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Abstract

Gas turbine blades operate under extremely severe thermo-mechanical environments characterized by elevated turbine inlet temperatures,
high centrifugal forces, thermal gradients, oxidation, and cyclic loading conditions. Continuous improvements in gas turbine efficiency
have significantly increased turbine inlet temperatures beyond the thermal capability of conventional metallic materials, thereby
necessitating the development of advanced cooling strategies and thermal protection systems. Among the available cooling approaches,
film cooling combined with Thermal Barrier Coatings (TBCs) has emerged as one of the most effective techniques for reducing blade
surface temperature and improving operational durability. However, the simultaneous interaction between cooling-hole configuration,
material selection, thermal resistance, and coating-induced stresses introduces complex thermo-structural challenges that require detailed
numerical investigation. Existing studies primarily focus on isolated thermal or structural analyses, while limited research has integrated
data-driven thermo-structural optimization with comparative evaluation of cooling configurations and coating systems under realistic
operating conditions.

The present study investigates the thermo-structural performance of gas turbine blades using finite element analysis (FEA) under different
cooling configurations and material selections. Three substrate materials, namely Inconel 718, N-155 alloy, and Chromium Steel, were
analysed using ANSYS Workbench under steady-state thermal and structural loading conditions. Film cooling was modelled using 5-hole,
9-hole, and 13-hole radial cooling configurations. Furthermore, a two-layer Thermal Barrier Coating system consisting of a 250 um Y'ttria-
Stabilized Zirconia (YSZ) top coat and a 100 um MCrAlY bond coat was incorporated to evaluate coating effectiveness and interfacial
stress behavior. Thermo-fluid calculations, stress analysis, and heat-transfer modelling were coupled with statistical interpretation of
simulation outputs to establish a data-driven optimization framework for turbine blade cooling performance. The results indicate that
Inconel 718 exhibits superior thermal resistance and structural stability compared to N-155 and Chromium Steel.

The 5-hole cooling configuration demonstrated the lowest heat flux values, indicating optimum cooling effectiveness before the onset
of diminishing thermal returns associated with excessive cooling-hole density. The incorporation of TBC layers reduced substrate
temperature significantly while simultaneously introducing localized interfacial stresses due to thermal expansion mismatch. Comparative
analysis revealed that the combined application of Inconel 718 substrate material, optimized film cooling, and ceramic TBC protection
provides enhanced thermal protection, reduced deformation, lower von Mises stress, and improved service life for high-temperature
turbine applications. The proposed data-driven thermo-structural optimization framework provides valuable engineering insights for the
§ design of next-generation gas turbine cooling systems and advanced thermal management strategies.
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Introduction

The increasing global demand for efficient power generation
and advanced acrospace propulsion systems has accelerated
the development of high-performance gas turbine technologies
[1,2]. Gas turbines are extensively employed in aircraft engines,
thermal power plants, marine propulsion systems, and industrial
energy-generation applications due to their high power-to-
weight ratio, compact design, rapid startup capability, and
operational efficiency [3]. One of the primary methods for
improving gas turbine efficiency involves increasing the turbine
inlet temperature (TIT), since higher operating temperatures
directly enhance thermal efficiency according to Brayton cycle
principles [4,5].

Over the past several decades, turbine inlet temperatures
have increased from nearly 800 K in early turbine systems to
values exceeding 1700 K in modern advanced gas turbines
[6]. However, such elevated operating temperatures impose
severe thermo-mechanical loads on turbine blade materials,
often approaching or exceeding their metallurgical limits. Gas
turbine blades operate under extremely hostile environments
characterized by high thermal gradients, centrifugal forces,
cyclic loading, oxidation, creep deformation, thermal fatigue,
and aerodynamic stresses [7,8]. The leading edge of turbine
blades is particularly vulnerable due to stagnation heating
effects and direct exposure to high-temperature combustion
gases [9]. Prolonged exposure to such conditions can result in
crack initiation, coating delamination, creep failure, thermal
distortion, and eventual catastrophic blade failure [10].

Consequently, efficient thermal management and structural
reliability of turbine blades have become critical research areas
in modern turbomachinery engineering. To overcome these
challenges, several advanced blade cooling technologies have
been developed, including internal convection cooling, film
cooling, impingement cooling, transpiration cooling, and hybrid
cooling systems [11,12]. Among these techniques, film cooling
has emerged as one of the most effective approaches for reducing
blade surface temperature. In film cooling, relatively cooler air
extracted from the compressor is injected through small holes
onto the blade surface, forming a protective insulating layer that
minimizes direct exposure of the blade material to hot combustion
gases [13]. The geometry, orientation, diameter, and number of
cooling holes significantly influence cooling effectiveness, local
heat transfer characteristics, and aerodynamic performance
[14]. Although increasing the number of cooling holes may
improve local cooling, excessive perforation can weaken the
structural integrity of the blade and generate undesirable stress
concentrations [15]. Therefore, identifying an optimum cooling-
hole configuration remains an important engineering challenge.
In addition to cooling technologies, Thermal Barrier Coatings
(TBCs) are extensively employed to improve the thermal
durability of turbine components operating under clevated
temperatures [16]. TBC systems generally consist of a ceramic
top coat, typically Yttria-Stabilized Zirconia (YSZ), deposited
over a metallic bond coat such as MCrAlY [17].

The ceramic layer possesses low thermal conductivity and acts as
an insulating barrier, thereby reducing heat transfer to the metallic
substrate [18]. This reduction in substrate temperature improves
creep resistance, oxidation resistance, and overall component

life. However, the mismatch in coefficients of thermal expansion
(CTE) between the ceramic coating and metallic substrate
introduces significant interfacial stresses during thermal cycling
[19]. Repeated thermal loading can result in coating spallation,
crack propagation, and delamination, thereby reducing coating
durability and long-term reliability [20]. Hence, a detailed
thermo-structural assessment of TBC-coated turbine blades
is essential for developing reliable high-temperature turbine
systems. Several researchers have investigated turbine blade
cooling and coating technologies using experimental methods,
computational fluid dynamics (CFD), and finite element analysis
(FEA) [21,22].

Finite element methods have gained considerable importance
because they allow detailed evaluation of temperature
distribution, thermal stresses, deformation, heat flux, and
structural behavior under complex loading conditions [23].
ANSYS-based thermo-structural simulations have been widely
adopted for predicting blade performance and identifying critical
stress zones [24]. Nevertheless, most existing studies focus
either on thermal analysis or structural analysis independently,
while only limited investigations have integrated cooling-hole
optimization, material comparison, TBC performance, and
data-driven interpretation within a unified thermo-structural
framework [25,26]. Modern turbine engineering increasingly
relies on data-driven numerical optimization approaches
rather than purely experimental trial-and-error methods [27].
The integration of statistical interpretation with finite element
simulations enables improved understanding of thermal trends,
cooling effectiveness, stress redistribution, and material behavior
under varying operating conditions [28]. Such approaches
provide deeper engineering insights for identifying optimum
cooling configurations and material.

Combinations capable of maximizing thermal efficiency while
maintaining structural reliability. In this context, the present
study performs a comprehensive thermo-structural finite element
investigation of gas turbine blades considering different cooling
configurations, substrate materials, and Thermal Barrier Coating
systems. Three commonly used turbine materials, namely Inconel
718, N-155 alloy, and Chromium Steel, are comparatively
analyzed using steady-state thermal and structural simulations
in ANSYS Workbench. Film cooling is modeled using multiple
radial cooling-hole configurations, while TBC effectiveness is
evaluated using a YSZ-MCrAlY coating system. In addition, a
data-driven interpretation of simulation outputs is incorporated
to identify optimum cooling performance and establish a thermo-
structural optimization framework for advanced gas turbine
blade applications.

Research Gap and Problem Identification

The continuous advancement of gas turbine technology has led
to a substantial increase in turbine inlet temperatures in order to
achieve higher thermal efficiency and improved power output
[1,2]. Although advanced superalloys and cooling technologies
have significantly enhanced turbine blade durability, turbine
blades continue to operate under severe thermo-mechanical
environments involving elevated temperatures, high centrifugal
stresses, thermal fatigue, oxidation, creep deformation, and
cyclic loading [3,4]. Consequently, improving the thermal
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protection and structural reliability of turbine blades remains
a critical engineering challenge in modern turbomachinery
research. Over the past few decades, numerous investigations
have been conducted on gas turbine blade cooling techniques
such as convection cooling, film cooling, impingement cooling,
and transpiration cooling [5,6]. Among these methods, film
cooling has gained considerable attention due to its capability to
form a protective thermal layer over the blade surface and reduce
direct exposure to high-temperature combustion gases [7].

Similarly, Thermal Barrier Coatings (TBCs), particularly Yttria-
Stabilized Zirconia (YSZ)-based ceramic coatings, have been
extensively studied for their low thermal conductivity and
ability to reduce substrate temperature under elevated operating
conditions [8,9]. Several researchers have also employed finite
element analysis (FEA) and computational techniques to predict
temperature distribution, thermal stresses, deformation, and
cooling effectiveness in turbine blade systems [10,11]. Despite
these developments, a detailed review of the existing literature
reveals several important research limitations and unresolved
engineering challenges. Most previous investigations focus
primarily on either thermal analysis or structural analysis
independently, without considering the coupled thermo-
structural interaction occurring under realistic turbine operating
conditions [12]. In many studies, cooling performance is
analyzed separately from coating-induced stress behavior,
resulting in limited understanding of the combined influence
of cooling-hole configuration and thermal barrier coatings on
overall blade reliability [13].

Furthermore, several existing studies evaluate a single substrate
material or a limited cooling configuration, without conducting a
comprehensive comparative assessment involving multiple high-
temperature materials and varying cooling-hole arrangements
[14,15]. The thermo-mechanical response of advanced materials
such as Inconel 718, N-155 alloy, and Chromium Steel under
different cooling configurations and TBC systems remains
insufficiently explored. This limitation restricts the ability to
identify optimum combinations capable of simultaneously
minimizing heat flux, thermal stress, and structural deformation
under elevated turbine inlet temperatures. Another significant
limitation in the current body of research is the insufficient
integration of Thermal Barrier Coating behavior with thermo-
structural finite element simulations [16].

Although TBCs effectively reduce substrate temperature, the
mismatch in coefficient of thermal expansion (CTE) between
ceramic coatings and metallic substrates generates localized
interfacial stresses during thermal cycling [17]. Many previous
studies have focused mainly on thermal insulation capability
while neglecting the structural implications of thermal mismatch
stresses, crack initiation, and coating delamination mechanisms
[18]. As a result, the long-term reliability and durability of TBC-
coated turbine blades under coupled thermal and mechanical
loading conditions remain inadequately addressed. In addition,
very limited research has incorporated data-driven interpretation
and optimization of thermo-structural simulation outputs for
turbine blade cooling analysis [19]. Most available investigations
present simulation results in the form of temperature contours,
stress plots, and deformation distributions without performing
statistical trend evaluation or optimization-based interpretation

of cooling performance [20]. The relationship between cooling-
hole density, heat-flux variation, thermal redistribution, and
structural weakening effects has not been sufficiently quantified
using analytical or data-driven approaches. Consequently, the
optimization of cooling-hole configurations based on predictive
thermal behavior and engineering trade-offs remains an
underdeveloped area of research. Moreover, many studies rely
either on experimental investigations or isolated computational
methods without integrating thermo-fluid calculations, finite
element simulations, and comparative performance evaluation
within a unified engineering framework [21, 22].

Such fragmented approaches limit the development of
generalized optimization strategies for advanced turbine cooling
systems operating under high-temperature environments.
Therefore, there exists a clear need for a comprehensive thermo-
structural investigation that simultaneously integrates:

*  comparative material selection,

e cooling-hole optimization,

e Thermal Barrier Coating performance,

*  coupled thermal and structural analysis,

* and data-driven interpretation of simulation results.

The present study aims to address these research gaps by
developing a data-driven thermo-structural optimization
framework for gas turbine blades using finite element analysis
under realistic operating conditions. The study comparatively
evaluates the thermal and structural behavior of Inconel 718,
N-155 alloy, and Chromium Steel with multiple film-cooling
configurations and Thermal Barrier Coating systems. In
addition, statistical interpretation of heat-flux trends and thermo-
structural responses is incorporated to identify optimum cooling
configurations and improve the understanding of cooling-
performance trade-offs in high-temperature turbine applications.
Although significant progress has been made in turbine blade
cooling and thermal barrier coating technologies, existing
investigations largely focus on isolated thermal or structural
analyses. Limited research has integrated finite element thermo-
structural evaluation with comparative cooling-hole optimization
and statistical interpretation of heat-flux behavior. Furthermore,
the interaction between coating-induced thermal resistance and
stress concentration due to coefficient-of-thermal-expansion
mismatch remains insufficiently explored under coupled loading
conditions. Therefore, a comprehensive data-driven thermo-
structural optimization framework is required for identifying
efficient cooling configurations and durable material systems for
high-temperature turbine applications.

Objectives of the Present Study

The primary objective of the present investigation is to develop a
comprehensive thermo-structural evaluation framework for gas
turbine blades operating under elevated thermal and mechanical
loading conditions. The study focuses on the combined influence
of material selection, cooling-hole configuration, and Thermal
Barrier Coating (TBC) application on the thermal protection
and structural reliability of turbine blades used in high-
temperature turbine environments [1,2]. In modern gas turbine
systems, improving thermal efficiency requires operation
at increasingly higher turbine inlet temperatures, which
simultaneously intensifies thermal stresses, heat flux, oxidation,
creep deformation, and structural instability within turbine blade
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components [3]. Therefore, the present work aims to identify
an optimized blade configuration capable of reducing thermal
loading while maintaining adequate structural integrity under
realistic operating conditions. To achieve this objective, finite
element-based thermo-structural simulations are performed
using ANSYS Workbench by integrating thermal analysis,
stress analysis, and thermo-fluid calculations within a unified
computational framework.

The specific objectives of the study are summarized as follows:

1. To perform thermo-structural finite element analysis of gas
turbine blades under elevated temperature and rotational
loading conditions using ANSYS Workbench.

2. To comparatively evaluate the thermal and structural
performance of different turbine blade materials, namely
Inconel 718, N-155 alloy, and Chromium Steel, under
identical operating conditions.

3. To investigate the influence of film-cooling hole
configurations by analyzing solid blades and blades
containing 5-hole, 9-hole, and 13-hole radial cooling
arrangements.

4. To evaluate the effectiveness of Thermal Barrier Coating
(TBC) systems consisting of Yttria-Stabilized Zirconia
(YSZ) top coat and MCrAIY bond coat in reducing substrate
temperature and thermal loading.

5. To analyze the thermo-mechanical interaction between
coating layers and substrate materials, particularly focusing
on thermal mismatch strain, interfacial stress concentration,
and structural deformation behavior.

6. To determine the effect of cooling-hole density on heat-flux
distribution and cooling effectiveness using comparative
thermal analysis.

7. To develop a data-driven thermo-structural optimization
approach by incorporating statistical interpretation of
simulation outputs and cooling-performance trends.

8. To identify the optimum combination of material selection,
cooling configuration, and coating design capable of
minimizing heat flux, thermal stress, and structural
deformation while improving turbine blade durability.

9. To provide engineering insights for advanced turbine
cooling system design applicable to aerospace propulsion
systems, thermal power plants, and high-temperature
turbomachinery applications.

The present investigation ultimately aims to establish a
comprehensive thermo-structural optimization framework
capable of supporting the development of efficient, durable,
and thermally protected gas turbine blade systems for next-
generation energy and aerospace applications.

Literature Review

Gas Turbine Blade Cooling Research

Gas turbine blades operate under extremely severe thermal
environments and are continuously exposed to high-temperature
combustion gases, thermal gradients, centrifugal loading,
and aerodynamic stresses [1,2]. The increase in turbine inlet
temperature (TIT) has significantly improved gas turbine
efficiency; however, it has simultaneously intensified the thermal
loading experienced by turbine blade materials [3]. As a result,
the development of advanced cooling technologies has become
essential for maintaining structural integrity and improving

blade durability in modern gas turbine systems. Among the
various cooling techniques developed over the years, convection
cooling, film cooling, impingement cooling, and transpiration
cooling are the most widely adopted approaches [4,5].

Internal convection cooling utilizes serpentine passages inside
the blade to remove heat from the metallic substrate, while
impingement cooling employs high-velocity jets directed
toward the internal blade surface to improve local heat transfer
[6]. Transpiration cooling provides highly effective thermal
protection by allowing coolant to pass through porous materials;
however, manufacturing complexity and operational cost limit
its widespread application [7]. Film cooling has emerged as
one of the most effective and commercially practical cooling
techniques for turbine blades operating at elevated temperatures
[8]. In film cooling, relatively cooler air extracted from the
compressor is injected through discrete holes onto the blade
surface, forming a protective insulating film between the hot
gases and blade material [9].

Goldstein demonstrated that film cooling significantly reduces
blade surface temperature and improves thermal protection
effectiveness under high-temperature operating conditions,
further investigated the effect of cooling-hole geometry and
coolant injection angle on film cooling effectiveness and
reported that optimized hole arrangements substantially improve
heat-transfer performance. Researchers have also examined
the influence of cooling-hole number, diameter, inclination
angle, and spacing on local heat-transfer characteristics and
aerodynamic losses [10-13]. Bunker observed that increasing
cooling-hole density generally improves cooling effectiveness;
however, excessive perforation may weaken structural integrity
and create stress concentration regions around the cooling holes
[14]. Bogard and Thole emphasized that the interaction between
coolant jets and mainstream flow significantly influences local
thermal gradients and blade surface heat flux [15]. Several
numerical and experimental studies have attempted to optimize
film cooling configurations for enhanced thermal performance
[16]. Li and Kassab employed computational simulations to
evaluate multiple cooling-hole arrangements and reported that
optimized hole configurations can reduce local thermal loading
while maintaining acceptable aerodynamic performance [17].
Similarly, Jha highlighted the importance of cooling-hole
orientation and distribution in reducing blade surface temperature
under elevated turbine inlet conditions [18]. Although significant
progress has been achieved in turbine cooling technologies,
existing investigations primarily focus on thermal performance
enhancement without adequately addressing the coupled
thermo-structural implications associated with varying cooling-
hole configurations [19]. Furthermore, only limited studies
have comparatively evaluated multiple cooling configurations
together with material selection and coating behavior under
realistic operating conditions [20].

Thermal Barrier Coating (TBC) Studies

Thermal Barrier Coatings (TBCs) are extensively employed
in gas turbine engines to protect turbine blades and other hot-
section components from elevated thermal loads. TBC systems
enable turbine blades to operate at temperatures exceeding the
melting point of conventional metallic materials by reducing
heat transfer to the substrate and improving thermal insulation.
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Modern TBC systems generally consist of a ceramic top coat,
typically Yttria-Stabilized Zirconia (YSZ), deposited over a
metallic bond coat such as MCrAlY. Miller presented one of the
earliest comprehensive reviews on TBC systems and reported
that YSZ coatings exhibit excellent thermal insulation properties
due to their low thermal conductivity and high thermal expansion
tolerance. The ceramic top coat acts as a thermal barrier, while the
metallic bond coat improves oxidation resistance and adhesion
between the coating and substrate material. Padture further
emphasized that TBC technology has become indispensable for
advanced gas turbine engines operating under extreme thermal
conditions. Several investigations have analysed the thermal
performance and durability of YSZ-based coatings under
cyclic thermal loading. Clarke and Levi reported that TBC
systems significantly reduce substrate temperature and improve
creep resistance of turbine blade materials. However, repeated
thermal cycling generates thermal mismatch stresses due to the
difference in coefficients of thermal expansion (CTE) between
the ceramic coating and metallic substrate. These stresses can
result in crack initiation, coating delamination, and eventual
spallation failure. Researchers have also investigated the
influence of coating thickness, porosity, thermal conductivity,
and bond-coat composition on TBC durability. Evans observed
that increasing coating thickness improves thermal resistance but
may simultaneously increase residual stresses and susceptibility
to delamination. Levi emphasized that oxidation growth within
the thermally grown oxide (TGO) layer significantly affects
coating life and structural stability during prolonged exposure to
elevated temperatures.

Finite element modelling has become an important tool for
predicting thermal stresses and deformation behavior in coated
turbine blades. Zhu and Miller used thermo-mechanical finite
element simulations to evaluate stress concentration at coating
interfaces and reported that interfacial stress development is
strongly influenced by thermal cycling conditions and coating
properties. Similarly, Zhou demonstrated that optimized coating
systems can substantially reduce blade substrate temperature
while minimizing thermal stress accumulation. Despite extensive
studies on TBC materials and coating performance, most
existing research focuses mainly on thermal insulation capability
rather than the combined thermo-structural interaction between
coating systems and cooling-hole configurations. Moreover,
limited studies have integrated TBC analysis with comparative
material selection and data-driven optimization methodologies
for turbine blade applications [21-38].

Finite Element Thermo-Structural Analysis of Turbine
Blades

Finite Element Analysis (FEA) has become one of the most
widely used computational techniques for evaluating thermo-
structural behavior in gas turbine components [39]. FEA enables
detailed prediction of temperature distribution, thermal stress,
strain, deformation, and heat flux under complex loading
conditions that are difficult to analyze experimentally [40]. The
increasing availability of advanced computational software
such as ANSYS Workbench has significantly improved the
capability of researchers to simulate realistic turbine operating
environments. Thermo-structural finite element modelling
generally involves sequentially coupled thermal and structural
analyses in which the temperature field obtained from thermal

simulations is applied as input for stress and deformation
evaluation [41].

Deepanraj performed finite element analysis of gas turbine
blades under high-temperature conditions and demonstrated
that thermal stresses increase significantly near the blade root
and leading-edge regions due to severe thermal gradients.
Researchers have also investigated the effect of blade geometry
and cooling-hole configurations on stress distribution and
deformation characteristics. Singh and Kumar analyzed film-
cooled turbine blades using ANSYS and reported that stress
concentration around cooling holes strongly influences structural
reliability. Similarly, Rao conducted conjugate heat-transfer
simulations for turbine airfoils and highlighted the importance
of coupled thermo-fluid interactions in predicting realistic
temperature distributions. Mesh refinement and convergence
analysis play an important role in improving numerical accuracy
during turbine blade simulations. Several studies have adopted
tetrahedral finite elements such as SOLID187 for capturing
complex blade geometry and localized thermal gradients. Mesh
independence studies are commonly performed to ensure that the
simulation results remain insensitive to further mesh refinement.
Comparative material evaluation using finite element analysis
has also gained considerable attention in recent years. Nickel-
based superalloys such as Inconel 718 are widely preferred
for turbine applications due to their superior high-temperature
strength, oxidation resistance, and creep performance. Chromium
Steel and N-155 alloy have also been investigated for moderate-
temperature turbine applications. However, only limited studies
have comparatively analysed multiple turbine materials under
varying cooling configurations and TBC systems within a unified
thermo-structural framework. Although finite element methods
provide valuable insights into turbine blade behavior, many
previous investigations present only contour-based thermal or
stress analysis without incorporating statistical interpretation or
optimization-based evaluation of simulation outputs. Therefore,
there remains a need for integrated thermo-structural simulation
frameworks capable of combining cooling optimization, coating
behavior, and data-driven performance analysis for advanced
turbine blade design [42-54].

Advanced Optimization and Data-Driven Approaches

Recent developments in computational engineering have
increased the application of data-driven optimization techniques
in gas turbine design and thermal management systems [55].
Modern turbine engineering increasingly relies on numerical
optimization methods, regression analysis, and artificial
intelligence-assisted approaches to improve thermal efficiency,
reduce material degradation, and optimize cooling performance
[56]. Statistical interpretation of thermo-structural simulation
outputs enables researchers to identify trends in heat flux, stress
redistribution, and cooling effectiveness under varying operating
conditions [57]. Regression-based optimization methods have
been applied to evaluate the influence of cooling-hole parameters
such as diameter, spacing, and inclination angle on local thermal
behavior [58]. Such approaches provide deeper understanding
of nonlinear thermal interactions and optimization trade-offs
associated with turbine cooling systems. Machine learning and
surrogate modelling techniques are also being explored for
predicting turbine blade temperature distribution and thermal
stress behavior [59]. Artificial neural networks (ANNs), genetic

J Supply Chain Manag Smart Netw, 2026

www.oaskpublishers.com

Page: 5 of 22



Copyright © Syed Eirfan Atthar, et al.

Volume 1 | Issue 2

algorithms, and response surface methodologies have shown
promising capability in reducing computational cost while
improving optimization accuracy [60]. Employed regression-
based optimization for film cooling analysis and reported that
statistical modelling significantly improves prediction capability
for cooling effectiveness under multiple operating conditions
[61]. Several researchers have emphasized the importance of
integrating finite element analysis with data-driven engineering
approaches for advanced turbomachinery design [62].
Numerical optimization frameworks allow improved decision-
making regarding material selection, coating design, and cooling
configuration optimization [63]. However, the application of data-
driven interpretation in turbine blade thermo-structural analysis
remains relatively limited compared to conventional CFD and
FEA studies [64]. Furthermore, most existing optimization
studies primarily focus on aerodynamic performance or thermal
behavior independently, without integrating thermo-mechanical
stress analysis and coating interaction effects [65]. Consequently,
there exists a significant research opportunity for developing
comprehensive data-driven thermo-structural optimization
frameworks capable of evaluating cooling effectiveness, stress
concentration, coating durability, and material performance
simultaneously.

Critical Literature Summary

The reviewed literature demonstrates that significant
advancements have been achieved in gas turbine blade cooling
technologies, Thermal Barrier Coating systems, and finite
element-based thermo-structural analysis [66]. Film cooling
and YSZ-based TBC systems have proven highly effective in
reducing blade surface temperature and improving turbine
durability under elevated operating conditions [67]. Similarly,
finite element analysis has become an essential computational
tool for predicting temperature distribution, thermal stress,
deformation, and heat-transfer behavior in turbine blade
systems [68]. However, despite substantial progress, several
important research limitations remain unresolved. Most
existing investigations focus on isolated thermal or structural
analysis  without integrating coupled thermo-structural
interaction under realistic turbine conditions [69]. Limited
studies comparatively evaluate multiple substrate materials,
cooling-hole configurations, and TBC systems together within
a unified computational framework [70]. Moreover, very
few investigations incorporate data-driven interpretation and
statistical optimization of thermo-structural simulation outputs
for identifying optimum cooling configurations and minimizing
thermal loading [71].

Therefore, there exists a clear need for a comprehensive
thermo-structural optimization framework that simultaneously
integrates:

e comparative material evaluation,

*  cooling-hole optimization,

e Thermal Barrier Coating analysis,

*  coupled thermal and structural simulations,

e and data-driven interpretation of cooling-performance
behavior.

e The present study addresses these limitations through
a finite element-based thermo-structural investigation
combined with statistical interpretation of simulation
outputs to identify efficient cooling configurations and

durable material systems for high-temperature gas turbine
applications.

Materials And Thermo-Physical Properties

The thermal and structural performance of gas turbine blades
is strongly influenced by the thermo-physical and mechanical
properties of the substrate materials and coating systems
employed under elevated operating temperatures [1,2]. Modern
turbine blades are required to withstand severe thermal gradients,
centrifugal stresses, oxidation, creep deformation, and cyclic
thermo-mechanical loading conditions while maintaining
dimensional stability and structural integrity [3]. Consequently,
the selection of suitable high-temperature materials and thermal
protection systems plays a critical role in determining turbine
efficiency, durability, and operational reliability. In the present
investigation, three different substrate materials Inconel 718,
N-155 alloy, and Chromium Steel were selected for comparative
thermo-structural analysis based on their widespread engineering
applications and high-temperature performance characteristics
[4]. In addition, a two-layer Thermal Barrier Coating (TBC)
system consisting of Yttria-Stabilized Zirconia (YSZ) ceramic top
coat and MCrAlY bond coat was employed to improve thermal
insulation and oxidation resistance of the turbine blade surface

[5].

Inconel 718

Inconel 718 is a nickel-based superalloy extensively used in
aerospace propulsion systems, gas turbines, and high-temperature
structural applications due to its excellent mechanical strength,
oxidation resistance, corrosion resistance, and creep resistance
at elevated temperatures [6]. The alloy retains high structural
stability under severe thermal loading and exhibits superior
fatigue resistance compared to conventional steel-based materials
[7]. Its relatively low thermal conductivity also contributes to
improved thermal protection under high-temperature operating
conditions. The primary strengthening mechanisms in Inconel
718 involve precipitation hardening through gamma-prime (y’)
and gamma-double-prime (y”) phases, which enhance high-
temperature strength and creep resistance [8]. Due to its excellent
thermo-mechanical performance, Inconel 718 has become one
of the most preferred materials for turbine blades, combustor
components, and aero-engine applications [9].

N-155 Alloy

N-155 is a cobalt—nickel-chromium-based high-temperature alloy
widely used in gas turbine and aircraft engine applications [10].
The alloy possesses good oxidation resistance, moderate creep
strength, and acceptable thermal stability under elevated operating
conditions [11]. N-155 alloy has historically been used in turbine
blades and combustion chamber components due to its ability
to withstand thermal fatigue and mechanical loading. However,
compared to modern nickel-based superalloys such as Inconel
718, N-155 exhibits comparatively lower creep resistance and
reduced high-temperature mechanical strength [12]. Nevertheless,
the alloy remains important for comparative thermo-structural
evaluation because of its balanced combination of thermal
conductivity, oxidation resistance, and manufacturing feasibility.

Chromium Steel
Chromium Steel is commonly employed in moderate-
temperature engineering applications due to its good hardness,
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wear resistance, corrosion resistance, and relatively low
manufacturing cost [13]. The addition of chromium improves
oxidation resistance and enhances surface hardness under
thermal loading conditions [14]. Chromium Steel also possesses
adequate mechanical strength for moderate-temperature turbine
and industrial applications. Despite these advantages, Chromium
Steel generally exhibits lower high-temperature strength and
reduced creep resistance compared to nickel-based superalloys
[15]. Under elevated turbine inlet temperatures, the material
experiences higher thermal stresses, greater deformation, and
increased heat-transfer rates due to its comparatively higher
thermal conductivity [16]. Therefore, the present study includes
Chromium Steel primarily for comparative analysis against
advanced turbine materials such as Inconel 718 and N-155 alloy.

Thermal Barrier Coating Materials

Yttria-Stabilized Zirconia (YSZ)

Yttria-Stabilized Zirconia (YSZ) is one of the most widely used
ceramic materials for Thermal Barrier Coating applications
due to its extremely low thermal conductivity, high thermal
expansion tolerance, and excellent thermal shock resistance
[17]. The ceramic coating acts as an insulating barrier between
the hot combustion gases and metallic substrate, thereby
reducing heat transfer to the turbine blade surface [18]. In the
present investigation, a 250 um thick YSZ top coat was applied
over the Inconel 718 substrate to improve thermal insulation and

reduce substrate temperature under high-temperature operating
conditions. The low thermal conductivity of YSZ significantly
contributes to lowering thermal gradients within the substrate
material [19].

MCrAlY Bond Coat

The bond coat layer serves as an intermediate metallic layer
between the ceramic top coat and metallic substrate [20]. In this
study, an MCrAlY bond coat with a thickness of 100 um was
employed to improve coating adhesion and oxidation resistance.
The bond coat also minimizes thermal expansion mismatch
between the ceramic coating and metallic substrate, thereby
improving coating durability during thermal cycling [21]. The
formation of a stable thermally grown oxide (TGO) layer at
the bond-coat interface further enhances oxidation resistance
and improves long-term coating performance under elevated
turbine operating conditions [22]. However, prolonged exposure
to cyclic thermal loading may generate interfacial stresses that
contribute to coating delamination and crack propagation [23].

Thermo-Physical Properties of Selected Materials

The thermo-physical and mechanical properties used in the
present finite element simulations were obtained from standard
engineering literature and material databases [24,25]. These
properties were incorporated into ANSY'S Workbench for thermal
and structural analysis under elevated operating temperatures.

Table 1: Thermo-Physical Properties of Substrate and Coating Materials

Material Density (kg/m*) Therm(a‘;lﬁzr.ll(glctwlty Young(’cs;II:;[l())dulus C]g;g:nc;z?()tno{x];l(llil;z; :
Inconel 718 8190 11.4 205 13
N-155 Alloy 8249 20 190 14.4
Chromium Steel 7850 36 210 12
YSZ Coating 5600 1.0 50 8
MCrAlY Bond Coat 7400 9.5 150 13
Graph 3 durability during thermal cycling [28]. Among the selected

Thermal Conductivity Comparison

Thermal Conductivity Comparison of Turbine Materials
36.0

5 ] 3 I 8 ]

Thermal Conductivity (W/mK)

M

Chromium steel

N-155 Alloy

The above material properties significantly influence heat
transfer, thermal stress distribution, deformation behavior,
and coating performance within turbine blade systems [26].
Materials possessing lower thermal conductivity generally
provide improved thermal resistance, while higher Young’s
modulus values contribute to greater structural stiffness and
reduced deformation [27]. Similarly, mismatch in coefficients
of thermal expansion between coating and substrate materials
strongly affects interfacial stress development and coating

materials, Inconel 718 exhibits the most favourable combination
of thermal resistance, mechanical strength, oxidation resistance,
and high-temperature stability, making it highly suitable for
advanced turbine blade applications [29]. The incorporation of
YSZ-based Thermal Barrier Coatings further improves thermal
protection capability while reducing substrate exposure to severe
thermal loading conditions [30].

Methodology

The present investigation employs a comprehensive finite
element-based thermo-structural analysis framework to evaluate
the thermal and structural performance of gas turbine blades
under elevated operating temperatures and rotational loading
conditions. The methodology integrates Computer-Aided
Design (CAD), finite element meshing, steady-state thermal
analysis, structural analysis, thermo-fluid calculations, and
Thermal Barrier Coating (TBC) modelling within a unified
computational environment using ANSYS Workbench [1,2].
Comparative evaluation was performed for different substrate
materials, cooling-hole configurations, and coating systems to
identify the optimum blade configuration capable of minimizing
thermal loading and structural deformation under realistic
turbine operating conditions.

J Supply Chain Manag Smart Netw, 2026

www.oaskpublishers.com

Page: 7 of 22



Copyright © Syed Eirfan Atthar, et al.

Volume 1 | Issue 2

Table 2
Thermal Boundary Conditions
Parameter Value

Hot Gas Temperature 1500 K
Cooling Air Temperature 600 K
Rotational Speed 10,000 rpm
Convective Heat Transfer Coefficient 87.5 W/m*K
Cooling Hole Diameter 1.5 mm
Cooling Hole Inclination 30°

The overall methodology adopted in the present study consists
of the following major stages: Blade geometry modelling,

*  Finite element meshing,

e Thermal boundary condition implementation,

e Structural loading analysis,

e Thermal Barrier Coating modelling,

e Thermo-structural coupling,

*  Data-driven interpretation of simulation outputs.

The complete computational framework is illustrated through
sequential thermal and structural simulations performed under
identical operating conditions for all blade configurations.

Blade Geometry Modelling

The gas turbine blade geometry was developed using CATIA
software based on a simplified rotor blade profile suitable
for thermo-structural finite element analysis [3]. The blade
geometry consisted of an airfoil section, blade root, and cooling-
hole arrangements designed to represent realistic turbine cooling
configurations. Multiple blade configurations were generated for
comparative analysis, including:

* asolid blade without cooling holes,

* ablade with 5 radial cooling holes,

* ablade with 9 radial cooling holes,

* and a blade with 13 radial cooling holes.

Each cooling hole was modelled with a diameter of 1.5 mm
and an inclination angle of 30° relative to the blade surface to
simulate film-cooling conditions [4]. The cooling holes were
positioned strategically along the blade surface to facilitate
coolant-air injection and improve thermal protection near high-
temperature regions. After geometry generation, the CAD models
were imported into ANSYS Workbench 14.5 for preprocessing
and finite element analysis. Separate material assignments were
performed for Inconel 718, N-155 alloy, and Chromium Steel in
order to comparatively evaluate their thermo-structural behavior
under identical loading conditions.

Finite Element Meshing

Finite element discretization of the turbine blade geometry was
carried out using tetrahedral finite elements within ANSYS
Meshing [5]. The SOLID187 element type was selected due to its
suitability for modelling irregular geometries, curved surfaces,
and coupled thermal-structural behavior [6]. SOLID187 is a
higher-order 10-node tetrahedral element capable of accurately
capturing thermal gradients and stress concentration effects
around cooling holes and coating interfaces. Special mesh
refinement was applied in regions expected to experience high
thermal gradients and stress concentration, including:

*  cooling-hole edges,

*  blade leading edge,

¢ blade root,

e coating—substrate interfaces,
e and tip regions.

Finer mesh density was adopted around the cooling holes and
Thermal Barrier Coating layers to improve numerical accuracy
during thermal and structural simulations [7]. The remaining
blade regions were meshed using comparatively coarser
elements to reduce computational cost while maintaining
solution stability.

Figure 1
Geometry and Finite Element Mesh of the Gas Turbine Blade
Model Used for Thermo-Structural Finite Element Analysis

Mesh Independence Study

A mesh independence study was performed to ensure that the
simulation results were independent of further mesh refinement
[8]. Multiple mesh densities were tested by gradually increasing
the number of finite elements and comparing key output
parameters such as:

e Maximum temperature,

¢ Heat flux,

¢ Von mises stress,

* and total deformation.

The solution was considered mesh independent when successive
refinement produced negligible variation in the calculated
results. The final mesh configuration was selected based on
the optimum balance between computational accuracy and
simulation time [9]. The mesh independence study ensured
reliability and numerical stability of the thermo-structural finite
element simulations performed throughout the investigation.

Thermal Analysis

Steady-state thermal analysis was carried out using ANSYS
Workbench to evaluate temperature distribution, heat flux
variation, and thermal gradients within the turbine blade
models [10]. The thermal analysis simulated realistic operating
conditions encountered in modern gas turbine systems operating
at elevated turbine inlet temperatures.

The following thermal boundary conditions were applied:
*  Hot gas temperature = 1500 K (1227 °C)

*  Cooling air temperature = 600 K (327 °C)

*  Convective heat transfer coefficient = 87.5 W/m*-K

Convective heat transfer was applied over the external blade
surfaces exposed to hot combustion gases, while coolant-air
interaction was modelled through the internal cooling-hole
surfaces [11]. The thermal analysis was performed under steady-
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state conditions assuming constant operating temperature and
continuous cooling flow. The convective heat transfer coefficient
was determined using dimensionless thermo-fluid correlations
involving Reynolds number, Prandtl number, and Nusselt
number relationships [12]. Temperature distribution contours
and heat-flux plots were generated for all blade configurations
and material combinations.

Structural Analysis

Structural analysis was performed by coupling the thermal results
with mechanical loading conditions within ANSYS Workbench
[13]. The temperature field obtained from the thermal analysis
was applied as thermal loading input for structural evaluation.
The structural analysis considered:

»  centrifugal forces,

* rotational loading,

e thermal stresses,

* and deformation behavior.

A rotational speed of 10,000 rpm was imposed to simulate
realistic turbine operating conditions [14]. Thermal expansion
effects resulting from elevated temperature distribution were
automatically  incorporated  through  thermo-mechanical
coupling. Boundary constraints were applied at the blade root
to simulate realistic fixation conditions within the turbine rotor
assembly [15]. The structural analysis evaluated:

e von Mises stress distribution,

e equivalent strain,

»  total deformation,

* and interfacial stress concentration.

Special attention was given to stress concentration regions around
cooling holes and coating interfaces where crack initiation and
thermal fatigue are most likely to occur.

Thermal Barrier Coating (TBC) Modelling

To improve thermal protection capability, a two-layer Thermal

Barrier Coating system was incorporated into the turbine blade

model using Inconel 718 substrate material [16]. The TBC

system consisted of:

e a 250 pm thick Yttria-Stabilized Zirconia (YSZ) ceramic
top coat,

e and a 100 um thick MCrAlY metallic bond coat.

The ceramic top coat acted as a thermal insulator, reducing heat
transfer from hot combustion gases to the substrate material [17].
The bond coat improved adhesion between the ceramic layer
and metallic substrate while also enhancing oxidation resistance
under elevated operating temperatures.

The finite element mesh was refined significantly at coating
interfaces to accurately capture:

e thermal gradients,

e thermal mismatch strain,

« and interfacial stress concentration.

Material properties for the coating layers were assigned using
standard engineering literature data [18]. Thermo-structural
simulations were then performed for both coated and uncoated
blade configurations to evaluate the influence of TBC systems
on temperature reduction and structural behavior.

Thermo-Structural Coupling

Sequential thermo-structural coupling was employed to integrate
thermal and structural simulations within the finite element
framework [19]. In this approach, the temperature distribution
obtained from steady-state thermal analysis was transferred
directly into the structural solver as thermal loading input.

The coupled analysis enabled simultaneous evaluation of:

e temperature distribution,

e thermal stress,

e thermal expansion,

e deformation,

e and stress redistribution.

This approach provides more realistic prediction of turbine
blade behavior under combined thermal and mechanical loading
conditions compared to isolated thermal or structural analysis
methods [20].

Data-Driven Interpretation of Simulation Outputs

In addition to conventional finite element analysis, the present
study incorporated a data-driven interpretation approach
to evaluate cooling effectiveness and thermo-structural
optimization trends [21]. Simulation outputs including:

e heat flux,

e temperature distribution,

e stress variation,

e and deformation characteristics

were comparatively analysed for different cooling-hole
configurations and material combinations. Statistical trend
interpretation was employed to examine the relationship
between cooling-hole density and thermal performance. Heat-
flux variation was analysed using comparative trend evaluation
to identify the optimum cooling configuration capable of
minimizing thermal loading without excessive structural
weakening [22]. The integration of data-driven analysis
with finite element simulations provides deeper engineering
insight into turbine blade cooling behavior and supports the
development of optimized high-temperature turbine blade
systems for aerospace and power-generation applications.

Governing Equations and Theoretical Formulation

The thermo-structural behavior of gas turbine blades operating
under elevated temperature conditions is governed by the
principles of heat transfer, fluid flow, solid mechanics, and
thermal stress analysis [1,2]. In the present investigation,
finite element simulations were supported by thermo-fluid
calculations and analytical formulations to evaluate temperature
distribution, convective heat transfer, thermal stress generation,
deformation behavior, and Thermal Barrier Coating (TBC)
performance under realistic operating conditions. The governing
equations employed in the present study are based on classical
heat-transfer theory, thermo-mechanical relations, and material
deformation principles commonly applied in high-temperature
turbomachinery analysis [3]. These formulations were
integrated with finite element simulations performed in ANSY'S
Workbench to improve the physical interpretation of thermo-
structural behavior observed in the turbine blade models.
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Reynolds Number

The Reynolds number is a dimensionless parameter used to
characterize the flow regime of coolant air passing through
turbine blade cooling channels and film-cooling holes [4]. It
represents the ratio of inertial forces to viscous forces within the
fluid flow.

The Reynolds number is expressed as:
_prp

U

Re

Where:

*  Re=Reynolds number

e p=density of coolant air (kg/m?)
e V= coolant velocity (m/s)

e D= characteristic diameter (m)

e y=dynamic viscosity (Pa‘s)

Higher Reynolds number values generally indicate turbulent
flow conditions, which improve convective heat transfer and
cooling effectiveness within turbine blade systems [5].

Nusselt Number Correlation

The Nusselt number is a dimensionless heat-transfer parameter
representing the ratio of convective heat transfer to conductive
heat transfer within the fluid [6]. In turbine cooling analysis, the
Nusselt number is used to determine the convective heat-transfer
coefficient over the blade surface.

The empirical Nusselt number correlation employed in the
present study is given by:
Nu = CRe"Pr'”?

Where:

*  Nu= Nusselt number

e C= empirical constant

*  Re=Reynolds number

*  m= empirical exponent
e Pr=Prandtl number

The Prandtl number represents the ratio of momentum diffusivity
to thermal diffusivity and strongly influences convective heat
transfer behavior [7].

Convective Heat Transfer Coefficient

The convective heat-transfer coefficient is an important parameter
governing heat exchange between hot combustion gases and
turbine blade surfaces [8]. It determines the rate of convective
heat transfer during turbine operation. The convective heat-
transfer coefficient is calculated using:

he Nuk
L
Where:
. h= convective heat-transfer coefficient (W/m?-K)
. Nu= Nusselt number
. k= thermal conductivity of fluid (W/m-K)
. L= characteristic length (m)

In the present investigation, the calculated convective heat-

transfer coefficient was approximately 87.5 W/m?-K and was
applied as a thermal boundary condition during finite element
simulations [9].

Fourier’s Law of Heat Conduction
Heat transfer through turbine blade materials and coating layers
is governed by Fourier’s law of heat conduction [10].

The law states that heat flows from regions of higher temperature
to regions of lower temperature. The one-dimensional conduction
equation is expressed as:

:—k—
1 dx

Where:
*  g= heat flux (W/m?)
* k= thermal conductivity (W/m-K)

dT .
S temperature gradient
Materials possessing lower thermal conductivity provide
improved thermal insulation and reduced heat transfer into the
substrate material [11].

Thermal Barrier Coating Temperature Drop

The temperature drops across the ceramic Thermal Barrier
Coating layer is evaluated using the thermal resistance concept
[12]. The temperature reduction produced by the coating is
calculated as:

ar =4~
k
Where:
. AT= temperature drop across coating (K)
. g= heat flux (W/m?)
. L= coating thickness (m)
. k= thermal conductivity of coating material (W/m-K)

The YSZ coating layer used in the present study possesses very
low thermal conductivity, enabling substantial reduction in
substrate temperature under elevated operating conditions [13].

Thermal Strain Equation

Thermal expansion of turbine blade materials under elevated
temperatures generates thermal strain within the structure [14].
Thermal strain is calculated using:

e=alAT

Where:

e €= thermal strain

e« = coefficient of thermal expansion (1/K)
*  AT=temperature change (K)

Different materials exhibit different coefficients of thermal
expansion. Mismatch in thermal expansion between coating and
substrate materials can generate significant interfacial stresses
during thermal cycling [15].

Hooke’s Law for Thermal Stress
Thermal stresses generated within turbine blade materials due
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to thermal expansion are evaluated using Hooke’s law [16]. The
stress—strain relationship is given by:

o=F¢€

Where:

e O = thermal stress (Pa)

*  E=Young’s modulus (Pa)
e € =thermal strain

Higher Young’s modulus values generally improve structural
stiffness but may also increase stress concentration under
constrained thermal expansion conditions [17].

Von Mises Stress Criterion

The structural integrity of the turbine blade was evaluated
using the von Mises equivalent stress criterion, which predicts
yielding behavior under combined loading conditions [18]. The
von Mises stress is expressed as:

o, =\/(O-1 _0_2)2 + (o, _2(73)2 + (o, _0-1)2

Where:
e 0,=von Mises equivalent stress
e 0,,05,0;=principal stresses

The von Mises criterion is widely used in thermo-structural
turbine analysis to evaluate stress concentration and structural
failure tendencies [19].

Centrifugal Force Acting on Turbine Blade

During turbine operation, high rotational speed generates
centrifugal forces that contribute significantly to structural
loading [20]. The centrifugal force acting on the blade is
expressed as:

F.=mrw’

Where:

e Fc= centrifugal force (N)

e m=mass of blade element (kg)

*  r=radial distance from rotational axis (m)

e w=angular velocity (rad/s)

Centrifugal loading contributes to tensile stress generation near
the blade root region and significantly influences deformation
behavior [21].

Heat Flux Optimization Relation

To support data-driven interpretation of cooling performance,
heat-flux variation with cooling-hole number was interpreted
using a regression-based optimization relation [22]:

q=a+bN +cN?

Where:

e g=heat flux

*  N=number of cooling holes
* a, b, c=regression constants

The equation represents the nonlinear relationship between
cooling-hole density and thermal performance. The analysis

demonstrates that increasing cooling-hole count beyond
an optimum limit does not necessarily improve cooling
effectiveness due to local thermal redistribution and structural
weakening effects [23].

Calculations
A. Reynolds Number Calculation

The Reynolds number for coolant-air flow through the cooling
holes is calculated using:

Re= PP
y7,
Assume:

*  Density of air, p = 1.225 kg/m?

*  Velocity of coolant air, V=35 m/s

*  Cooling-hole diameter, D = 1.5 x 107m

*  Dynamic viscosity of air, u = 1.81 x 107 Pa.s

Substituting:
_(1.225)(35)(1.5x107)
- 1.81x107°

Re ~ 3553

Re

Since Re > 2300, the coolant flow is turbulent.
B. Nusselt Number Calculation

Using Dittus—Boelter correlation:
Nu = 0.023Re"3Pr0.3

Assume:
e Re=3553
e Pr=0.71

Nu=0.023(3553)°5(0.71)°3
Nu=39.5

C. Convective Heat Transfer Coefficient

Nuk
h=
L
Assume:
e Nu=395

e Thermal conductivity of air:
*  Characteristic length:

k=10.026 W/mK

L=0.012m

= 39.5%0.026
0.012

h=85.6 Wm%k

This value closely matches the applied simulation value of
approximately 87.5 W/m*K.

D. Thermal Strain Calculation

e=aAT
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For Inconel 718:
e O =13x10°9K
e AT =1500— 600 = 900K

€ =13 x 107° x 900
€ =0.0117

E. Thermal Stress Calculation
o=F¢€

Where:
e E=205GPa=205x10°Pa
e € =0.0117

0 =205x10"x0.0117
o =2.40x10° pa
o =2400MPa

This represents the theoretical thermal stress under constrained
expansion conditions.

F. Temperature Drop Across TBC

ar=9-
k

Assume:

*  Heat flux:

*  Coating thickness:

e Thermal conductivity of YSZ:

q=5.45x10°W | m*
L=250x10"m
k=1.0W/mK

5.45%10°)(250x10°°)
1

AT:(

AT =1362.5K

This confirms the strong thermal insulation capability of the
YSZ coating.

Data-Driven Thermo-Structural Optimization

Modern gas turbine engineering increasingly relies on data-driven
analysis and computational optimization techniques to improve
thermal efficiency, cooling effectiveness, and structural reliability
under elevated operating conditions [1], [2]. Conventional
turbine blade investigations generally focus on contour-based
thermal or structural results obtained from finite element
simulations. However, such approaches often provide limited
insight into optimization trends, nonlinear thermal behavior,
and the engineering trade-offs associated with varying cooling
configurations [3]. Therefore, the present study incorporates
a data-driven thermo-structural interpretation framework to
evaluate the influence of cooling-hole density, material selection,
and Thermal Barrier Coating (TBC) application on turbine blade
performance. The primary objective of the data-driven analysis
is to establish a quantitative relationship between cooling-hole
configuration and thermal response using simulation-generated

heat-flux and stress data obtained from finite element analysis
[4]. Comparative interpretation of simulation outputs enables
identification of optimum cooling configurations capable of
minimizing heat transfer while maintaining structural integrity
under realistic turbine operating conditions.

Comparative Thermal Performance Evaluation

The thermal performance of the turbine blade was evaluated
using comparative analysis of:

*  temperature distribution,

e total heat flux,

e thermal gradients,

* and cooling effectiveness

for different substrate materials and cooling-hole configurations.
The finite element simulations revealed that Inconel 718
consistently exhibited lower heat-flux values compared to
Chromium Steel and N-155 alloy due to its superior high-
temperature thermal resistance and lower thermal conductivity
[5]. Furthermore, the incorporation of film-cooling holes
significantly reduced thermal loading on the blade surface
by forming a protective coolant-air layer between the hot
combustion gases and blade substrate. The comparative thermal
analysis demonstrated that the introduction of cooling holes
initially improved cooling effectiveness by reducing heat flux
and lowering local blade temperature. However, excessive
increase in cooling-hole density produced diminishing thermal
improvement and introduced localized thermal redistribution
effects [6]. This behavior indicates that turbine blade cooling
performance follows a nonlinear optimization trend rather than
a simple linear relationship with hole number.

Heat Flux Trend Analysis

To quantitatively evaluate the influence of cooling-hole number
on thermal performance, the simulation outputs were interpreted
using a regression-based trend relation between heat flux and
cooling-hole density [7].

The generalized optimization equation is expressed as:
q=a+bN +cN?

Where:

*  g= heat flux (W/mm?)

*  N=number of cooling holes

* a, b, c=regression constants representing thermal behavior
characteristics

The quadratic nature of the relation indicates that the reduction
in heat flux is nonlinear with increasing cooling-hole count.
Initially, the addition of cooling holes significantly improves
cooling effectiveness due to enhanced coolant-air

coverage over the blade surface [8]. However, beyond an
optimum limit, further increase in cooling-hole density produces
reduced thermal improvement due to:

e local coolant interaction,

e thermal redistribution,

*  reduction in ligament area,

* and structural weakening effects.
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The finite element results obtained in the present study support

this trend. For Inconel 718 blades:

e the solid blade exhibited a heat flux of approximately
6.6267 W/mm?,

*  the 5-hole configuration reduced heat flux to approximately
5.4545 W/mm?,

*  while 9-hole and 13-hole configurations produced slightly
higher values of 5.6263 W/mm? and 6.1293 W/mm?
respectively.

Graph 1: Heat Flux vs Cooling Hole Number

Heat Flux Variation with Cooling Hole Density

6.6

o
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Heat Flux (W/mm?)

] H ] 13
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This trend clearly indicates that the 5-hole configuration provides
optimum cooling effectiveness before the onset of diminishing
thermal returns [9]. Similarly, Chromium Steel blades exhibited
significantly higher heat-flux values under all configurations due
to their comparatively higher thermal conductivity and lower
high-temperature thermal resistance [10]. Although cooling-hole
introduction reduced heat flux initially, excessive perforation
again resulted in less effective thermal optimization.

Statistical Interpretation of Cooling Performance

The data-driven analysis further revealed that cooling
effectiveness depends not only on the number of cooling holes
but also on the interaction between:

*  material thermal conductivity,

e local heat-transfer behavior,

e coolant-air distribution,

e and structural geometry.

The statistical interpretation of simulation outputs demonstrated
that turbine blade cooling behavior cannot be accurately predicted
using simple linear assumptions [11]. Instead, the thermo-
structural response exhibits complex nonlinear characteristics
influenced by coupled thermal and mechanical interactions.

The comparative results indicate that:

e lower thermal conductivity materials exhibit improved
thermal resistance,

*  optimized cooling-hole density minimizes local heat flux,

« andexcessive hole density may generate thermal inefficiency
due to overlapping coolant interaction regions.

Moreover, increasing cooling-hole density reduces the effective
load-bearing cross-sectional area of the blade, thereby increasing
local stress concentration around cooling-hole edges [12].
Consequently, optimization of turbine blade cooling systems
requires balancing:

e thermal protection,
e structural reliability,
* and cooling efficiency simultaneously.

The following important engineering observation was obtained
from the statistical analysis: Statistical interpretation of
simulation outputs revealed that excessive increase in cooling-
hole count does not linearly improve cooling effectiveness due
to local thermal redistribution and structural weakening effects.
This observation highlights the necessity of integrated thermo-
structural optimization rather than isolated thermal-performance
enhancement approaches.

Data-Driven Evaluation of Thermal Barrier Coating Performance
The present investigation also incorporated comparative
interpretation of coated and wuncoated turbine blade
configurations to evaluate the effectiveness of Thermal Barrier
Coatings [13]. The YSZ coating system significantly reduced
substrate temperature due to its low thermal conductivity and
insulating behavior. Simulation outputs indicated that the
TBC system reduced substrate temperature by approximately
250-300 K compared to uncoated configurations. However, the
data-driven analysis also revealed the development of localized
interfacial stresses due to coefficient-of-thermal-expansion
mismatch between the ceramic coating and metallic substrate
[14]. The thermal mismatch strain generated during thermal
loading produced stress concentration near coating interfaces,
which may contribute to:

e crack initiation,

e coating delamination,

e and long-term durability reduction.

Therefore, while Thermal Barrier Coatings improve thermal
protection, their structural implications must also be considered
during turbine blade optimization.

Optimization Insights and Engineering Significance

The integration of finite element simulations with data-driven
interpretation provides deeper engineering insight into turbine
blade cooling optimization compared to conventional contour-
based analysis alone [15]. The present study demonstrates
that optimum turbine blade design requires simultaneous
consideration of:

*  cooling effectiveness,

*  material properties,

e coating performance,

e and structural reliability.

Among the investigated configurations, the combination of:

e Inconel 718 substrate material,

e 5-hole film-cooling configuration,

e and YSZ-MCrAlY Thermal Barrier Coating provided the
best overall thermo-structural performance. This optimized
configuration achieved:

e lower heat flux,

e reduced thermal loading,

e improved thermal resistance,

e reduced deformation,

* and acceptable stress distribution under elevated operating
conditions.

J Supply Chain Manag Smart Netw, 2026

www.oaskpublishers.com

Page: 13 of 22



Copyright © Syed Eirfan Atthar, et al.

Volume 1 | Issue 2

The data-driven thermo-structural optimization framework
developed in the present study provides a reliable computational
approach for advanced turbine blade design and thermal
management applications in aerospace propulsion systems,
power-generation turbines, and high-temperature industrial
turbomachinery [16].

Results and Discussion

The thermo-structural finite element simulations performed
in the present investigation provided detailed insight into the
thermal and structural behavior of gas turbine blades subjected
to elevated operating temperatures and rotational loading
conditions. Comparative analysis was conducted for different
substrate materials, cooling-hole configurations, and Thermal
Barrier Coating (TBC) systems in order to evaluate their
influence on temperature distribution, heat flux, thermal stress,
and structural deformation [1,2]. The results obtained from
ANSYS Workbench simulations demonstrate that turbine blade
performance is strongly influenced by the combined interaction
between material properties, cooling configuration, and
thermal protection systems. The incorporation of film cooling
and Thermal Barrier Coatings significantly improved thermal
protection capability and reduced thermo-mechanical loading
under high-temperature turbine conditions [3].

Temperature Distribution Analysis

The steady-state thermal analysis revealed that the highest
temperature region consistently occurred near the leading edge
of the turbine blade due to direct exposure to high-temperature
combustion gases and stagnation heating effects [4]. The
temperature gradually decreased toward the trailing edge and
internal cooling regions because of coolant-air interaction and
conductive heat dissipation through the blade material. Among
the investigated substrate materials, Inconel 718 exhibited the
lowest overall temperature distribution due to its superior high-
temperature thermal resistance and lower thermal conductivity
compared to Chromium Steel and N-155 alloy [5]. Chromium
Steel experienced comparatively higher thermal penetration
because of its higher thermal conductivity, which allowed
greater heat transfer into the substrate material. The introduction
of radial film-cooling holes significantly reduced blade surface
temperature for all material configurations. Cooling air injected
through the holes formed a protective insulating layer over the
blade surface, thereby reducing direct thermal exposure to the
substrate [6]. The reduction in temperature was particularly
noticeable near the leading-edge region where thermal loading
was maximum. The Thermal Barrier Coating (TBC) system
further improved thermal protection capability by introducing
an additional insulating ceramic layer between the hot gases and
metallic substrate. The YSZ top coat effectively reduced heat
conduction into the substrate material due to its extremely low
thermal conductivity [7].

Simulation results indicated that the TBC-coated Inconel
718 blade exhibited substrate temperature reductions of
approximately 250-300 K compared to uncoated configurations.
The thermal contour plots also demonstrated that increasing
cooling-hole density initially improved temperature reduction.
However, excessive increase in hole number produced relatively
smaller thermal improvement due to overlapping coolant
interaction and local thermal redistribution effects [8]. This

behavior confirms the nonlinear relationship between cooling-
hole density and cooling effectiveness.

Figure 2: Temperature Distribution and Total Heat-Flux
Distribution for the Solid Gas Turbine Blade Under Steady-State
Thermal Loading Conditions

Heat Flux Analysis

Heat flux distribution is one of the most important parameters
governing turbine blade thermal loading and cooling effectiveness
[9]. Comparative heat-flux analysis was performed for all blade
configurations to evaluate the influence of cooling-hole number
and substrate material on thermal performance. The simulation
results showed that solid turbine blades experienced the highest
heat-flux values because of direct thermal exposure without
coolant-air protection. Inconel 718 solid blades exhibited a heat
flux of approximately 6.6267 W/mm?, whereas Chromium Steel
solid blades experienced significantly higher heat flux values of
approximately 12.979 W/mm? [10]. This difference highlights
the superior thermal resistance capability of Inconel 718 under
elevated operating temperatures.

Figure 3: Temperature Distribution and Total Heat-Flux
Distribution for the Optimized Film-Cooled Turbine Blade
Configuration

The introduction of film-cooling holes significantly reduced heat
flux for all blade materials. The 5-hole configuration produced
the lowest heat-flux values among all investigated cases:

e Inconel 718: 5.4545 W/mm?

e Chromium Steel: 10.744 W/mm?

The reduction in heat flux confirms the effectiveness of film
cooling in minimizing direct thermal loading on turbine blade
surfaces [11].

However, increasing the number of cooling holes from 5 to 9
and 13 resulted in slightly increased heat-flux values rather than
continuous improvement:

e 9-hole Inconel 718: 5.6263 W/mm?

e 13-hole Inconel 718: 6.1293 W/mm?

This trend demonstrates that excessive increase in cooling-hole
density does not necessarily improve cooling effectiveness [12].
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The observed behavior may be attributed to:

e coolant-air interaction,

e thermal redistribution,

»  reduction in effective ligament area,

* and localized flow disturbance around closely spaced holes.

Therefore, the data-driven interpretation confirms that the 5-hole
configuration provides the optimum balance between cooling
performance and structural stability. The heat-flux contour
plots further revealed that the maximum heat flux occurred
near the leading-edge stagnation region where direct hot-gas
impingement was strongest [13]. The cooling holes effectively
reduced local heat transfer by forming a protective coolant-air
film over these high-temperature regions.

Table 3: Heat Flux Comparison

it o Incon:ll m‘zzl)s W/ Chr(ovl:;/l:::l 2iteel
Solid Blade 6.6267 12.979
5-Hole 5.4545 10.744
9-Hole 5.6263 11.120
13-Hole 6.1293 11.865

Graph 4: Stress Concentration vs Cooling Hole Density

Stress Concentration with Cooling Hole Density
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Stress and Structural Deformation Analysis

Structural analysis was performed by coupling thermal loading
with centrifugal loading conditions corresponding to a rotational
speed of 10,000 rpm [14]. The thermo-structural simulations
revealed that maximum von Mises stress occurred nearby:

e the blade root,

*  cooling-hole edges,

* and coating—substrate interfaces.

These regions experienced severe stress concentration
because of combined thermal expansion, centrifugal loading,
and geometric discontinuities [15]. Among the investigated
materials, Inconel 718 demonstrated the lowest overall stress
concentration and deformation values due to its superior high-
temperature strength and mechanical stability [16]. Chromium
Steel exhibited comparatively higher stress levels and greater
deformation because of its reduced thermal resistance and lower
creep strength under elevated temperatures. The addition of
film-cooling holes influenced stress distribution significantly.

Although cooling holes improved thermal protection, they also
introduced localized stress concentration around hole edges
due to reduction in effective load-bearing cross-sectional area
[17]. The 13-hole configuration exhibited relatively improved
temperature reduction in certain regions but generated
higher localized stress concentration because of excessive
perforation. The total deformation results indicated that
maximum displacement occurred near the blade tip region due
to centrifugal loading and thermal expansion effects [18]. TBC-
coated blades exhibited slightly lower deformation compared to
uncoated blades because of reduced thermal penetration into the
substrate material. The thermo-structural contour plots clearly
demonstrated that optimization of cooling-hole configuration
must simultaneously consider:

*  thermal protection,

*  stress concentration,

* and structural integrity.

Thermal Barrier Coating Performance

The incorporation of the YSZ-MCrAlY Thermal Barrier
Coating system significantly improved turbine blade thermal
protection capability [19]. The ceramic YSZ top coat acted as an
insulating barrier that reduced conductive heat transfer into the
substrate material. The finite element simulations indicated that
TBC-coated blades experienced substantially lower substrate
temperatures compared to uncoated configurations. The thermal
resistance provided by the ceramic coating reduced thermal
penetration and improved high-temperature operating capability
[20]. However, thermo-structural analysis also revealed the
development of significant interfacial stresses between the
coating and substrate due to mismatch in coefficients of thermal
expansion (CTE) [21].

Graph 2: Temperature Reduction due to TBC
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During thermal loading, differential expansion between the
ceramic layer and metallic substrate generated localized thermal
mismatch strain near the coating interface. The analytical
calculations and finite element simulations estimated interfacial
stress values approaching approximately 500 MPa under severe
thermal loading conditions [22]. Such stress concentration may
contribute to:

*  coating delamination,

e crack initiation,

*  thermally grown oxide formation,
* and long-term coating failure.
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Despite these limitations, the overall thermo-structural
performance of the TBC-coated Inconel 718 blade remained
superior compared to uncoated and Chromium Steel
configurations. The combination of improved thermal insulation
and acceptable structural stability makes TBC-coated Inconel
718 highly suitable for advanced turbine blade applications.

Comparative Thermo-Structural Performance Evaluation

The comparative thermo-structural analysis clearly indicates that

material selection and cooling configuration strongly influence

turbine blade thermal performance and structural reliability [23].

Among the investigated materials:

e Inconel 718 exhibited the best overall thermo-mechanical
performance,

*  N-155 alloy demonstrated moderate performance,

e while Chromium Steel showed comparatively poor high-
temperature behavior.

The optimized configuration identified in the present study
consisted of:

e Inconel 718 substrate material,

e  5-hole film-cooling arrangement,

* and YSZ-MCrAlY Thermal Barrier Coating.

This configuration achieved:

*  the lowest heat flux,

*  reduced substrate temperature,

e lower von Mises stress,

e improved thermal resistance,

* and acceptable deformation characteristics.

Table 4: Comparative Thermo-Structural Performance

Parameter Best Configuration

Inconel 718 — 5 Hole

Lowest Heat Flux

Lowest Thermal Stress Inconel 718 + TBC
Lowest Temperature TBC-Coated Inconel 718
Highest Structural Stability Inconel 718

Optimum Cooling Efficiency | 5-Hole Configuration

The comparative analysis also demonstrates that increasing
cooling-hole density beyond an optimum limit does not
linearly improve thermal performance [24]. Instead, excessive
perforation introduces structural weakening and localized
thermal redistribution effects that reduce overall cooling
efficiency. The integration of finite element simulations with
data-driven interpretation provides deeper engineering insight
into turbine blade optimization compared to isolated thermal
or structural analyses [25]. The results obtained in the present
investigation establish a comprehensive thermo-structural
optimization framework for advanced gas turbine blade cooling
systems operating under elevated thermal loading conditions.

Engineering Significance and Industrial Applications

The thermo-structural optimization of gas turbine blades
plays a critical role in improving the efficiency, durability,
and operational reliability of modern energy-generation and
aerospace propulsion systems [1,2]. As turbine inlet temperatures
continue to increase in order to achieve higher thermal efficiency
and improved power output, the requirement for advanced

cooling technologies and high-temperature materials has
become increasingly important [3]. The findings of the present
investigation provide valuable engineering insights for the design
and development of next-generation turbine blade systems
incorporating optimized cooling configurations and Thermal
Barrier Coating (TBC) technologies. The results obtained from
the finite element simulations demonstrate that the combined
application of optimized film cooling, advanced superalloys,
and ceramic coating systems can substantially reduce thermal
loading, improve structural stability, and enhance service life
under severe operating conditions [4]. The optimized Inconel
718 blade with 5-hole cooling configuration and YSZ-based
Thermal Barrier Coating exhibited superior thermo-structural
performance compared to the other investigated configurations.
Such improvements are highly significant for several industrial
and engineering applications involving high-temperature
turbomachinery systems.

Graph 5: Comparative Heat Flux Analysis
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Aerospace Propulsion Systems

One of the most important applications of advanced turbine
blade cooling systems is in acrospace propulsion engines used
in commercial aircraft, military aircraft, and space propulsion
systems [5]. Modern aircraft gas turbines operate under extremely
elevated temperatures in order to maximize thrust generation
and fuel efficiency. However, such operating conditions generate
severe thermal stresses and oxidation effects within turbine
blade materials. The optimized thermo-structural framework
developed in the present investigation can assist aerospace
engineers in designing turbine blades with improved thermal
resistance and structural durability [6]. The incorporation of
film cooling and Thermal Barrier Coatings reduces substrate
temperature and minimizes thermal fatigue, thereby extending
blade service life and reducing maintenance frequency. In
addition, improved turbine cooling directly contributes to higher
turbine inlet temperatures, leading to enhanced engine efficiency,
lower fuel consumption, and improved aircraft performance [7].
The use of advanced nickel-based superalloys such as Inconel
718 further improves creep resistance and oxidation resistance
under prolonged high-temperature operation.

Thermal Power Plants

Gas turbines are extensively employed in combined-cycle
thermal power plants for electricity generation due to their
high thermal efficiency and rapid operational response [8].
The performance of turbine blades strongly influences overall
plant efficiency, fuel utilization, and operational reliability. The
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optimized cooling configurations investigated in the present
study can significantly improve thermal protection capability
in power-generation turbines operating under continuous high-
temperature conditions [9]. Reduction in blade temperature and
heat flux decreases the risk of thermal fatigue failure and improves
operational stability during long-duration power generation
cycles. Furthermore, the application of Thermal Barrier Coatings
and optimized film cooling reduces maintenance downtime and
replacement costs associated with turbine blade damage [10].
Improved turbine durability ultimately contributes to increased
power plant efficiency and lower operational expenditure.

Industrial Gas Turbines

Industrial gas turbines are widely used in petrochemical
industries, refineries, offshore platforms, and mechanical
drive systems for compressors and pumps [11]. Such turbines
often operate continuously under harsh environmental and
thermal conditions, making thermal management and structural
reliability  extremely important. The thermo-structural
optimization approach developed in the present investigation
provides valuable design guidance for industrial turbine systems
exposed to elevated operating temperatures [12]. The reduction
in heat flux and thermal stress achieved through optimized
cooling-hole configurations can improve long-term turbine
reliability and reduce component failure rates. In industries
where uninterrupted operation is critical, enhanced turbine blade
durability directly improves operational continuity and reduces
shutdown-related losses [13].

Aero-Engine Component Optimization

The findings of the present investigation are also relevant for the
optimization of other high-temperature aero-engine components
such as:

e combustor liners,

* nozzle guide vanes,

«  afterburner components,

* and turbine shrouds [14].

The thermo-structural modelling framework developed in this
study can be extended to evaluate cooling effectiveness and
thermal stress behavior in various aero-engine hot-section
components subjected to severe thermal loading. The integration
of data-driven interpretation with finite element simulations
further enables engineers to optimize cooling performance and
material selection for complex turbomachinery systems [15].

Maintenance Reduction and Service Life Enhancement
Thermal fatigue, creep deformation, oxidation, and coating
failure are among the primary causes of turbine blade degradation
and failure during long-term operation [16]. The incorporation
of optimized cooling systems and Thermal Barrier Coatings
significantly reduces thermal loading on turbine components,
thereby minimizing crack initiation and structural deterioration.
The present study demonstrates that optimized film-cooling
configurations can effectively lower heat flux and reduce thermal
stress concentration under elevated operating conditions [17].
Such improvements directly contribute to:

*  longer component service life,

¢ reduced maintenance frequency,

*  lower replacement costs,

* and improved operational reliability.

e In aerospace and power-generation industries, reduced
maintenance requirements can produce substantial
economic benefits by minimizing operational downtime and
improving overall system availability [18].

Fuel Economy and Efficiency Improvement

Improved turbine cooling enables operation at higher turbine inlet
temperatures without exceeding material limitations [19]. Since
gas turbine efficiency increases with turbine inlet temperature
according to Brayton cycle principles, advanced cooling
technologies contribute directly to improved fuel economy and
thermal efficiency. The optimized thermo-structural configuration
identified in the present investigation allows improved thermal
protection while maintaining acceptable structural stability [20].
Consequently, turbine systems can operate more efficiently with
reduced fuel consumption and improved energy utilization.
The application of advanced cooling and coating technologies
therefore provides both engineering and economic advantages
for modern high-temperature turbine systems operating in
aerospace, industrial, and power-generation sectors.

Engineering Significance of Data-Driven Optimization
Amajor contribution of the present investigation is the integration
of data-driven interpretation with thermo-structural finite
element analysis [21]. Traditional turbine investigations often
rely only on contour-based thermal or stress analysis, whereas
the present study incorporates statistical trend evaluation to
identify optimum cooling performance and thermal behavior.
The regression-based interpretation of heat-flux variation
enables improved understanding of nonlinear cooling behavior
and optimization trade-offs associated with varying cooling-
hole density [22]. Such data-driven optimization frameworks
are highly valuable for future smart turbine design systems
involving:

. machine learning-assisted optimization,

. Al-based thermal prediction,

. digital twin technology,

. and intelligent turbomachinery diagnostics.

The engineering significance of the present work therefore
extends beyond conventional turbine analysis and contributes
toward the development of next-generation intelligent thermal
management systems for advanced turbine applications.

Sustainability and Energy Implications

The development of efficient and reliable gas turbine systems
has become increasingly important in the context of global
energy demand, industrial growth, environmental sustainability,
and emission reduction targets [1], [2]. Modern gas turbines are
widely employed in power generation, aerospace propulsion,
marine transportation, and industrial energy systems due
to their high power-to-weight ratio, compact design, and
superior thermal efficiency [3]. However, increasing turbine
inlet temperatures to achieve higher efficiency simultaneously
intensifies thermal loading, material degradation, fuel
consumption, and maintenance requirements [4]. Therefore,
the optimization of turbine blade cooling systems and thermal
protection technologies plays a critical role in improving the
sustainability and long-term operational efficiency of advanced
turbomachinery systems. The present investigation demonstrates
that optimized film cooling and Thermal Barrier Coating
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(TBC) systems can significantly improve turbine blade thermal
protection and structural reliability under elevated operating
conditions [5]. The reduction in blade surface temperature and
heat flux achieved through optimized cooling configurations
contributes directly to improved thermal efficiency and reduced
energy loss during turbine operation. By minimizing excessive
thermal loading and improving material durability, the proposed
thermo-structural  optimization framework supports the
development of more sustainable and energy-efficient turbine
systems.

Improvement in Thermal Efficiency

One of the primary objectives of modern gas turbine engineering
is to increase thermal efficiency while maintaining structural
reliability under high-temperature operating conditions [6].
According to Brayton cycle principles, gas turbine efficiency
increases with higher turbine inlet temperature (TIT). However,
elevated temperatures also accelerate thermal degradation and
material failure in turbine blade components. The incorporation
of optimized film cooling and YSZ-based Thermal Barrier
Coatings allows turbine blades to operate safely under higher
thermal loads without exceeding material limitations [7].
Reduced thermal penetration into the substrate material enables
higher operating temperatures and improved combustion
efficiency, thereby increasing overall turbine performance.
The optimized Inconel 718 blade configuration identified
in the present study demonstrated reduced heat flux and
improved thermal resistance, indicating improved capability
for high-temperature operation [8]. Such improvements directly
contribute to enhanced thermal efficiency and improved energy
utilization in gas turbine systems.

Fuel Consumption Reduction

Improved turbine cooling effectiveness and thermal management
contribute significantly to fuel economy in both aerospace and
power-generation applications [9]. Turbine blades operating
at lower substrate temperatures experience reduced thermal
degradation and improved aerodynamic stability, enabling
more efficient combustion and energy conversion processes.
The optimized cooling-hole configuration developed in the
present study minimizes thermal loading while maintaining
acceptable structural integrity [10]. Efficient thermal protection
reduces energy losses associated with excessive heat transfer
into turbine components and improves overall engine efficiency.
In aerospace propulsion systems, even small improvements in
turbine efficiency can produce substantial reductions in fuel
consumption over long-duration operation [11]. Similarly, in
combined-cycle power plants, improved thermal efficiency
directly lowers fuel demand and operational costs. Reduced
fuel consumption not only improves economic performance but
also contributes to lower greenhouse gas emissions and reduced
environmental impact associated with fossil-fuel-based energy
systems [12].

Reduction in Greenhouse Gas Emissions

Gas turbine systems operating with improved thermal efficiency
require lower fuel input for equivalent power output, thereby
reducing carbon dioxide (CO:) emissions and other harmful
combustion products [13]. The optimization of turbine blade
cooling systems therefore contributes indirectly to climate-
change mitigation and sustainable energy development.

The use of advanced Thermal Barrier Coatings and high-
temperature superalloys enables operation at elevated turbine
inlet temperatures while maintaining structural durability
[14]. Improved combustion efficiency reduces incomplete
combustion losses and minimizes pollutant formation during
turbine operation. Furthermore, enhanced turbine reliability
reduces the frequency of shutdowns, component replacement,
and maintenance activities, thereby lowering the environmental
impact associated with manufacturing and material consumption
[15]. The implementation of advanced thermo-structural
optimization strategies in industrial gas turbines and aircraft
engines can therefore support global efforts toward cleaner
energy production and sustainable industrial operation.

Material Sustainability and Service Life Enhancement
Turbine blade failure due to thermal fatigue, creep deformation,
oxidation, and coating degradation leads to increased material
consumption, maintenance cost, and industrial waste generation
[16]. Improving the durability and operational life of turbine
components is therefore essential for sustainable engineering
practice. The present investigation demonstrates that the
combination of Inconel 718 substrate material, optimized film
cooling, and Thermal Barrier Coating significantly reduces
thermal stress and deformation under elevated operating
conditions [17]. Reduced thermal loading minimizes crack
initiation and structural deterioration, thereby extending turbine
blade service life.

Longer component life reduces:

*  material replacement frequency,

* industrial waste generation,

*  manufacturing energy consumption,

* and maintenance-related environmental impact.

The use of durable high-temperature materials and advanced
coating systems therefore contributes directly to resource
conservation and sustainable industrial operation [18].

Sustainable Aerospace and Power Generation Applications
The aerospace and power-generation sectors are increasingly
focusing on sustainable engineering technologies capable of
reducing fuel consumption, operational emissions, and lifecycle
environmental impact [19]. Advanced gas turbine systems
with improved cooling efficiency and thermal protection are
essential for achieving these sustainability objectives. The
thermo-structural optimization framework developed in the
present investigation provides valuable engineering guidance
for designing high-efficiency turbine systems suitable for:

*  sustainable aircraft propulsion,

* cleaner power-generation systems,

¢ low-emission industrial turbines,

* and advanced energy-conversion technologies.

The incorporation of data-driven thermo-structural optimization
further supports the development of intelligent turbine systems
capable of predictive thermal management and operational
efficiency enhancement [20].

Contribution Toward Future Sustainable Turbomachinery
Future gas turbine systems are expected to operate at
increasingly higher temperatures and efficiency levels in

J Supply Chain Manag Smart Netw, 2026

www.oaskpublishers.com

Page: 18 of 22



Copyright © Syed Eirfan Atthar, et al.

Volume 1 | Issue 2

response to global energy demand and environmental regulations
[21]. Consequently, the development of advanced cooling
technologies, high-temperature materials, and intelligent
optimization frameworks will become increasingly important
for sustainable turbomachinery engineering.

The present investigation contributes toward future sustainable

turbine development by integrating:

e thermo-structural finite element analysis,

*  cooling optimization,

e Thermal Barrier Coating evaluation,

* and data-driven performance interpretation within a unified
engineering framework [22].

The findings of this study therefore provide a foundation for
future research involving:

*  Al-assisted turbine optimization,

*  machine-learning-based thermal prediction,

» digital twin technologies,

* and sustainable high-temperature energy systems.

Overall, the thermo-structural optimizationstrategies investigated
in the present work support the advancement of energy-efficient,
environmentally sustainable, and technologically advanced gas
turbine systems for future aerospace and industrial applications.

Conclusion

The present investigation carried out a comprehensive
thermo-structural finite element analysis of gas turbine blades
considering the combined influence of material selection, film-
cooling configuration, and Thermal Barrier Coating (TBC)
systems under elevated operating conditions [1], [2]. The study
successfully integrated thermal analysis, structural analysis,
thermo-fluid calculations, and data-driven interpretation of
simulation outputs within a unified computational framework
using ANSYS Workbench. Comparative evaluation was
performed for three substrate materials, namely Inconel 718,
N-155 alloy, and Chromium Steel, using solid blade and film-
cooled blade configurations containing 5, 9, and 13 radial cooling
holes. In addition, a YSZ-MCrAIlY Thermal Barrier Coating
system was incorporated to evaluate coating effectiveness and
thermo-mechanical interaction under high-temperature turbine
conditions.

The simulation results demonstrated that turbine blade
performance is strongly influenced by the combined interaction
between thermal conductivity, cooling-hole density, thermo-
mechanical loading, and coating behavior [3]. Among
the investigated materials, Inconel 718 exhibited the best
overall thermo-structural performance due to its superior
high-temperature ~ strength, oxidation resistance, lower
thermal conductivity, and improved structural stability under
elevated operating conditions [4]. Chromium Steel, although
economically attractive, experienced comparatively higher
heat flux, thermal stress, and structural deformation due to its
reduced high-temperature resistance. The incorporation of
film-cooling holes significantly improved thermal protection
capability by reducing direct thermal exposure to the blade
surface. Comparative heat-flux analysis revealed that the
5-hole cooling configuration produced the optimum cooling

performance among all investigated cases. For Inconel 718
blades, heat flux decreased from approximately 6.6267 W/
mm? for the solid blade configuration to nearly 5.4545 W/
mm? for the 5-hole configuration [5]. However, increasing the
number of cooling holes beyond the optimum limit resulted
in comparatively smaller thermal improvement and increased
structural weakening effects. The data-driven interpretation of
simulation outputs demonstrated that turbine cooling behavior
follows a nonlinear optimization trend rather than a simple linear
relationship with cooling-hole density [6]. Excessive increase in
cooling-hole count produced localized thermal redistribution
and stress concentration effects, thereby reducing overall cooling
efficiency. The regression-based thermo-structural interpretation
confirmed that optimum cooling performance requires balancing
thermal protection and structural integrity simultaneously.
The incorporation of YSZ-based Thermal Barrier Coatings
significantly improved thermal insulation capability and reduced
substrate temperature by approximately 250-300 K compared
to uncoated blade configurations [7]. The ceramic coating
effectively minimized conductive heat transfer into the substrate
material, thereby improving thermal resistance and operational
durability. However, thermo-structural simulations also revealed
the development of significant interfacial stresses near the
coating—substrate interface due to mismatch in coefficients of
thermal expansion (CTE). The calculated thermal mismatch
stress approached approximately 500 MPa under elevated
operating conditions, indicating the possibility of coating
delamination and crack initiation during prolonged thermal
cycling [8].

The structural analysis further demonstrated that maximum von
Mises stress and deformation occurred nearby:

¢ the blade root,

e cooling-hole edges,

* and coating interfaces

due to combined centrifugal loading and thermal expansion
effects [9]. Nevertheless, the optimized Inconel 718 blade with
5-hole cooling configuration and Thermal Barrier Coating
exhibited the most favourable balance between thermal
protection, stress distribution, and structural stability. Overall, the
present investigation successfully established a comprehensive
thermo-structural optimization framework for gas turbine
blades operating under elevated thermal and mechanical loading
conditions. The combination of:

e Inconel 718 substrate material,

e optimized 5-hole film cooling,

e and YSZ-MCrAlY Thermal Barrier Coating

was identified as the most effective configuration for minimizing
heatflux, reducingthermalstress, improvingcoolingeffectiveness,
and enhancing turbine blade durability. The integration of
finite element simulations with data-driven thermo-structural
interpretation provides deeper engineering insight compared to
conventional isolated thermal or structural analyses [10]. The
findings of the present study therefore contribute significantly
toward the development of advanced high-temperature turbine
blade systems suitable for aerospace propulsion, industrial gas
turbines, and thermal power-generation applications.
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Furthermore, the proposed optimization methodology provides a

strong foundation for future research involving:

*  CFD-assisted cooling analysis,

*  Al-based turbine optimization,

*  machine-learning thermal prediction,

* and intelligent turbomachinery thermal
systems.

management

The overall results confirm that integrated thermo-structural
optimization combined with advanced cooling and coating
technologies can substantially improve the thermal efficiency,
operational reliability, sustainability, and service life of modern
gas turbine systems operating under severe high-temperature
conditions.

Future Scope

Although the present investigation successfully established
a comprehensive thermo-structural optimization framework
for gas turbine blades using finite element analysis, several
opportunities remain for extending and improving the current
research in order to achieve more realistic and advanced
turbine-performance prediction capabilities [1], [2]. Future
developments in computational methods, artificial intelligence,
advanced coating technologies, and experimental validation
techniques can significantly enhance the accuracy and industrial
applicability of turbine blade optimization studies. One of
the major future extensions of the present work involves the
incorporation of Computational Fluid Dynamics (CFD)-based
conjugate heat-transfer analysis [3]. In the current investigation,
steady-state thermal analysis was performed using convective
boundary conditions. However, detailed CFD simulations can
provide improved understanding of coolant-air flow behavior,
turbulence interaction, secondary flow structures, and local
heat-transfer mechanisms within film-cooling configurations.
Advanced turbulence models such as:

e k—e,

e k-m SST,

* and Large Eddy Simulation (LES)

can be employed to capture realistic coolant-flow characteristics
and improve prediction accuracy under high-temperature
turbine operating conditions [4]. Future investigations may also
focus on transient thermo-structural analysis instead of steady-
state conditions [5]. Gas turbine blades in practical applications
experience cyclic thermal loading, startup—shutdown conditions,
fluctuating rotational speeds, and transient combustion behavior.
Incorporating transient thermal and structural simulations would
enable detailed analysis of:

*  thermal fatigue,

*  cyclic stress variation,

*  creep deformation,

* and long-term durability behavior.

Another important extension of the present work involves
advanced Thermal Barrier Coating (TBC) modelling [6]. The
current study employed a simplified YSZ-MCrAlY coating
system; however, future research may investigate:

*  multilayer coating systems,

»  functionally graded coatings,

e rare-carth ceramic coatings,

e and nano-structured thermal barrier materials.

Detailed modelling of thermally grown oxide (TGO) formation,
crack propagation, oxidation kinetics, and coating delamination
mechanisms would further improve prediction of coating
durability under prolonged high-temperature operation [7]. The
integration of Artificial Intelligence (Al), Machine Learning
(ML), and optimization algorithms also represents a promising
future direction for advanced turbine blade design [8]. Al-assisted
optimization techniques can significantly reduce computational
cost and improve predictive capability for thermo-structural
analysis. Future studies may incorporate:

e artificial neural networks (ANN),

e genetic algorithms (GA),

e support vector machines (SVM),

»  and response surface methodology (RSM)

for predictive modelling and automated optimization of cooling
configurations, coating thickness, and material selection [9].

Digital twin technology is another emerging research area with
significant potential for turbine blade monitoring and predictive
maintenance applications [10]. Real-time operational data
obtained from turbine systems can be integrated with numerical
thermo-structural models to develop intelligent digital replicas
capable of:

e thermal monitoring,

*  damage prediction,

e life estimation,

* and adaptive cooling optimization.

Experimental validation of finite element simulations is also
essential for improving the reliability and industrial acceptance
of thermo-structural optimization studies [11]. Future
investigations may therefore include:

e wind tunnel testing,

*  high-temperature experimental rigs,

e infrared thermography,

*  strain gauge measurements,

e and thermal imaging techniques

to validate numerical predictions obtained from computational
simulations. Further studies may additionally investigate:

o different cooling-hole geometries,

*  shaped film-cooling holes,

e compound-angle injection,

* internal serpentine cooling passages,

* and hybrid cooling systems

to improve cooling effectiveness and minimize aerodynamic
losses [12]. In addition, future research can extend the present
methodology toward:

*  aero-engine nozzle guide vanes,

e combustor liners,

e turbine discs,

» afterburner components,

* and other high-temperature turbomachinery systems.

The integration of sustainability assessment and lifecycle
analysis with thermo-structural optimization may also provide
valuable insight into environmentally sustainable turbine design
and energy-efficient propulsion systems [13]. Overall, the present
investigation establishes a strong computational foundation for
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future high-temperature turbine blade optimization research.
The integration of advanced numerical methods, intelligent
optimization  techniques, experimental validation, and
sustainable engineering approaches can significantly contribute
toward the development of next-generation gas turbine systems
with improved thermal efficiency, reliability, durability, and
environmental performance.
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