IJRASET

International Journal For Research in
Applied Science and Engineering Technology

" INTERNATIONAL JOURNAL
FOR RESEARCH

IN APPLIED SCIENCE & ENGINEERING TECHNOLOGQGY

Volume: 13 Issue: IV Month of publication: April 2025

DOIl: https://doi.org/10.22214/ijraset.2025.68786

www.ijraset.com
Call: (£)08813907089 | E-mail ID: ijraset@gmail.com




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 13 Issue IV Apr 2025- Available at www.ijraset.com

Design, Analysis and Material Optimization of
Hybrid Cooling for Turbine Blades

Dr. Ajith V S*, Amritha K? Ardra Krishna K°, Arya P C*, Athul Krishna S Nair®
!Assistant Professor, Department of Aeronautical Engineering, Jawaharlal College of Engineering and Technology, Lakkidi,
Mangalam P O, Palakkad, Kerala, India-679301
2345 Scholar, Department of Aeronautical Engineering, Jawaharlal College of Engineering and Technology, Lakkidi,
Mangalam P O, Palakkad, Kerala, India-679301

Abstract: The main goal of the study is to optimize the material and processes utilized in turbine blades to improve their
performance and the cooling efficiency. The most relevant area of interest is the hybrid cooling which initiates the thermal
management problems of air internal turbine blade cooling by combining it with film cooling. The design has been done using
Catia V5 and SolidWorks which includes parameter definitions that result in enhanced optimized blade geometry which further
augmented by the increased air cooling. It is also paramount that the shape, size and placement of the cooling holes be
controlled to improve thermal management while maintaining sufficient structural durability and strength. It is expected that
with these refinements not only the heat dissipation ability of the blade improves but also the thermal loads on the surface will be
reduced, which will enhance the lifespan and performance of the blade. Other analyses will seek to optimize materials to make
them capable of enduring high temperatures while hybrid cooling resistance to thermal and mechanical stress. This study helps
in the development of turbine blade cooling techniques to improve turbine operation performance and efficiency.
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L. INTRODUCTION
Gas turbine blades are important parts in the turbine stage of jet engines and power plants. They tap energy from high-temperature
gases generated in combustion. When the gases flow over the blades they cause the turbine to rotate and transferring thermal energy
to work. The mechanical energy is then used to operate the compressor and produce thrust or electricity. The blades are engineered
to withstand extreme temperatures and rotational stresses without compromising aerodynamic efficiency. The shape and the
alignment of their design are intricately engineered in order to ensure the maximum gas flow maximum extraction of energy and
overall gas turbine system efficiency.
Gas turbine cooling is the methods employed to control the very high temperatures produced inside a turbine especially in parts such
as blades, vanes and combustion chambers. These parts are subjected to hot gases that are usually above 1500°C which are well
above the melting point of even high-end materials such as superalloys. Without cooling these components would quickly fail due to
thermal stress, oxidation and material degradation.
Cooling is needed to maintain structural efficiency and lifespan of turbine parts. Internal air cooling in which cooler compressor air
is passed through hollow blades. The most commonly using techniques are impingement cooling, film cooling, transpiration cooling
and thermal barrier coatings.
Cooling gas turbine requirement becomes increasingly necessary as new turbines seek greater thermal efficiency where they need to
operate at high temperatures. Successful cooling enables turbines to operate under such harsh conditions safely achieving improved
fuel economy, low emissions and more power output. Therefore, the cooling technologies are instrumental in the improvement and
reliability of aircraft engines as well as industrial gas turbines.
Internal cooling is one of the methods in Fig.1 is applied in components that operate at high temperatures like turbine blades to
regulate heat and avoid thermal deterioration. It implies circulating coolant in most cases air inside passages within the component.
Some of the channels used pin fins, serpentine channels and holes for impingement to provide increased heat transfer. The cooling
air picks heat from the walls of the metal and removes it lowering the structure’s general temperature. Internal cooling is crucial in
jet engines and gas turbines where parts are subjected to high temperatures providing reliability, extended life and maximum engine
performance under extreme conditions.
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Fig.1. Internal cooling in blades

Film cooling is a method of cooling turbine blades in Fig.2 shows to shield them from high temperatures by inducing a thin
insulating layer of cool air over the blade surface. This is done by blowing coolant normally compressed air through narrow holes or
slots on the blades. The coolant creates a film that minimizes direct contact between the hot combustion gases and the blade and
consequently reduces the metal temperature. Successful film cooling enhances blade life, thermal efficiency and enables turbines to
run at elevated temperatures. The placement and geometry of cooling holes are key factors in maximizing cooling effectiveness and
reducing aerodynamic losses.
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Fig.2. Film cooling in blades

The hybrid cooling refers to a method of thermal management that involves bending internal air cooling and film cooling to promote
high-temperature parts heat shedding turbine blades. Internal cooling involves circulating the air within passages inside the part to
lower its core temperature. Film cooling expenses coolant into surface holes and creates a safeguarding film across the surface. This
dual strategy maximizes cooling efficiency by managing both internal and surface thermal loads which enables component to be
used in extreme environments. Hybrid cooling enhances component longevity, thermal efficiency and engine overall efficiency
which makes it a necessity in sophisticated aerospace and power generation applications.

1. TURBINE BLADES DESIGNS AND HOLE GEOMETRY

The study focuses on designing a turbine blade with appropriate design of the blade and also the selection of the airfoil. The NACA
2412 airfoil in Fig.3 is selected for its balanced aerodynamic properties which offering moderate lift with low drag making it ideal
for turbine blade applications where efficiency and stability are crucial. Its cambered design enhances lift at lower angle of attack
which is beneficial in cooling techniques relying on airflow control. The leading-edge outer radius of 44.5 mm is critical as it
influences the airflow behaviour, heat transfer and structural strength at the front of the blade. A well-defined leading edge ensures
smoother flow attachment and effective cooling, reducing thermal stresses and improving blade durability under high-temperature
conditions.

N NACA 2.

Fig.3. NACA 2414 airfoil profile
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The no hole design of a turbine blade shown in Fig.4 is the most fundamental type where the blades does not have internal and
external cooling passages. The design has a continuous cross-section throughout the blade which leading to a continuous
aerodynamic profile that is structurally rugged and is easy to produce. The geometry is usually in the form of a streamlined airfoil
shape which lead to maximum aerodynamic efficiency at high-speed flow conditions.

The blade has a dense root section to provide a safe mounting on the rotor disk and a tapering profile towards the tip to ensure stress
distribution. The leading edge is to minimize flow separation while the trailing edge is reduced to keep wake formation low.

Fig.4. Un-holed blade design

The configuration of circular holes in turbine blades in Fig.5 and Table I shows the design parameters. It is important for
maximizing the efficiency of hybrid cooling systems. These holes facilitate internal air cooling as well as film cooling which are
vital to ensure structural integrity and thermal efficiency in high-temperature conditions. The circular holes were located in a way
that facilitated even heat dissipation and minimized thermal gradients on the blade surface. The main goal was to optimize the hole
arrangement to provide effective airflow distribution and maximum surface area coverage for cooling without sacrificing the blade
aerodynamic profile or mechanical integrity. The design procedure was conducted with the CATIA V5 software enabling accurate
3D modelling and detailed depiction of the blade geometry and cooling hole arrangements. The code allowed for integration of
design elements like smooth transition from the hole surface to the blade body with minimum stress concentration and structural
continuity. The produced design forms a basis for conducting more detailed thermal and structural analysis setting the stage for
performance enhancement by employing innovative cooling measures in turbine blades that perform in extreme environments.

Table I: Design parameters of circular hole

SI No Model Description Dimensions
1 Leading edge outer radius 44.5 mm
2 Hole diameter 2 mm
3 Pitch 10 mm
4 Number of rows 15 mm
5 Hole shape Circular

Fig.5. Circular holed blade design
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Double hole turbine blade design shown in Fig.6 and Table Il shows the design parameters which is a sophisticated method to
enhance the efficiency of hybrid cooling systems by improving internal and film cooling mechanisms. The design features two
closely spaced holes that operate together to provide improved coolant coverage and lower surface temperatures compared to single-
hole configurations. The major objective of this design is to optimize the cooling efficiency while reducing the loss of structural
integrity as a result of material removal. The holes were designed through SolidWorks that supported precise 3D modelling and
advanced design fine-tuning. The unwanted holes are removed for making the design simpler. The software supported seamless
incorporation of the holes into the curved blade surface without compromising the aerodynamic shape of the blade.

The distance and alignment of the holes were tailored to balance uniform distribution of cooling air and enhanced film coverage that
is important in safeguarding the blade from elevated thermal loads during operation. Particular attention was paid to the fact that the
design should not introduce excessive stress concentrations or interfere with airflow patterns. The double hole configuration
therefore provides a solid basis for performance analysis and material optimization in high-temperature turbine conditions.

Table I11: Design parameters of double hole

SI No Model Description Dimensions
1 Leading edge outer radius 44.5 mm
2 Hole diameter 2 mm
3 Pitch 10 mm
4 Number of rows 9
5 Hole shape Double circular

Fig.6. Double holed blade design

1. MATERIAL SELECTION AND ANALYSIS OF TURBINE BLADE DESIGN
A conjugate heat transfer (CHT) analysis was conducted in Ansys to simulate the thermal interaction between high-temperature
combustion gases and external ambient air across the wall of a combustion chamber. The materials evaluated includes Inconel-718,
Inconel-738, Ti-4Al-V6 and Ti-6242. The purpose of the study was to model the simulation heat transfer through solid and fluid
domains to support material selection in high-temperature environments. The combustion chamber was exposed to an internal air
temperature of 1600 K. The K-epsilon turbulence model was used to capture the effects of turbulent flow in both fluid regions
ensuring a balance between computational efficiency and accuracy in predicting thermal and velocity fields.
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Fig.7. Meshing of the blade
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In ANSYS the geometry was designed with appropriate thickness to accommodate heat transfer across solid wall. Fluid-solid
interfaces were defined to enable heat conduction and convection. Meshing was refined as shown in the Fig.7 near walls to resolve
boundary layer gradients effectively. Boundary conditions included specified inlet temperature and velocities for both hot and cold
air with pressure outlets to facilitate flow development.

Table I1111: Material Properties
Materials Properties
Thermal Density Specific
Conductivity | (g/cm?) Heat
(W/m K) (I'kg K)
Inconel-718 11.4 8.14 425
Inconel-738 11.2 8.24 585
Ti-4Al-V6 6.7 4.4 562.3
Ti-6242 6.92 5.54 460

The thermal properties of the materials shown in Table I11 as conductivity, specific heat, and density were input to define the solid
region. Steady-state simulations were run until convergence was achieved for temperature and flow parameters.
Table IVV: Specification of Analysis

SI No Boundary Value
Conditions
1 Inlet velocity 30 m/s
2 Hole inlet velocity 5m/s
3 Temperature 1600 K
4 Viscous model K-epsilon
5 Initialization Hybrid initialization

Table IV shows the specification of analysis. The study setup enabled temperature distribution, heat flux and wall thermal behaviour
providing a basis for assessing material performance in high-thermal-load environments without focusing on specific results as
shown in Fig.8.

~ Fig.8. Analysis of the blade

2608

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 13 Issue IV Apr 2025- Available at www.ijraset.com

V. MATERIAL OPTIMIZATION

Material optimization in Fig.9 aims at the selection and strengthening of materials to resist severe thermal and mechanical loads and
enhance the effectiveness of hybrid cooling in turbine blades. Inconel-718, Inconel-738, Ti-4Al-VV6 and Ti-6242 are the major
materials under consideration which are selected based on their strength at high temperature, oxidation resistance and thermal
fatigue behaviour. All these materials were tested against thermal conductivity, specific heat and density according to turbine
operating conditions.

Inconel alloys as nickel-based super alloys possess great strength and high-temperature corrosion resistance hence are suitable for
areas subjected to maximum thermal loading. Titanium alloys as Ti-4Al-V6 and Ti-6242 have a good strength-to-weight ratio and
good thermal stability thus they are appropriate for cooler areas or where weight minimization is necessary. Optimization was
achieved by correlating performance under hybrid cooling encompassing internal air cooling and film cooling. Thermal analysis
through Ansys revealed the hot spots of thermal stress which influenced the placement of material. The aim is to employ heavier
and more heat-capable alloys where necessary and lighter alloys elsewhere striking a balance between durability, efficiency and
weight. This material-adaptive design enhances blade life and overall turbine performance.

MATERIAL ~ HOLETYPE  INLETTEMPERATURE(K)  BLADE SURFACE TEMPERATURE(K) ~ PERCENTAGE REDUCTION IN TEMPERATURE
nconel- 718~ NoHole 1600
Circular Hole 1600 127814 851
Double Hole 142885 107
Inconel-738 ~ NoHole 1600
Cireler Hole 1600 1118325 01
Double Hole 1421909 118
Ti- Al Ve No Hole 1600
Cireular Hole 1600 119,564 00
Double Hole 1450562 034
Ti-6242 NoHole 1600
Cireular Hole 1600 1114106 037
Double Hole 1440.8% 0%

Fig.9. Optimized values from the Analysis
V. RESULT

On the basis of comparative examination of the designs of turbine blade cooling no holes, circular holes and double holes. The
Fig.10 shows the optimal result by percentage reduction in temperature for different materials. The circular hole design was the
most efficient in minimizing blade temperature. Out of the materials that were tested, Ti-6242 showed optimal performance with the
circular hole design and experienced a substantial decrease in temperature of 30.37% in comparison with the no-hole and double
holed models. This shows Ti-6242 has high thermal resistance and suitability with hybrid cooling methods. On the other hand, in the
double hole configuration Inconel-738 revealed the best possible results with a temperature reduction of 11.13%. Though double
hole geometries offered relatively moderate cooling, their performance was significantly lower than that of circular holes. Hence,
the design of the circular hole with Ti-6242 is the most efficient pair to improve turbine blade thermal performance.
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Fig.10. Percentage reduction graph
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VI. CONCLUSION

The research highlights about the combination of internal air cooling and film cooling known as hybrid cooling the study aimed to
optimize hole geometries in order to enhance heat transfer and minimize thermal stresses. The use of advanced materials like
Inconel-718, Inconel 738, Ti-4Al-V6 and Ti-6242 was under consideration based on their higher thermal and mechanical properties
at elevated temperatures. Designing performed with the use of CATIA involved the creation of various hole shapes and
configurations to find out their influence on cooling performance. The following analysis phase which is carried out in Ansys will
perform thermal simulation to analyze the efficiency of every geometry and material. The end target is to determine a best-of-breed
cooling design and material combination that will maximize heat transfer, minimize thermal fatigue and guarantee turbine blade
longevity under severe conditions. The present work has the key potential for break throughs in advancing turbine technology
towards improved efficiency and reliability for aerospace and power generation sectors.

VIl.  ACKNOWLEDGMENT
We would like to express my sincere gratitude to all those who contributed to the successful completion of this research. We are
especially thankful to our guide for their invaluable support, guidance and encouragement throughout our journey. We also extend
our appreciation to the faculties and staff of Aeronautical Department, Jawaharlal College of Engineering and Technology for
providing the necessary resources and a conducive environment for this work. Lastly we would like to thank our family and friends
for their constant support and motivation.

REFERENCES

[1] X. Wang, H. Xu, J. Wang, W. Song, and L. Wang, “High pressure turbine blade internal cooling in a realistic rib roughened two-pass channel,” Int. J. Heat
Mass Transf., vol. 170, p. 121019, 2021, doi: 10.1016/j.ijheatmasstransfer.2021.121019.

[21 A A.J. A-L., “Thermal Analysis of Cooling Effect on Gas Turbine Blade,” Int. J. Res. Eng. Technol., vol. 03,n0. 03,
pp.603610,2014,doi:10.15623/ijret.2014.0303112.

[3] X. Meng, Y. Zhu, Y. Wang, and C. Liu, “Study on turbine blade overall cooling effectiveness under thermal radiation and non-uniform inlet temperature,” Case
Stud. Therm. Eng., vol. 61, no. May, p. 105025, 2024, doi: 10.1016/j.csite.2024.105025.

[4] S.Lee, W. Hwang, and K. Yee, “Robust design optimization of a turbine blade film cooling hole affected by roughness and blockage,” Int. J. Therm. Sci., vol.
133, no. February, pp. 216-229, 2018, doi: 10.1016/j.ijthermalsci.2018.07.012.

[5] S. Dhivya and A. Karthikeyan, “Design and analysis of gas turbine blade with cooling,” EAI Endorsed Trans. Energy Web, vol. 18, no. 20, 2018, doi:
10.4108/eai.12-9- 2018.155742.

[6] W.Wang et al., “Multidisciplinary Design Optimization of Cooling Turbine Blade: An Integrated Approach with R/ICSM,” Appl. Sci., vol. 14, no. 11, 2024,
doi: 10.3390/app14114559.

[71 T. M. Wolff, C. P. Bowen, and J. P. Bons, “The effect of particle size on deposition in an effusion cooling geometry,” AIAA Aerosp. Sci. Meet. 2018, no.
February, 2018, doi: 10.2514/6.2018-0391.

[8] L. Xu, Z. Sun, Q. Ruan, L. Xi, J. Gao, and Y. Li, “Development Trend of Cooling Technology for Turbine Blades at Super-High Temperature of above 2000
K,” Energies, vol. 16, no. 2, 2023, doi: 10.3390/en16020668.

[9] S.Yanetal., “Advances in Aeroengine Cooling Hole Measurement: A Comprehensive Review,” Sensors, vol. 24, no. 7, 2024, doi: 10.3390/s24072152.

[10] S. Dutta, I. Kaur, and P. Singh, “Review of Film Cooling in Gas Turbines with an Emphasis on Additive Manufacturing-Based Design Evolutions,” Energies,
vol. 15, no. 19, 2022, doi: 10.3390/en15196968.

[11] C. Zhang and M. Janeway, “Optimization of Turbine Blade Aerodynamic Designs Using CFD and Neural Network Models,” Int. J. Turbomachinery, Propuls.
Power, vol. 7, no. 3, 2022, doi: 10.3390/ijtpp7030020.

[12] H. Zhang, J. Gou, P. Yin, X. Su, and X. Yuan, “Film-cooling hole optimization and experimental validation considering the lateral pressure gradient,” Front.
Mech. Eng., vol. 8, no. January, pp. 1-12, 2023, doi: 10.3389/fmech.2022.973293.

[13] J. O’Hara and F. Fang, “Study on magnetohydrodynamic internal cooling mechanism within an aluminium oxide cutting tool,” Int. J. Adv. Manuf. Technol.,
vol. 132, no. 9- 10, pp. 4435-4460, 2024, doi: 10.1007/s00170-024-13542-7.

[14] X. Qingzong, D. Qiang, W. Pei, and Z. Jungiang, “Computational study of film cooling and flowfields on a stepped vane endwall with a row of cylindrical hole
and interrupted slot injections,” Int. J. Heat Mass Transf., vol. 134, pp. 796-806, 2019, doi: 10.1016/j.ijheatmasstransfer.2019.01.093.

[15] S Krishnamoorthi, M. Prabhahar, S. A. M. Hassan, F.Imam, and F. Ahmad, “Design and Analysis of a Gas Turbine Blade by Using FEM,” AIP Conf. Proc.,
vol. 2523, pp. 479-486, 2023, doi: 10.1063/5.0113223.

©NRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 2610



d lIsRA

ef n\m
cross’ COPERNICUS

10.22214/1JRASET 45,98 IMPACT FACTOR: IMPACT FACTOR:
7.129 7.429

INTERNATIONAL JOURNAL
FOR RESEARCH

IN APPLIED SCIENCE & ENGINEERING TECHNOLOGY

Call : 08813907089 (V) (24*7 Support on Whatsapp)




