbine blade cooling by 
optimizing jet impingement. Our study focuses on validating the 
effectiveness of jet cooling simulation through an experiment. 
The experimental results confirm the practical application of jet 
impingement cooling, providing valuable insights into its 
potential to enhance turbine blade thermal protection, efficiency, 
and longevity. 

2. Methodology  

2.1. Governing Equations 
The Reynolds-Averaged Navier-Stokes (RANS) equations form 
the foundation of CFD for modeling turbulent flows. RANS 
simplifies turbulence modeling by decomposing the velocity 
field into a time-averaged and fluctuating component, reducing 
computational complexity while retaining essential flow 
characteristics. This approach enables the efficient simulation of 
a wide range of fluid dynamic applications, from small-scale 
turbulent mixing in microchannels to large-scale engineering 
challenges, such as gas turbine performance and aircraft 
aerodynamics [22]. RANS-based simulations offer a practical 
balance between computational efficiency and predictive 
capability. However, while RANS models perform well for 
many industrial applications, they may be less accurate in flows 
involving strong separation, high unsteadiness, or complex 
turbulent structures, where higher-fidelity models such as Large 
Eddy Simulation (LES) or Direct Numerical Simulation (DNS) 
may be required [23]. In this work, RANS equations with k-ω 
turbulence modeling are used, as given below. 
Continuity equation: 
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where μ represents the dynamic viscosity of the fluid, 𝑢! denotes 
the axial velocity, and 𝑢3′ signifies the fluctuating velocity. The 
turbulent shear stress is expressed as (−𝜌𝑢4′𝑢5′%%%%%%%). 
Energy equation: 
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where P represents pressure, K the thermal conductivity, 
and E denotes the total energy. On the right-hand side of the 
equation, Cp is the specific heat at constant pressure, 𝜇6 is the 
turbulent viscosity, 𝑃𝑟6  is the turbulent Prandtl number, and 
*𝜏!3,788	is the deviatoric stress tensor. 
Turbulence kinetic energy: 
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where k is the turbulence kinetic energy, and ω is the specific 
dissipation rate. The term βρωk accounts for turbulence 
dissipation, and the last term models the diffusion of turbulence 
energy, where σk is an empirical constant. 
Specific rate of dissipation: 
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2.2 Numerical Methodology 
A computational simulation of jet cooling in turbine blades was 
conducted using ANSYS Fluent. The study examined three key 
parameters: average cavity wall temperature, outlet temperature, 
and the average Nusselt number of the cavity wall. These 
variables were influenced by three factors: mass flow rate, inlet 
width, and inlet height. Four mass flow rates were determined 
by using velocities at constant density and area (𝑚̇ = 𝜌𝐴𝑣). The 
four mass flow rates: 0.003, 0.006, 0.012, and 0.024 kg/s. Inlet 
widths of 0.125 cm, 0.25 cm, 0.5 cm, and 1 cm were considered, 
along with four inlet positions: top, quarter, half, and three-
quarter depth. This resulted in a total of 64 simulation cases. The 
objective was to identify configurations that yielded the lowest 
average cavity wall temperature and the highest Nusselt number, 
indicative of optimal heat transfer efficiency.  
The simulation was conducted with well-defined thermal and 
flow boundary conditions to ensure accurate representation of 
jet cooling performance. A fixed inlet temperature of 300 K was 
applied, with velocity varying according to each case as shown 
in Fig. 1. The outlet was defined as a pressure outlet with 0 Pa 
(gauge). The cavity wall was subjected to a uniform heat flux of 
10,000 W/m², while the top wall was treated as an adiabatic 
boundary with no heat flux. These conditions ensured a 
controlled thermal environment for evaluating jet cooling 
performance. 

 

 
Fig. 1. Computational domain (top), and various jet inlet 

positions (bottom). 
 

The simulation was based on several assumptions: 
• The fluid density was assumed to be constant with a 

fixed inlet velocity. 
• Heat transfer across boundaries was considered 

uniform. 
• A simplified geometric model was used. 

2.2.1 Mesh Sensitivity 
A mesh sensitivity analysis was conducted using a baseline 
configuration: 

• Inlet width = 0.5 cm 
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• Velocity = 1 m/s 
• Inlet position = top 

A mesh sensitivity was carried out and the results are 
summarized in Table 1. 
 
Table 1. Mesh sensitivity analysis for different mesh configurations. 
 

Mesh 
Designation 

Relative Error in Cavity Temperature and 
Nusselt Number 

Fine - 

Baseline 0.25%; 1.04% 

Coarse 1 0.39%; 1.29% 

Coarse 2 0.62%; 2.58% 

  
2.3 Experimental Methodology 
The primary goal of the experiment was to validate the 
numerical results. The key difference between the CFD and the 
experiment is that the simulation was conducted on a two-
dimensional (2D) domain, whereas the experiment was three-
dimensional (3D).  
The experiment involved a 3D metal piece made of aluminum 
that was subjected to continuous heat input at the cavity using a 
heat flux. Once a constant temperature was achieved at the 
cavity, airflow was introduced through the center. For the exits, 
rectangular slots were chosen to ensure consistent airflow. The 
objective was to observe the temperature gradient before and 
after introducing air to the cavity. The experiment tests four 
different airflow velocities and four varying heights, starting 
from the surface of the cavity and going deeper into it. Fig. 2 
shows a schematic representation of the experimental model, 
and Fig. 3 shows the 3D CAD model. 

 
 

Fig. 2. A simple schematic of the experimental model showing the 
cross-section of the blade. 

 

 

Fig. 3. CAD model of the cavity used for the experiment.   
 

The experiment began with the placement of four thermocouple 
sensors inside the cavity to measure temperature. These sensors 
were connected to a data acquisition system, and a custom 
program was developed to display the temperature of the 
sensors. The experimental setup is shown in Fig. 4. 
Heaters were placed on the exterior of the cavity to provide 
constant heat flux. To minimize the heat loss, the cavity was 
insulated using a thick rubber sheet. The heaters were powered 
by a DC power supply, which was set to a specific voltage and 
current to deliver the required heat flux to the cavity. 
The top metal piece of the model was secured, and silicone was 
applied to the edges to prevent air leaks. An airflow meter was 
used to measure the mass flow rate of air entering the model. 
The velocity of the airflow was calculated using the following 
equations: 

𝑚˙ = 𝜌 ⋅ 𝐴 ⋅ 𝑣          (6) 
𝑚˙ = 𝜌 ⋅ ?⋅A

3

B
⋅ 𝑣                 (7) 

𝑣 = B⋅C˙
?⋅E⋅A3

                                                                  (8) 
where m˙ is the mass flow rate, ρ is air density, and D is the pipe 
diameter used to supply air. Clips were used to ensure no air 
leaked from the pipe.  

 
Fig. 4. Experimental setup.  

3. Results and Discussion 

3.1 Numerical Results  
Figs. 5 and 6 present the simulation results, illustrating the 
influence of inlet width, height, and mass flow rate on average 
cavity temperature distribution. At lower mass flow rates, both 
inlet width and height significantly affected the temperature 
distribution. Narrower inlets and jet positioning closer to the 
cavity wall resulted in lower temperatures due to improved local 
cooling. However, at higher mass flow rates, the inlet width 
emerged as the dominant factor, exerting a greater influence on 
temperature reduction compared to inlet positioning. 

 
Fig. 5. Average cavity temperature at mass flow rate of 0.024 kg/s. 
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Fig. 6. Average cavity temperature at mass flow rate of 0.003 kg/s. 

 
Fig. 7 shows the temperature contours for different 
configurations at velocity of 2 m/s and jet inlet width of 0.125 
cm. The simulation results indicate that the lowest average 
cavity wall temperature was achieved with the smallest inlet 
width and highest mass flow rate, regardless of inlet height. 
Mass flow rate was the most significant factor in reducing cavity 
temperature, particularly when the inlet was positioned at the 
top. The increase in mass flow rate also correlated with a rise in 
the Nusselt number, highlighting enhanced heat transfer.  

 
Fig. 7. Temperature contours at different jet inlet positions: (a) top, 

(b) quarter, (c) half, and (d) three-quarter, respectively. 
 
A coefficient analysis was performed to quantify the influence 
of mass flow rate (A), jet inlet width (B), and jet inlet position 
(C) on average cavity wall temperature, as shown in Fig. 8. The 
results confirm that mass flow rate exerts the greatest influence, 
followed by inlet width.  

 
Fig. 8. Effect of each parameter on the average cavity wall 

temperature. 
 
3.2 Experimental Results 
The experiment was conducted at four different heights and four 
mass flow rates totaling 16 runs. Fig. 9 shows the effect of mass 
flow rate and inlet position on the average cavity wall 
temperature.  

 
Fig. 9. Effect of mass flow rate and inlet position on the average 

cavity wall temperature. 
 

In the absence of cooling, the cavity temperature remained 
steady at approximately 60°C. Since a constant heat input was 
applied and no airflow was present to dissipate the heat, the 
temperature remained stable. Once airflow was introduced 
through the central pipe at a mass flow rate of 8E-5 kg/s, the 
temperature began to decrease, reaching approximately 50.3°C 
across all depths. The depth closest to the cavity exhibited the 
lowest temperature, around 49°C. 
After achieving a stable temperature at this mass flow rate, the 
airflow was increased to 16E-5 kg/s. A further temperature 
reduction was observed, with an average temperature of 43.9°C, 
while the three-quarter depth recorded the lowest temperature at 
42.2°C. When the mass flow rate was increased to 24E-5 kg/s, 
the temperature reached a minimum of 38°C, with an average of 
39.7°C. At the highest tested mass flow rate of 32E-5 kg/s, the 
mean temperature decreased to 35.1°C, while the closest depth 
to the cavity exhibited the lowest temperature at 33.7°C. 
Fig. 9 highlights two key findings from this experiment. First, 
increasing the mass flow rate significantly reduces the cavity 
temperature. Higher airflow enhances cooling effectiveness, as 
evidenced by the temperature drop observed across the tested 
flow rates. Second, the depth of airflow relative to the cavity 
plays a crucial role in cooling efficiency. The three-quarter depth 
consistently recorded the lowest temperatures across all mass 
flow rates, demonstrating that proximity to the cavity improves 
cooling performance. 
Additionally, it was observed that the initial mass flow rate (8E-
5 kg/s) resulted in the most substantial temperature reduction. 
As the mass flow rate increased, the rate of temperature 
reduction became more gradual. These findings emphasize the 
importance of both mass flow rate and its proximity to the cavity 
in optimizing cooling performance, offering valuable 
information for practical applications in gas turbine blade 
cooling and thermal management systems. 

4. Conclusion 

Effective cooling is a critical factor in gas turbine operation, 
ensuring durability and efficiency under extreme thermal 
conditions. This study investigated the implementation of jet 
impingement as an impactful cooling technique for turbine 
blades. Both numerical simulations and experimental analyses 
were conducted on a semi-circular concave cross-section of the 
blade. The effects of mass flow rate, inlet width, and inlet 
position on the heat transfer performance were evaluated. The 
average cavity wall temperature and Nusselt number were 
recorded. The results concluded that mass flow rate had the most 
influence on average cavity wall temperature among all 
parameters. A direct inverse proportional relation is obtained, 
where average cavity wall temperature decreased significantly 
as mass flow increased. Future research should focus on 
integrating adaptive cooling mechanisms and AI-driven 
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optimization techniques to further improve gas turbine 
efficiency. By refining cooling strategies, the industry can 
achieve better fuel efficiency, reduced emissions, and longer 
operational life for gas turbines. 

Nomenclature 
 
D Diameter, m 
T Temperature, K or ℃ 
P Pressure, Pa 
E Total energy 
𝜌 Mass density, kg/m3 

𝐴 Area, m3 

𝑚˙ Mass flow rate, kg/s 
𝑣 Velocity, m/s 
𝑢!	 Axial velocity, m/s 
𝜇	 Dynamic viscosity, Pa-s  
𝑢3′	 Fluctuating velocity, m/s  
𝑢6	 Turbulent viscosity, Pa-s  
𝑃𝑟6	 Turbulent Prandtl number  
k Turbulence kinetic energy, m2/s2 
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