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Abstract

The article explores the various failure mechanisms and preventive methods related to gas turbine
blades, which operate under extreme mechanical and thermal conditions. The increasing demand for
energy and efficiency in turbojet engines has led to larger and more complex turbomachines. As gas
turbine blades are subjected to high operational temperatures, pressure, and stress, they are prone to
multiple failure modes, including fatigue, creep, oxidation, corrosion, and erosion. To mitigate these
issues, advancements in super-alloys and additive manufacturing techniques are being developed.
Enhanced metallurgical properties and innovative cooling methods help protect blades from thermal
stress. The study also highlights the importance of analyzing stress fields in blades using the
conjugate heat transfer method, which demonstrates higher stress in temperature-sensitive materials.
The impact of high-temperature corrosion, particularly in integrated coal gasification combined cycle
plants, is addressed, showing how corrosive impurities in fuel gas cause significant damage to turbine
materials. The life estimation of turbine blades, based on stress cycles and failure mechanisms, such
as thermomechanical fatigue and corrosion, is also analyzed using various predictive models.
Through case studies, the paper provides insights into the role of advanced alloys like IN738 and
CMSX-4, failure investigation techniques, and the development of preventive strategies to extend the
safe life of gas turbine blades while improving overall turbine efficiency and reliability.
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INTRODUCTION

With the rapid increase in global energy demand, gas turbines have become indispensable in power
generation and aviation. Gas turbines are used for both electricity generation and jet propulsion,
making them integral to energy systems and aeronautics. However, as their size and operational
temperatures increase to meet efficiency demands, turbine components — particularly blades — face
extreme thermal and mechanical stresses. These stresses contribute to frequent failures, reducing
turbine efficiency and lifespan. The gas turbine blade is one of the most critical components exposed
to the most severe operating conditions. The extreme
. environment, characterized by high temperatures and
Author for Correspondence .
Bangshidhar Goswami pressures, exposes blades to mechanical stress,
E-mail: goswami.b8757@gmail.com corrosion, oxidation, and creep, among other failure
modes.

Former Assistant Professor; Metallurgical Engineering
Department, RVS College of Engineering and

Technology, Jamshedpur, Jharkhand, India. Understanding the mechanisms behind blade
failures and developin reventive techniques is
Received date: October 23, 2024 . . p . g p . 4
Accepted date: September 29, 2024 essential for improving turbine performance and
Published date: November 14, 2024 reliability. This paper provides a comprehensive

analysis of the factors leading to gas turbine blade
Citation Bangshidhar Goswami. Optimizing Gas Turbine . Y g g . .
Performance: Preventive Measures and Blade Durability failures and evaluates advanced prevqntlve tGChnlquesa
Solutions. International Journal of Renewable Energy and such as 1rnproved super-alloys, coating systems, and
its Commercialization. 2024; 10(2): 36-40p. enhanced cooling methods. The study further explores

© JournalsPub 2024. All Rights Reserved 36



Optimizing Gas Turbine Performance: Preventive Measures: Preventive Measures Bangshidhar Goswami

the failure mechanisms — stress, thermal degradation, corrosion, and life estimation — associated with
gas turbine blades and investigates approaches to mitigate these issues [1].

LITERATURE REVIEW AND BACKGROUND

Gas turbines operate under extreme conditions, including high temperatures, pressure, and
rotational speeds. In recent years, turbine design has been pushed to its limits due to the increasing
demand for energy and the need for more efficient jet engines. This push has led to the use of larger
and more powerful turbomachines, resulting in new challenges related to blade design, material
properties, and cooling mechanisms. Several studies have investigated gas turbine blade failures,
focusing on stress analysis, thermal degradation, corrosion mechanisms, and life expectancy [2].

BLADE STRESS ANALYSIS AND FAILURE MODES

Gas turbine blades operate under simultaneous mechanical and thermal loads. The blades are
exposed to mechanical stresses from centrifugal forces during high-speed rotation and thermal
stresses from extreme temperature gradients. These conditions lead to several failure modes, including
fatigue, creep, and thermal cracking. Super-alloys, particularly nickel-based ones, have been
developed to enhance the blades’ ability to withstand such harsh environments.

THERMAL EFFECTS AND COOLING METHODS

One of the most critical aspects of gas turbine performance is heat management. The turbine blades
are exposed to gases with temperatures that exceed the melting points of many traditional materials.
Therefore, advanced cooling methods and thermal barrier coatings (TBCs) are employed to protect
the blades. Research on conjugate heat transfer methods for gas turbine blades has shown that the
accurate prediction of temperature fields is essential for determining the thermal stresses and, by
extension, the potential failure zones on turbine blades [3].

HIGH-TEMPERATURE CORROSION AND PREVENTIVE MEASURES

The combustion of gases in turbines contain impurities, such as sulfur and sodium chloride, that
contribute to high-temperature corrosion. Coatings, such as CoNiCrAlY and TBCs have shown
promising results in mitigating corrosion, as they protect the blade surface from direct exposure to
corrosive gases. This study investigates the effectiveness of these coatings under various operational
conditions.

METHODOLOGY

This research adopts a comprehensive and systematic approach by analyzing data collected from a
wide array of experimental and simulation-based studies focused on the failure mechanisms of gas
turbine blades and the preventive strategies employed to mitigate these issues. Gas turbines are critical
components in various applications, including power generation and aviation, where they operate
under extreme conditions. Therefore, understanding their failure mechanisms is essential for
enhancing reliability and performance.

The study investigates several primary modes of failure that gas turbine blades commonly
experience. These include stress-induced cracking, which can occur due to high mechanical loads;
thermal fatigue, which arises from the repeated expansion and contraction of materials subjected to
extreme temperature fluctuations; high-temperature corrosion, which can degrade materials when
exposed to corrosive gases at elevated temperatures; and creep, a phenomenon that causes materials to
deform over time under constant stress, particularly at high temperatures.

To gain a comprehensive understanding of these failure mechanisms, the research incorporates
various case studies that highlight real-world instances of gas turbine blade failures. Additionally,
finite element analysis (FEA) is utilized as a critical tool in this investigation. FEA allows for detailed
simulations of stress distribution and thermal behavior within the turbine blades, providing insights
into how these components respond to operational conditions.
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The methodology is structured into several stages to ensure thorough analysis. Initially, the
literature on gas turbine blade failures was reviewed to identify common issues and gaps in
knowledge. Following this, experimental data and simulation results are gathered, leading to a
comparative analysis of the different modes of failure. Finally, preventive strategies are developed
based on the findings, aiming to enhance the design and maintenance of gas turbine blades, thereby
improving their longevity and operational efficiency. Through this comprehensive analysis, the
research seeks to contribute valuable insights into the field of turbine technology [4].

Failure Mode Analysis
e Detailed analysis of stress, thermal, and mechanical failure modes were carried out using
simulation tools, such as ANSYS. The analysis focused on the impact of high operational
temperatures and mechanical loads on different sections of the turbine blade.
e C(Case studies of failure in hot section components were reviewed, including the first stage high-
pressure turbine blades in both power generation and aerospace applications.

Thermal and Stress Analysis
o The temperature fields in the gas turbine blades were calculated using the conjugate heat
transfer method, considering both external flow fields and internal temperature fields. The
analysis incorporated temperature-dependent mechanical properties of the super-alloys.
e The FEA was conducted to predict thermal stress and deformation patterns in turbine blades
under realistic operating conditions [5].

Corrosion Studies
e High-temperature corrosion behavior of Ni-based super-alloys (e.g., CMSX-4, IN738LC) and
their protective coatings (CoNiCrAlY, TBC) were studied using scanning electron microscopy
(SEM), electron probe microanalyzers (EPMAs), and X-ray diffraction (XRD).
e Long-term exposure experiments were conducted at different temperatures (730°C, 850°C, and
950°C) in a methane gas combustion environment with SO2-NaCl injections to simulate actual
turbine conditions.

Life Cycle Estimation
o The life expectancy of the turbine blades was estimated using deterministic models that
considered various failure mechanisms, such as creep, fatigue, and corrosion. Stress cycles for
different operation phases were analyzed using the Brayton cycle.
e The Miner linear model and Chaboche model were used for damage accumulation analysis to
predict blade failure life under varying mechanical and thermal loads [6].

RESULTS
The analysis of gas turbine blade failures revealed several key findings, which are categorized into
stress-induced failures, thermal degradation, and corrosion behavior.

Stress-Induced Failures
o The FEA results indicated that mechanical stresses in gas turbine blades increase significantly
when the material properties are temperature dependent. These stresses are particularly
pronounced in the first-stage blades, where high rotational speeds and gas pressures generate
extreme centrifugal forces.
e The results highlighted the non-linear relationship between temperature and stress for super-
alloys, emphasizing the need for accurate thermal stress coupling in design simulations [7].

Thermal Degradation
e The heat transfer analysis revealed that thermal stresses lead to nonlinear behavior in turbine
blades, with a high likelihood of cracking under prolonged exposure to elevated temperatures.
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The introduction of advanced cooling techniques, such as air-film cooling, demonstrated
substantial improvements in reducing thermal gradients.

e The use of TBCs provided further protection, as they reduced the surface temperature of the
blades by several hundred degrees, thereby delaying the onset of thermal fatigue and creep.

High-Temperature Corrosion

e The corrosion tests demonstrated that uncoated Ni-based super-alloys (CMSX-4, IN738LC)
were highly susceptible to high-temperature sulfidation and chlorination. Corrosive impurities in
the fuel gases, such as sulfur and NaCl, significantly reduced the blade’s lifespan by accelerating
material degradation.

e However, CoNiCrAlY and TBC coatings provided substantial resistance against both oxidation
and sulfidation attacks. The experimental results showed that these coatings extended the service
life of turbine blades by creating a protective barrier against the aggressive environment of high-
pressure gas turbines.

Life Cycle Estimation

o The life cycle estimation models revealed that creep and fatigue were the dominant failure
mechanisms in high-pressure turbine blades. The addition of thermal stress to mechanical
loading created a cyclic stress state, leading to fatigue and, eventually, blade failure.

e The Miner linear model predicted cumulative damage under varying loads, while the Chaboche
model provided a more detailed analysis of complex damage accumulation due to the
combination of fatigue, creep, and corrosion.

o The estimated safety of the turbine blades varied based on operating conditions, with coated
blades showing a significant extension in lifespan compared to uncoated blades. The use of
advanced super-alloys further contributed to improved performance and longevity [8].

DISCUSSION

The results of this study underscore the complexity of gas turbine blade failure mechanisms. The
combination of high operational temperatures, mechanical loads, and corrosive environments creates a
challenging scenario for blade materials. The introduction of next-generation super-alloys and
advanced coating systems has proven effective in addressing some of these challenges, particularly in
mitigating thermal and corrosion-induced failures.

The stress analysis revealed the importance of considering temperature-dependent material
properties in blade design, as failure modes, such as creep and fatigue are exacerbated at elevated
temperatures. Cooling methods, especially air-film cooling and the use of TBCs, play a crucial role in
extending blade life by reducing surface temperatures and minimizing thermal stresses.

High-temperature corrosion remains a significant issue in gas turbine operations, particularly in
environments with sulfur and chloride impurities. CoNiCrAlY and TBC coatings have demonstrated
excellent resistance to oxidation and sulfidation, making them essential for protecting turbine blades
in such corrosive conditions [9,11].

CONCLUSIONS

Gas turbine blades are subjected to some of the harshest operational environments, facing high
temperatures, mechanical stress, and corrosive gases. As turbine sizes and operational demands
continue to grow, the need for advanced materials and preventive strategies becomes ever more
critical. This study has highlighted several key failure mechanisms, including stress-induced cracking,
thermal fatigue, high-temperature corrosion, and creep.

The development of next-generation super-alloys, combined with advanced cooling methods and
protective coatings, has significantly improved blade performance and extended the service life of gas
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turbines. FEA and experimental data have shown that temperature-dependent stress analysis and
corrosion resistance are key factors in designing more resilient turbine blades.

Moving forward, further research into improving super-alloy compositions, optimizing cooling

techniques, and enhancing protective coatings will be crucial in ensuring the continued reliability and
efficiency of gas turbines. Additionally, more accurate life cycle estimation models, incorporating
real-time monitoring of blade conditions, will help prevent unexpected failures and improve
maintenance strategies.
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