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ABSTRACT 

Presently, old gas turbines are used in the industry of some developing countries 

without high tech, which face many problems in the field of thermal efficiency and 

output power. Typically, turbines operate in the temperature range of 1200 to 1500 

degrees Celsius. Many studies have been done to increase the efficiency of such 

systems. The results show that this increase in temperature at the inlet of the gas 

turbine has negative consequences, such as increasing the thermal load of the 

turbine blades and thus reducing the lifetime of the blades. On the other hand, a 

damaged blade can cause serious damage to other blades as well as the main shaft 

and other parts in various ways and sometimes lead to complete failure of the 

turbine. Therefore, it is reasonable to consider cost reduction considerations, 

including maintenance. Hence, due to the limitation of thermal stresses for the 

continuous operation of gas turbine blades, the distribution of heat transferred to 

them must be controlled. In this regard, the presence of blade cooling mechanisms 

is necessary for its safe operation, because the operating temperature of the gas 

turbine is much higher than the allowable temperature of the blades. In addition to 

cooling the blades, cooling the shell and inlet nozzle of gas turbines is also extremely 

important. But since the blades are exposed to high-level stress and tension for a 

long time, their cooling is more important and sensitive. For this reason, in the 

present article, the authors tried to provide a short introduction to the efficient 

mechanisms in cooling the blades related to the old systems, whose effect is 

noticeable on increasing the lifetime of the blades. 
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1. Introduction 

The failure of turbine blades in various industries is known as one of the main challenges of mechanical, 

manufacturing, metallurgical, and materials engineers [1]. Despite the extensive research and the exorbitant costs 

of experts in this field, strange failures are recorded in this super-critical part daily, which sometimes cause 

irreparable damage to the industry. In general, some researchers in the industrial field believe that 50 to 90% of 

component failure during work is due to the destructive phenomenon of fatigue, because this phenomenon is not 

fully understood and subsequently it cannot be fully considered and controlled in the design phase [2, 3]. 

However, in recent years, very good criteria and methods have been proposed to predict the fatigue life of 

components under complex loading conditions, such as multi-inputs random amplitude [4, 5], but the predicted 

results are far from reality. Even in some industrial parts with complicated geometry (e.g., automotive steering 

knuckle), this difference can reach 100% error [6, 7]. Currently, this part (i.e., turbine blades) is not exempt from 

this issue and is constantly subjected to thermal cyclic loads and also works at very high temperatures, which 

leads to various damages such as creep [8-11], and creep-fatigue [12-16], etc. Industrialists believe that one of the 

most efficient solutions is the use of special materials, i.e., thermal barrier coatings [17], which are more resistant 

to corrosion and other destructive phenomena than metals. Accordingly, the blades are usually made of different 

types of Inconel, such as 738LC [18-20], 713LC [21, 22], 625 [23], and 617 [24]. In addition, to reduce defects and 

structural errors in the manufacturing process and prevent microstructural effects, recently turbine blades are 

made of single crystal so that crystal orientations cannot affect their mechanical properties [25-27]. Nevertheless, 

it is necessary to reduce the temperature gradient created in the blade by using different methods, and the best 

solution proposed by scholars is the use of a cooling mechanism. The coolants used in such systems are classified 

into two categories: air or liquid like water. At first glance, it seems that the liquid cooling system is more attractive 

than the air cooling system due to its high heat capacity and, as a result, better cooling. However, using liquid 

cooling system can cause many problems, including leakage and corrosion. On the other hand, the air cooling 

system allows the discharged air to enter the main stream without any problems. In this regard, by using air as 

much as 1-3% of the main flow, the temperature of the blades can be reduced in the range of 200 to 300 degrees 

Celsius compared to the initial state [28]. In summarizing the advantages and disadvantages of different cooling 

systems, the main focus of recent studies is solely on air cooling system. Many cooling methods that are used in 

gas turbine blades are impingement cooling, film cooling, effusion cooling, layer cooling, and pin fin cooling, etc. 

[29], which are classified into the categories of internal and external mechanisms. In the current research, internal 

cooling mechanism by holes and creating air passage inside the blade was discussed. In this case, there is no need 

for additional equipment and control of its compatibility with the entire system. Only during the production stage 

of the blade or after production, it is necessary to create holes according to its specific characteristics. 

2. Reducing the Temperature Gradient Based on the Desired Cooling 

Mechanism 

Han’s 2004 research showed that if the coolant is passed through multiple rib-enhanced serpentine passages 

to remove incoming heat from the outer surface, the blades are cooled internally [30]. Additionally, if cooler air is 

injected outside the blade surface from external cooling passages, external cooling of the turbine blades can be 

achieved by film cooling to create a protective layer between the blade surface and hot gas-path flow. According to 

his belief, most experimental research is focused on the main body of the blade. However, a major concern in 

turbines is the cooling of the blade edge region, such as end-wall heat transfer and film cooling, blade trailing 

edge heat transfer by internal coolant injection along the trailing edge base, as well as blade tip region heat 

transfer with or without film cooling under engine flow conditions. To summarize, the local heat transfer data in 

the edge regions can play an effective role in engineering design. Therefore, in one of his studies, he published a 

brief summary of the results obtained in the turbine heat transfer laboratory of Texas A&M University from 1980 

to 2004 [31]. Moreover, he mentioned that the influence of rotation on the heat transfer of rotor blade coolant is 

strongly emphasized in internal cooling with rib turbulators, pin fins, dimples, and impinging jets. Furthermore, 

external cooling focuses on the effects of high volatile free-stream turbulence on film cooling performance, which 

specifically emphasizes the problems of heat transfer and cooling of turbine blade edge region.  
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Takeishi et al. applied measurement by a heat-mass transfer analog and conducted a low-speed stationary 

cascade experiment to investigate the influence of film cooling on the rotation blade [32]. According to their 

findings, the film cooling effect on the suction surface of the rotating blade exactly matches that of the stationary 

blade. However, there is a low level of effectiveness on the pressure surface of the rotating blade. Glezer et al. 

proposed a new technique for internal blade cooling [33]. They conducted a study and their extensive research 

into convective (including impingement) and film cooling techniques led to significant improvements so as to gain 

high levels of cooling efficiency for turbine airfoils. However, in the case of turbine blades, there are severe 

limitations to the use of these techniques. High-performance Impingement cooling should be integrated with the 

spent air film discharge to negate the negative effect of cross-flow on internal heat transfer and to secure 

additional thermal protection of the surface downstream of the discharge holes. The application of blade film 

cooling can be restricted through remarkable aerodynamic penalties, stress concentration, and a significant 

increase in manufacturing cost, specifically for slightly elevated operating temperatures. In conclusion, the results 

demonstrate that compared to impingement coupled with film discharge of the spent air, which has higher 

efficiency than cross-flow impingement and is approximately five times higher than the heat transfer in a smooth 

channel, the leading edge screw-shaped cooling technique provides an internal heat transfer rate. A review report 

on computational fluid dynamics applied to gas turbine internal blade cooling has been published by Iacovides 

and Launder [34]. Modeling considerations were taken into consideration in their studies, and it was mentioned 

that their application is necessary for such a study. Adopting a low Reynolds number model for the sublayer 

region is a basic necessity. It has been proven that Rayleigh number effects can change heat transfer coefficients 

in the cooling passages by at least 50%. Furthermore, it has been proven that the use of second-moment closure 

in modeling can lead to a significant improvement in the quality of predictions. 

Han and Rallabandi utilized the Pressure Sensitive Paint (PSP) technique to investigate the film cooling of 

turbine blades [35]. They investigated the effects of various factors, including blowing ratio, momentum ratio, 

density ratio, hole shape, surface geometry, and free-stream turbulence, on flat plates, turbine blades, vanes, and 

end-walls. Two models of internal and external cooling along with the details of the blade and its accessories are 

schematically shown in Fig. (1). In addition, the angles of the holes are designed to increase the effectiveness of 

cooling, e.g., Fig. (2) illustrates the definition of a compound angle. Finally, they concluded that the influence of 

rotation and unsteady speed, temperature profiles, and stator wake on rotor blade film cooling effectiveness and 

heat transfer coefficients is an under-investigated issue. Additionally, the effects of thermal barrier coating 

spallation, film cooling hole blockage, and surface roughness on the blade surface, end-walls, and tip are also 

worth studying.  

 

Figure 1: Schematic view of turbine blade cooling systems, including a) external cooling and b) internal cooling [35]. 
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Figure 2: Definition of compound angle [35]. 

In addition to the study mentioned above, the compound angle variable has also been studied by Gao and Han 

[36]. In this regard, they considered two film cooling schemes:  

1-  Strongly film cooled leading edge featured with seven rows of film cooling holes.  

2-  Medium film cooled leading edge with three rows.  

To design the seven-row scheme, film holes are placed at 0° (stagnation line), 15°, 30°, and 45° angles on the 

model surface. Meanwhile, for the design of three-row scheme, film holes are located at angles of 0° and 30°. 

Additionally, each scheme uses four different film cooling hole configurations, such as radial-angled cylindrical 

holes, compound-angled cylindrical holes, radial-angled shaped holes, and compound-angled shaped holes. The 

test was conducted in a wind tunnel at low speed. In addition, according to main stream velocity and cylinder 

diameter, the Reynolds number was 100 and 900. The main stream turbulence intensity was approximately 7% 

close to the leading edge model and the turbulence integral length scale was approximately 150 mm. Five medium 

blowing ratios, from M 0.5 to M 2.0, were tested. The results obtained in the current research are shown in Fig. (3). 

Accordingly, compared to cylindrical holes, shaped holes provide higher film cooling efficiency, specifically at 

higher blowing ratios. Compared to compound angle holes, the radial angle holes have a favorable performance 

at M 1.0-2.0. Also, compared to the three-row scheme, the film cooling design has a much higher efficiency in the 

leading edge region at the same average blowing ratio or same amount of coolant flow. Finally, as the average 

blowing ratio increases near the stagnation region, the film cooling efficiency increases in both schemes. However, 

in the downstream region, due to the mixing interaction between the cooling jets and the main steam flow, the 

efficiency decreases at higher blowing ratios. 

Sanjay et al. conducted a comparative study on the effect of providing different means of turbine blade cooling 

on the thermodynamic performance of a CCPP [37]. In this research, seven cases including air and steam were 

considered as cooling under open- and closed- loop cooling techniques. In this regard, the open-loop uses internal 

convection, film, and transpiration cooling techniques. Additionally, the closed-loop cooling only includes internal 

convection cooling. Based on the obtained results, the closed-loop steam cooling shows a more specific operation 

and, as a result, yields a greater value of plant efficiency of approximately 60%. In contrast, it has been proven that 

open-loop transpiration steam cooling, open-loop steam internal convection cooling, transpiration air cooling, film 

steam cooling, film air, and internal convection air cooling provide lower values of plant effectiveness in reducing 

order than closed-loop steam cooling. The findings of the current research are summarized as follows: 

(i) Considering all cooling devices, the minimum and maximum cooling flow requirements are provided by 

closed-loop steam cooling and air internal convection cooling, respectively. 



Reza Kashyzadeh and Souri Journal of Advanced Thermal Science Research, 10, 2023 

 

102 

 

Figure 3: Effects of film-hole shape and angle presented by Gao and Han [36]. 

(ii) The optimum turbine inlet temperature which can be presented for a differential pressure ratio of a 

combined cycle compressor with air cooling means is fixed at 1600 K. However, regarding steam cooling, no 

optimum value of turbine inlet temperature is available and higher values give better performance.  

(iii) Whatever the turbine inlet temperature, the work done in the plant decreases linearly with increasing 

compressor pressure ratio for all cooling devices. However, due to different reactions of the compressor pressure 

ratio and the turbine inlet temperature, there must be an agreement on the optimum compressor pressure ratio. 

(iv) There is an increase in plant efficiency and operation with a permissible blade temperature for a constant 

value of the turbine inlet temperature for all cooling devices.  

(v) The plant efficiency of closed-loop steam cooling is maximized by using all the cooling systems. In contrast, 

transpiration air cooling is better than other air cooling means. 

(vi) Of all the cooling means, the closed-loop steam cooling has the highest efficiency for the plant and given 

work. According to the effectiveness of the plant and given work of other cooling means, in decreasing order of 

performance is open-loop transpiration steam cooling, transpiration air cooling, film steam cooling, film air cooling, 

and internal convection air cooling. 

Findings from searches conducted between 2001 and 2010 on blade tip leakage flow related to heat transfer, 

and external or internal tip cooling technologies were analyzed by Sunden and Xie [38]. The complex phenomena 

of flow and heat transfer in the gas turbine path are illustrated in Fig. (4). The results of this study indicate that the 

blade tip is the most sensitive area under high thermal load, and it is challenging to cool it completely. A common 

technique for external cooling is to add coolant through the tip and near-tip area. Parameters such as film cooling 

hole configuration, location, distribution, and representative flow conditions mainly affect cooling performance. It 
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is possible to design serpentine cooling passages inside the blades for internal cooling so that coolant extracted 

from the compressor can absorb heat from the pressure side and the suction side. The effectiveness of internal 

cooling can be significantly affected by serpentine channel configuration, aspect ratio, orientation, rib 

configuration and location, and rotation and bend/turn geometry.  

 

Figure 4: The complex phenomena of flow and heat transfer in the gas turbine path [38]. 

Bunker focused on design and durability issues of axial turbine blade tips [39]. Next, the different types of 

blade tips considered in this study are shown in Fig. (5). Many studies have been conducted in the field of turbine 

blade cooling systems and its effects on system efficiency, including the distribution of temperature characteristics 

in the blade [40-45].  

           

a) Blade flat/plane tip b) Blade squealer tip c) Blade with attached tip shroud 

Figure 5: Different types of blade tips, including a) blade flat/plane tip, b) blade squealer tip, and c) blade with attached tip 

shroud [39]. 

Nowak and Wróblewski optimized the blade cooling system by an evolutionary algorithm within a 3D design 

space that uses the Pareto approach [46]. Furthermore, they reported that the obtained results were more reliable 

thermal field predictions compared to the classical approach. For this purpose, the problem was solved for a well-

known reference profile, C3X, which was extensively investigated by NASA [47]. In this regard, the vane profile is 

assumed to be aerodynamically optimal and constant during the calculation process. The vane in question was 

originally a convectively cooled one with ten internal passages, as demonstrated in Fig. (6). In this research, the 

number of holes was considered equal to 10, and the parameters of the diameter of the holes and their location 

were considered as input variables in the optimization algorithm. In addition, multiple objective functions 

including reduction of the temperature distribution coefficient and temperature gradient in the blade were 
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considered. Despite the original model, two optimal models were presented, the details of which are given along 

with the temperature distribution contour in Fig. (7). 

 
Figure 6: Details of the original C3X airfoil geometry [46]. 

 

Figure 7: Temperature distribution on the blade surface for the reference case and optimized models [46]. 
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Moreover, the wall temperature distribution for different models is depicted in Fig. (8). It is clear that the EF 

model is the most optimal if the surface temperature distribution is considered. However, based on the data in Fig. 

(8), it is obvious that the RCHT model is the optimal model with respect to the wall temperature distribution. 

Therefore, if the target is the simulation area of the blade surface and wall, a new model between RCHT and EF 

should be provided, or the targets should be prioritized. Then it should be determined which model is optimal and 

leads to an increase in the efficiency of the blade. Other similar works have been done on this particular case 

considering 10 cooling holes and optimizing in different ways [48]. The path taken by an equivalent study is almost 

identical, and they also presented consistent results. 

 

Figure 8: The wall temperature distribution on the profile for the reference case and optimized models [46]. 

Mazaheri et al. optimized cooling of turbine blades using the same idea [49]. The difference between the 

present work and the previous research is that they did not consider 10 holes, and only 4 paths were considered 

for cooling, and the most focus was on the geometric shape of these holes, which are not symmetrical. In other 

words, it can be said that the surface is divided into four parts and the holes of each part are connected to create 

a larger hole, which shows that the temperature distribution on the surface is improved, and the maximum 

temperature is decreased in comparison with the initial state. The evolution of these changes is shown in Fig. (9). 

And the temperature distribution in the blades has been extracted using simulation software (Fig. 10). Moreover, 

the temperature gradient contours are shown in Fig. (11).  

 
Figure 9: Shape and position of the internal passage in the cooling of turbine blades [49]. 
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Figure 10: Temperature distribution for five optimal designs [49]. 

 

Figure 11: Normalized temperature gradient contours with maximum values for each optimal design [49]. 

Finally, it is concluded that with the last optimization step, both temperature distribution and temperature 

gradient parameters on the blade surface and wall are improved. However, the most important concern that the 

authors did not consider, which according to some researchers is important for other issues, is that the 

temperature of the blade tip is higher at the optimal state than other cases, or the maximum temperature is in the 

greater range of the surface. This causes the blade tip to be damaged more quickly and in effect reduces the 

service life of the blade. Therefore, one of the most important parameters that scholars have not paid much 

attention to is the main goal of optimization, which should be the service life of the blade. As a result, knowing the 

critical area prone to failure or damage in industrial parts is very important and can only be detected by 

simulating and performing coupled thermal-structural analysis for this part or examining the failures of real 

samples in a long-run history. In this regard, Amaral et al. performed a finite element simulation of the cooling 

process in the C3X airfoil by performing a thermal-structural coupling analysis [50]. In addition to the temperature 

distribution contours, they showed the thermal stress contours created in the component using the von Mises 

equivalent stress criterion and compared the component in two states without and with the cooling system. 

According to the extensive research that has been done in the field of designing and optimizing cooling 

mechanisms of the blades, they still fail in the industry and sometimes cause great damage and in some cases, 

cause the entire system to fail. As mentioned earlier, the important issue is the effect of this temperature 

distribution on the service life of the blades. In summary, it is necessary to directly study the effect of cooling 

different areas of the blade, such as its tip, on increasing the fatigue life under thermal cyclic loading, creep, or 

fatigue-creep loading based on the working conditions of the blade. Therefore, this issue will be examined in a 

more specialized manner. 
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Research on the fatigue failure of blades is divided into several general categories: 

1-  Prediction of the fatigue life or service life of the blade by considering different working conditions; 

2-  Improving the fatigue life of the blade using different methods like laser shock peening; 

3-  Examining the effect of various functional or structural parameters on the fatigue life of the blade, such as 

cooling rate.  

According to the aforementioned cases, numerous experimental, theoretical, and numerical studies have been 

carried out. However, each of the mentioned areas is susceptible to development on behalf of the progress of 

science and technology. For instance, the effect of crystal orientations on the fatigue life of single crystal cooled 

turbine blades was investigated by Hou et al. [51]. According to their report, due to the influence of temperature 

distribution and the complexity of the cooling tunnel, there is no proportionality between the location of 

maximum shear stress in the blade and the most dangerous location. Therefore, it is recommended to consider 

the stress and temperature field for the design of the cooled blade. Furthermore, the mechanical behavior of the 

single crystal and the fatigue life of the cooled blade can be affected by the axial and randomness orientation. The 

effect on the von Mises stress distributions and the maximum shear stress can be limited by the randomness of 

the two paths. However, the axial path deviation of the blade has a prominent effect on the stress distribution. 

Hence, the influence of deviation and randomness orientations on fatigue life is evident.  

A fatigue life prediction model covering high-temperature applications of metallic materials has been proposed 

by Gallerneau and Chaboche [52]. The validity of this model is only related to multiaxial and non-proportional 

loading. The model recognizes the distinguish between the crack initiation and propagation, and also considers 

the effects of oxidation and creep on fatigue life.  One of the applications of this model is for a coated single-

crystal super alloy in turbine blades. Some predictions were made on the fatigue life of fan blades in the 

ventilation cooling system of the high-speed train by He et al. [53]. The current study developed a modified 

method according to the nominal stress method for predicting the fatigue life of centrifugal fan blades. Moreover, 

the application of the finite element model for the analysis of the state and stress of fan blades is typical based on 

the material properties. Afterward, the fatigue life assessment is based on the physical curve and using Miner’s 

cumulative damage rule to calculate the total damage. According to the test results of small-scale specimens, a 

new method to evaluate the fatigue life of service-exposed industrial gas turbine blades was proposed by 

Holländer et al. [54]. Furthermore, optical microscopy was used to investigate fatigue crack paths. In the current 

study, the impact of service-induced microstructural changes on the tensile and cyclic properties of gas turbine 

blades made of conventionally cast nickel-base superalloy Inconel 738 has been investigated.  

To increase the fatigue life of wind turbine rotor blades, Adam et al. used glass fiber composite reinforced by 

nanoparticles [55]. This study experimentally investigates the effects of boehmite nanoparticles on viscosity, static 

properties, and fatigue life. Based on rheological analysis, there is a remarkable increase in viscosity in the case of 

pristine boehmite particles. In contrast, the increase in viscosity can be remarkably reduced by modifying the 

surface the particles with excess taurine. Based on the tests, there was a remarkable increase in static properties 

as well as fatigue. If 15 wt.% of boehmite particles are added, it increases the fatigue life by up to 270% compared 

to unmodified fiber-reinforced epoxy. Finally, the results demonstrate that if the particle content increases, the 

fatigue limit increases.  

To enhance Low-Cycle Fatigue (LCF) and High-Cycle Fatigue (HCF) of cast and forged turbine blades, Chen et al. 

benefited Laser Shock Peering (LSP) treatment [56]. In the current study, a full-scale fatigue test was conducted on 

the turbine blade. Furthermore, a probabilistic approach was used to investigate the effect of LSP treatment. 

Based on the results, LSP undoubtedly increased the fatigue life of both cast and forged blades, and the effect of 

LSP on cast blades was more obvious. Moreover, the threshold vibration stress was available for both cast and 

forged blades, and if the vibration stress was below the threshold vibration stress, there would be a tendency for 

the fatigue life to be prolonged by LSP. A supplementary study was also conducted to prove that due to the 

existence of compressive residual stress and refined grains caused by LSP, undoubtedly, there were fewer crack 

initiation sources in LSP blades, and the life of LSP blades was longer. 



Reza Kashyzadeh and Souri Journal of Advanced Thermal Science Research, 10, 2023 

 

108 

3. Conclusion 

According to the data collected in the literature review, it is clear that the use of air cooling is much more 

suitable than a liquid, such as water, because it avoids destructive phenomena such as corrosion and erosion due 

to the proximity to water. Therefore, the main focus of this study was on air as a coolant. On the other hand, in 

order to optimize the geometry of the blade and reduce the temperature distribution and temperature gradient at 

the blade tip, a parametric analysis can be performed and different geometric variables, including angle and 

curvature, can be changed in different parts, such as convex parts. In this case, we will have a better temperature 

on the surface, wall, and tip of the blade, but if this design is changed, it can lead to a mistake in the aerodynamic 

performance. Therefore, complex and time-consuming calculations must be considered for blade aerodynamics 

and vibration and stability issues, etc. Research in recent years has also shown that most scientists are looking to 

use an internal cooling mechanism, which avoids adding separate equipment to the system and complicating the 

setup. In addition, the results show that the use of internal cooling, such as creating holes with suitable sizes, 

shapes, and even location, can have a significant effect on the temperature distribution and temperature gradient 

of the blade. But the point that was not observed in the reviewed articles was the evaluation of the fatigue life of 

the blade in terms of internal cooling rate.  

4. Future Research Plans 

According to the studies conducted by the researchers and their achievements, the following topics were 

presented as suggestions for future research that the authors will address in the near future. 

-  Prediction of blade fatigue life with and without internal cooling mechanism; 

-  Using different optimization methods in order to provide the optimal cooling mechanism by the holes, 

including some parameters (number, size, and optimal location) in order to increase fatigue life of the blade; 

-  Investigating the effect of the cooling rate of turbine blades on the fatigue life of the blades; 

-  Investigating creep-fatigue failure mechanisms in turbine blades; 

-  Providing new methodology for predicting the service life of turbine blades under the simultaneous effects 

of fatigue and creep phenomena at high temperature. 

Nomenclature  

PSP = Pressure Sensitive Paint  

LCF = Low-Cycle Fatigue 

HCF = High-Cycle Fatigue 

LSP = Laser Shock Peening 

CCPP = Combined Cycle Power Plant 
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