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Abstract.  The engine parts material used in gas turbines (GTs) should be resistant to high-temperature variations.
Thermal barrier coatings (TBCs) for gas turbine blades are found to have a significant effect on prolonging the life
cycle of turbine blades by providing additional heat resistance. This work is to study the performance of TBCs on the
high-temperature environment of the turbine blades. It is understood that this coating will increase the lifecycles of
blade parts and decrease maintainence and repair costs. Experiments were performed on the gas turbine blade to see
the effect of TBCs in different combinations of materials through the air plasma method. Three-layered coatings
using materials INCONEL 718 as base coating, NiCoCrAl'Y as middle coating, and La,Ce,O~ as the top coating was
applied. Finite element analysis was performed using a two-dimensional method to optimize the suitable formulation
of coatings on the blade. Temperature distributions for different combinations of coatings layers with different
materials and thickness were studied. Additionally, three-dimensional thermal stress analysis was performed on the
blade with a commercial code. Results on the effect of TBCs shows a significant improvement in thermal resistance
compared to the uncoated gas turbine blade.

Keywords: materials; turbine blade; coatings; thermal analysis; finite element method; plasma spray

1. Introduction

In the development of science and technology, the need for aero engines with high performance
is increasing rapidly. As we all know, the most efficient way to meet this need is to achieve a high
inlet temperature of the gas turbine. High turbine inlet temperature can increase the stress level
subsequently, and this affects the reliability and life of an engine. So, a material that can sustain
high temperatures must be used to improve the turbine performance in an engine. The turbine
blades have become limiting components for gas turbines. The turbine blades frequently use
progressive materials such as superalloys and numerous dissimilar approaches of cooling; for
example, internal air channels, boundary layer cooling, and TBCs. The TBCs materials find the
most exceptional applications in fabulously sophisticated temperature mechanisms in aircraft
engines due to high-temperature resistance and low thermal conductivity. The TBCs provides more
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significant insulation characteristics; it can be an advantage for change in available temperature to
the maximum temperature. The flow characteristics related to the cooling requirements influence
the insulation properties of TBCs. Hence, to study more about TBCs literature, an extensive
experimental study has been performed in the TBCs and TGO systems to identify the current
challenges and research gap.

2. Literature review

Since the last four decades, TBC’s system has been found suitable in high-temperature
applications due to its high temperature resisting characteristics. Many types of research have been
conducted on their performance evaluation, and the coating technology applied to them has proved
to be more advantageous in improving their thermal properties. Aircraft gas turbine engine and
power generation plants operate at high turbine inlet temperature or combustion temperature to
obtain high thermal efficiency. It has been observed that when the parts made up of Nickel-base
super alloy get in contact with flame, this superalloy has high resistance to heat. Evaluating the
effects of compositional variations on the performance of TBC’s system for airplane engine
components, Stecura (1979) used Ni-base bond coatings and zirconium oxide layers as a fragment
of ongoing exertion to grow TBC’s system. This TBC’s technique increased heat resistance.
However, the delamination caused by the growth of TGO decreases the life of TBC’s system (Lee
et al. 2015). The CoNiCrAlY bond coats were used as TBC’s system, deposited by cold gas-
dynamic spray method. The oxidation behavior of this system was investigated under isothermal
oxidation at 1000°C, 1100°C, and 1200°C for 8, 24, 50, and 100 h, respectively, and oxidation
growth kinetics of TGO was determined (Karaoglanli et al. 2016).

The thermal conductivity of spark plasma sintered yttria-stabilized zirconia (YSZ) model,
TBC’s containing 10 or 20 vol.% of MoSi2 healing particles, was investigated using the laser flash
method (Kulczyk-Malecka et al. 2016). TBC’s crack surface and TGO formation layers at the
interface were studies by performing their oxidation and thermal cycling tests (Doleker et al.
2018). Dautov et al. (2019) used the suspension plasma spraying technology for increasing the
thermal and mechanical properties of the TBC’s. Coating technology was also investigated from
the detonation-gun-sprayed NiCrAlY, and 80Ni-20Cr coating applied to the alloy of
X22CrMoV12-1 at 600°C for corrosion studies (Subramani et al. 2019). Rousseau et al. (2019)
explained the progressive injection method for the repair of damaged thermal barrier technology.
Miller (1997) advanced the application of low-risk turbine section TBC’s from the laboratory and
essential portion of engine design and useful to progressive air-cooled, super alloy mechanisms.
Choi et al. (1999) studied the multi-layer TBC’s on super-alloy substrates comprising of an inter-
metallic bond coat. The TGO layer and a porous zirconia topcoat that affords thermal protection
was also evaluated. Similar studies have been done in TBC’s method that implemented multiple
vanes using plasma spray (physical vapor deposition technology). Moreover, the preparation and
distribution analysis was also explained (Mao et al. 2017). Rosler et al. (2001) calculated the
mechanical loading of the TBC’s or bond coat interface region for a TBC’s coated superalloy
specimen using an FE method. Aabid and Khan (2018) focused on the design of turbine blade and
coating materials using a numerical approach, and experimentally tested a turbine blade with and
without coatings at the high-temperature range.

Sadowski and Golewski (2012) investigated the effectiveness of the protection of turbine
blades through TBC’s and internal cooling under thermal shock cooling via ABAQUS simulation.
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Sadowski and Pietras (2016) numerically analyzed a cooled turbine blade with various kinds of
functionally graded thermal coatings to find the optimal material properties distribution of the
functionally graded TBC’s thereby avoiding the damage initiation and growth between TBCs and
substrate. Moskalenko and Kozhevnikov (2016) also used the numerical analysis for the
investigation of thermally stressed gas turbine elements, first stage power turbine blades, and
cooling efficiency. Biatas (2008) has made a similar approach to numerical simulation for crack
development within atmospheric plasma spraying (APS) TBCs system. He modeled the thermally
grown oxide (TGO) thickening and creep deformation of all system constituents. FE model of
turbine blade coated with multi-layer-structure TBCs was developed, in which conjugate heat
transfer analysis and the decoupled thermal-stress calculation method was adopted. The value
closer to the actual temperature field was obtained the external flow field was performed and
analyzed using three turbulence models: RNG k-¢, realizable k-¢, and SST k- turbulence model
(Zhu et al. 2017). However, according to the numerical studies, most of the work has been done
through the ABAQUS tool, and progressive cooling effects through the coating’s material on
blades were investigated.

Tang et al. (2015) studied the thermal-stresses and temperature distribution in different service
stages with a two-dimensional model of a TBC’s turbine blade. Ali and Janajreh (2015) numerical
studied the various heat transfer configurations of jet impingement on a semi-circular surface.
These configurations were compared for efficient heat transfer by achieving higher Nusselt
number and lower surface temperature as convection heat, this has become the dominant
phenomenon. Zhu et al. (2015) investigated the consequence of the morphology of TGO on the
stress distribution under the growth of repeated thermal loading. A TBC’s gas turbine blade was
modeled using the FE method and coatings deposition process, high-temperature creeps, and
elastic-plastic behavior were investigated. Hwang et al. (2016) reported the steady-state and
unsteady-state conjugate heat transfer of a high-pressure gas turbine blade.

Furthermore, the solid and fluid domains were calculated by ANSYS simulation. Liu et al.
(2016) investigated the insulation properties of TBC’s by link flow and heat transfer analysis with
the selection of a multi-layer blade. Li et al. (2017) investigated the changes in microstructure and
properties of Nano-structured TBC’s during thermal exposure to reveal the sintering mechanism
operative in these coatings. Mafeed et al. (2012) performed the heat transfer analysis of pin fins of
various geometries like circular, triangular, and rectangular, and thus found the optimum design.
Moreover, it considered the fin with convective boundary tip and solved analytically the equation
governing the one-dimensional heat conduction in the fin for obtaining the temperature
distribution and heat transfer rate. Umair et al. (2018) studied the characteristic of heat dissipation
rate, a variation of Nusselt number versus radial distance over the target surface. They found that
the magnitude of the Nusselt number decreases gradually with the increase in the radial distance
away from the jet.

Gentleman and Clarke (2004) examined the restrictions of phase compatibility with the
thermally grown aluminum oxide. They studied the aging and degradation mechanism of a modern
standard TBC’s system and found that the advanced TBC’s operating at higher temperatures and
for very long durations in commercial aircraft applications need further developments (Bacos et al.
2011). Zhao et al. (2011) carried out pulsed thermography for non-destructive evaluation of as-
sprayed APS TBC’s and their microstructure revealed the essential information about defective
position and degree; evidenced by their thermal images corresponding to subsurface pores and
cracks. Proton microscopy scanning carried out to determine the distribution patterns of existing
elements in the matrix of base alloy and the successive coatings and refurbished turbine blades by
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(Kakuee et al. 2015).

Hernandez et al. (2009) investigated a fatigue cracks initiation in TBC’s blade subjected to
thermal gradient mechanical fatigue testing. The development of the cracks of interest, the thermo-
mechanical response of the bond coat and the TGO were examined and quantified through FE
analysis. Ogiriki et al. (2015) analyzed the performance-based creep life estimation model capable
of predicting the impact of different forms of degradation on the creep life of gas turbines. The
model comprises of performance, thermal, stress, and life estimation models. A high-pressure
turbine blade as the life-limiting component of the gas turbine was investigated, and stress analysis
of the plasma sprayed TBC’s system using three-dimensional coating interfaces was done using
the FE approach. Then, the three-dimensional coordinates of the coating surfaces were measured
through the three-dimensional reconstruction of scanning electron microscope images (Kyaw et al.
2017). To evaluate whether the residual stresses related to failure are highly localized and may be
enough for crack nucleation, but not for crack propagation and crack failure. A fracture mechanics
approach was used, the cracks were modeled in the critical areas of the TBC’s system and assessed
using the modified crack closure integral method for determining the mode-dependent crack
loading. The crack propagation capability was then predicted using a mix-mode failure criterion
and proper fracture toughness data (Aktaa et al. 2005). Moon et al. (2015) investigated the thermal
stress effect on the creep lifetime for a combustion liner in a gas turbine engine. For the calculation
of the thermal stress of a combustion liner, the three-dimensional analysis was performed using an
FE method.

Padture et al. (2002) reviewed the study of aircraft and industrial gas turbine engines, which
has the most complex structure of TBC’s, and it operates in the most demanding high-temperature
environment. A similar review on the TBC’s system and challenges on future research were also
done by the authors (Bakan and VaRen 2017, Ma and Ruggiero 2018, Saif et al. 2019). Hermosilla
et al. (2009) overviewed the new program of modeling work, which was undertaken to understand
the development of stresses due to the growth of the oxide layer. Kumar and Kandasubramanian
(2016) reviewed various processing techniques and design methodologies for TBC’s. The study
focused mainly on particle technology and the inter-relationship between particle preparation,
modification, and the resulting properties. To assist developments in advanced and novel TBC’s
for applications of engineering has been studied. Vardelle et al. (2016) reviewed thermal spray
technology and explained its practices and progress in engineering applications. They divided the
work into three main categories to express the challenges and recommendations. According to the
review studied, it has been found that several studies have been carried out by the researchers on
the TBC’s system, and most of the work has been done through numerical simulations.

From the literature survey, it has been found that most of the work has been done through
numerical methods using ANSYS, ABAQUS, and other relevant tools. However, experimental
work was done by a few researchers. It is evident from the literature that the TBC’s and TGO
systems have been utilized for thermal analysis, stress analysis, and coating technology. Moreover,
the TBC’s regime is found to be favorable in failure and creep structure repair to increase the life
of the structures. TGO system is beneficial in coatings technology as it improves the cooling effect
of turbine blades subjected to high-temperature operating conditions. In addition, numerous
materials have been used as coatings for turbine blades. In this work, the focus is on different
combinations of the coating material and modeling of a turbine blade using the finite element
method. The two-dimensional FE results, which were obtained from the simulation, were used for
the validation of experimental study. The experimental, as well as simulation study, was
performed only for one case. For this purpose, a three-dimensional gas turbine blade was designed
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and modeled for structural and thermal loading conditions. Thus, this paper presents the design
and analysis of TBC’s by studying the steady-state conjugate heat transfer through a different layer,
and the combination that provides maximum thermal resistance was determined.

3. Experimental work

Various procedures can be utilized to make TBCs on turbine blades. Some of the steps include
coloration, masking, degreasing, vapor blasting, and heating. In the present study, the air plasma
method (APS) is used to create laminates of TBCs layers in the gas turbine blade (Aabid and Khan
2018). The coating materials used in the study are isotropic, homogenous, and temperature
independent.

The Initial coating was done by using INCONEL 718 superalloy with a thickness of 1 mm. The
second layer bond coating was done by using a Nano-structural ceramic-metallic composite
(NiCoCrAlY), with a thickness of 0.15 mm. The third and final layer coating was done using a
ceramic composites-La,Ce,O7 with a thickness of 0.09 mm. A gap of about 24 hours is given
between each layer of coatings for proper application and curing purposes. The thickness of each
coating material was measured after each application based on the applied quantity. Fig. 1 shows

Fig. 1 Coated blade

(b)
Fig. 2 Gas turbine blade (a) Before Hear treatment; (b) After Hear treatment
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the turbine blade after the coating. Initial thermal tests were carried out by heating the TBC coated
turbine blades to 650 deg C for approximately 60 mins. TGO formation of about 0.01 mm was
noticed during the inspection of the turbine blade after heating. The measurement of thermal
conductivity of the TGO was found to be 4.0 W/m K. Figs. 2(a) and (b) represent the turbine blade
without heat and with heating, respectively.

The temperature distribution through the cross-section of the blade material was measured with
and without TBCs. Fig. 2(a) shows the turbine blade before heating. It can be observed that the
color is grey before heating, and it turns bluish color after heating, as can be seen from Fig. 2(b).
The temperature value decreased after the application of the coating.

4. Finite element modelling and analysis
4.1 Two-dimensional modelling

A two-dimensional (2D) numerical model is designed using the finite element method through
the ANSYS Parametric design language (APDL) tool. Different coating layers are applied in a 2D
model. A two-dimensional model of blade surface was designed, and the coatings of varying
thicknesses and combinations were applied on its surface. Investigations were carried out by
varying the coating material combinations. Simulations were also done by using higher
temperature on the coatings to study the performance effect of coated materials.

4.1.1 Heat transfer analysis by changing coatings material on the laminates

Optimization of the TBC combinations was done on the laminated materials for the temperature
distribution. In the present study, four different cases were simulated to optimize the combinations
of coatings material with desired thicknesses. The thickness of the respective layer, along with
their thermal conductivities, are mentioned. The film coefficient and the temperature of the turbine
inlet gas is 2028 W/m?k and 1373 K.

The thicknesses and thermal conductivities of coatings layers are; convective elements (hot gas)
of 0.01 mm thickness. Topcoat (La>Ce20;) of 0.15 mm thickness and 0.65 W/m K of thermal
conductivity. Bond coat (NiCoCrAlY) of 0.09 mm thickness and 17.0 W/m K of thermal
conductivity. Superalloy (INCONEL 718) of 1 mm thickness and 25.0 W/m K of thermal
conductivity.

4.1.2 Three-dimensional modelling of blade

A three-dimensional first-stage rotor blade in a gas turbine along with the periphery of the hub
is designed using CATIA V5 shown in Fig. 3. The geometry of the turbine is drafted based on the
dimension of the NASA rotor 37. Table 1 illustrates the dimension of the blade designed.

The TBCs are composed of three-layer coatings, a superalloy INCONEL 718 of 1 mm as a first
coat. Next, a Nano-structured ceramic-metallic composite NiCoCrAlY as a bond coat of 0.09 mm.
Lastly, the ceramic composite La>Ce20- as a topcoat of 0.15 mm on the nickel alloy substrate. The
materials properties are listed in table 2.

4.2 Meshing and boundary conditions

The initial condition of the blade consists of room temperature of 300 K, and the applied
temperature in a blade section is 1373 K The film coefficient of the gas turbine inlet is 2028 w/m?k
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37 .00

(d)
Fig. 3 FE model and dimension of a gas turbine rotor blade

Table 1 Dimensions of the gas turbine blade

100.36

SECTION A-A
SCALE1:1

(e)

Parameters

281

Chord Length of Blade 30 mm
Height of Blade 52.80 mm
Total height (blade height + hub) 100.36 mm
Trailing edge Thickness 0.8 mm
Leading-edge Thickness 2 mm
Table 2 Material properties
Material properties Topcoat Initial coat Bond coat  Substrate
Young's Modulus (GPa) 49 200 200 220
Density (kg/md) 5730 8220 7200 8908
Poisson’s ratio 0.1 0.294 0.3 0.208
Thermal conductivity (W/m K) 0.65 25 17 11.3
Thermal expansion coefficient (x10-6/K) 9.0 16.2 13.6 14

as per the two-dimensional studies.

The geometrical model was imported into the hyper mesh. Structural mesh with tetrahedron
elements was used. Insignificant geometrical shapes were eliminated to avoid meshing
complications, as shown in Fig. 5. The minimal mesh sizes of the blade’s cross-section (airfoil)
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Fig. 4 Mesh model of turbine blade along with hub heat transfer analysis

Fig. 5 FE mesh of a gas turbine blade

and platform were chosen as 0.8 mm; the total number of elements was approximately 1,19,885,
with 2,37,402 nodes. The meshing of the TBCs was done using 3D shell elements.

The three layers of TBC's over the nickel superalloy substrate of turbine blade have meshed
independently with different thicknesses. The boundary conditions are defined, and the turbine
blade is analyzed. The boundary conditions are determined by considering the surface of the blade;
the blade consists of a total of three surfaces (top, bottom, and blade). The bottom face of the hub
is considered as a fixed end, and the top surface of the blade referred to the free end.

The effect of temperature and induced stresses on the turbine blade were investigated through
the analysis. Thermal analysis has been carried out to examine the direction of the temperature
flow due to the thermal loading. A thermal-structural analysis was done to find the stresses and
displacements of the turbine blade. The details of the thermal barrier coatings are shown in Fig. 6.

4.3 Mesh independence study

Mesh independence study was done by analyzing the thermal-stresses on the 3D blade model
with TBCs the different mesh types that were observed by varying the element size. Simulations
were done on a PC that runs on Intel(R) Core i7-3770 CPU @ 3.40 GHz, 16.0 GB RAM, and
Windows-10 64-bit operating system structured grid was used to mesh the blade, 1st coat, 2nd coat,
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and 3rd coat. Unstructured meshing was used for the design of the hub of the blade. Table 3
illustrates the mesh size for all the elements Von Mises stress value was improved with a slight
variation of the mesh, leading to a maximum relative difference of 5 percent. This evaluation
shows that the medium mesh is more effective with about half the run time compared to the fine
mesh, and hence, this mesh size was used for the rest of the simulations.

1% Coating with 1
mm of Inconel

2™ Coating with 0.09 mm
3" Coating with 0.01 mm

™ Coating with 0.15 mm

(@)

3rd Coating with
001t mm T |

2nd Coating with
]
15tCoating witr/

mm of Inconel

(b)
Fig. 6 Coatings a gas turbine blade (a) FE Model (b) FE Mesh

Table 3 Mesh independence test

Mesh type No. of elements CPU runtime (seconds)  Von Mises stress (GPa)
Coarse 68,920 1309 4.32
Medium 1,19,885 2644 3.09

Fine 1,93,981 4891 2.92
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5. Results and discussion

The results obtained from experiments and numerical methods are discussed based on thermal
and thermal and structural analysis.

5.1 Experimental results

The present experimental work is only limited to the coating's effects and thermal conductivity
test with and without coating, which is shown in Figs. 1 and 2. The study includes the fabrication
of the turbine blade with the TBCs materials based on the results obtained from heat transfer
analysis for different coatings materials. The turbine blade of nickel superalloy is used as the
experimental specimen’s material, which has the high-temperature resisting capacity in the hot
component, which in turn increases the service life of the blade. The air plasma method was used
for the fabrication of the TBCs on the gas turbine blade, which consists of three layers of coatings
effects; initial coat, bond coat, and topcoat.

Finally, the obtained experimental result for the single case of coatings material has been found
455 K of TBCs temperature in thermal conductivity test. Moreover, our experimental work is
limited to only two instances because of two specimens; the first used without the TBCs test and
the second user with TBCs.

5.2 Two-dimensional results

Four different cases have been taken into consideration, in case one the topcoat is La;Zr,0; and
superalloy is INCONEL 718, the obtained result shows that the resistance of temperature
difference on the blade is up to 1400 K which is better than the un-coated gas turbine blade. Next,
in case two, the topcoat of 3YSZ and superalloy of chromium steel, the heat transfer shows that
difference in the temperature is the lowest temperature of 500 K and the highest temperature of
1400 K. For the third case, the topcoat is 3YSZ, and the superalloy is INCONEL 625. The
obtained results for the third case confirm that the modification of the superalloy from chromium
steel to INCONEL 625; the temperature variations are significant, but the range of the temperature
is similar; nevertheless, differences in average temperature (at node 3, 4 and 5).

Finally, in the last case (fourth), the topcoat of La,Zr,O7 and superalloy of INCONEL 718 are
used. It is coated with La,Zr,O-, the observation based on the earlier (case three), and current (case
four) results show that the temperature variation again changed. Fig. 7 demonstrates the evaluation
of the different combinations of coatings material for the topcoat to the superalloy. The results
show that the TBCs blade can resist the temperature up to 1400 K, which far better than the un-
coated blade, and the minimum is 250 K.

Consideration of all four cases and different nodes at node five of case one, the value of
temperature found close to the obtained experimental result, which is illustrated in table 4.
Therefore, to validate the experimental result, the numerical result of node five for case one has
less discrepancy.

Table 4 Mesh independence test

Heat treatment Experimental Numerical Relative error (%)
650°C 455 K 446 K 1.978
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Fig. 7 Nodal results

5.3 Three-dimensional results

A three-dimensional FE model has been used to obtain a different interpretation of a gas turbine
blade with and without TBCs. In this study, considered the only a single case of coatings material,
which is the case one because of previous analysis it found close to the experimental work.
Therefore, it is selected for further investigation (three-dimensional analysis).

5.3.1 Thermal-structural analysis of gas turbine blade without TBCs

The thermal-structural analysis was performed for the turbine blade with the same ANSYS
mechanical APDL software. The FE method is used for the thermal-structural analysis to calculate
the deformation, von-misses, and the principal stresses on a turbine blade with and without TBCs.

Figs. 8(a) and (b) show the analysis of thermal gradient and thermal flux on the turbine blade
without the TBCs, from the figures it is seen the maximum thermal gradient, and thermal flux are
found at the attachment of the turbine blade to the hub of the blade. This implies that the
temperature gradient is critical at the location of the high-stress area; therefore, at the edge of the
attached blade to the hub, we found the higher value of the thermal gradient compared to other
surfaces of the blade and hence; this phenomenon is like thermal flux.

Fig. 9 shows the maximum displacement due to thermal expansion on the turbine blade without
coatings material, this is seen at the tip of the blade, and there is a gradual decrease in the
displacement from tip to the root of the blade. It means that the displacement is higher at the free
end as compared to a fixed end, which is almost lower at the hub of the blade, that can be seen
through a contour color (blue).

Fig. 10 shows the structural failure due to the thermal forces on the turbine blade in terms of
von Mises stresses; the maximum stress is noticed on the hub of a turbine blade. Therefore, the
structural failure may occur at the hub rather than on the blade, when the thermal forces are
applied. However, the high-stress area is found between the blade and the hub. Therefore, when
the blade takes the thermal load, structural loads are more in the high-stress area. In this case, the
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Fig. 11 Max first principle stress on the turbine blade without coatings

high-stress area is at the hub because of the fixed edge in the applied boundary conditions.

It is also noticed that the results for the principal stresses for a non-coated blade (Fig. 11),
found that the results are not similar as compared to the von Mises stresses. The results of von
Mises stress accounts for higher values in one location (red contour color), and other positions are
constant (blue contour color). Still, for the principal stress, it is lower at the fixed surface of the
hub (blue contour color), medium in other locations of the blade (green contour color), and higher
at the high-stress area (red contour color).

5.3.2 Thermal-structural analysis of gas turbine blade with TBCs

A similar set of study is done for the turbine blade with TBCs material, for the comparison of
the turbine blade without TBCs material. Figs. 12(a) and (b) show the thermal gradient and
thermal flux analysis on the turbine blade with the TBCs. From the statistics, it is seen that the
maximum thermal gradient and thermal flux is seen on the turbine blade rather than at the
attachment of the blade and the hub. This is due to the presence of TBC material; the thermal
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Fig. 13 Max displacement due to thermal expansion on the turbine blade with coatings
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Fig. 15 Max first principal stress on the turbine blade with coatings

Table 5 Comparison of the turbine blade results for non-TBCs and TBCs

Component Max displacement max \Von Mises stress Max first principal stress
Without TBCs coat 0.001556 m 9.36 GPa 70.5 GPa
With TBCs coat 0.001556 m 3.09 GPa 3.33 GPa

gradient occurs at different parts of the component to expand by an unusual magnitude, unlike the
case of thermal flux.

Fig. 13 shows the maximum displacement due to thermal expansion on the turbine blade with
TBC material. The maximum displacement is seen at the tip of the blade, and there is a gradual
decrease in the displacement from tip to the root of the blade, the maximum displacement with and
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without TBC materials shows the similar results.

Figs. 14 and 15 illustrations the structural failure due to the thermal forces on the turbine blades
in term of von Mises stress and principal stress for a blade with TBCs material. The maximum
stress is noticed near the hub of a turbine blade, as compared to the stressed with and without TBC
material, there is a considerable change in the stress values, and for excellent results are obtained
for a turbine blade with TBCs material.

The comparison of the results which are obtained for the thermal-structural analysis without
and with TBCs coat on the turbine blade is tabulated in Table 5. The max displacement due to
thermal expansion on the turbine blade without TBCs and with TBCs, are as shown in Figs. 9 and
13, both show a similar result of 0.001556 m.

6. Conclusions

Experimental and numerical study was carried out for testing the temperature distribution of the
gas turbine blades with and without TBCs. A finite element analysis was done to validate the
experimental results for a single case using TBCs. The discrepancy between the experimental and
the FEA simulation (numerical study) was about 1.978%. Four different cases of varying coatings
were simulated on the blade surface. The TBCs material combinations were selected based on the
heat transfer analysis on the blade. The coatings on the blade were interchanged, and the results
were compared. The two-dimensional model analysis was used for thermal analysis, whereas
three-dimensional model analysis was used for thermal-structural analysis with and without TBCs.
The coating, combined with the highest operational temperature resistance, was selected for three-
dimensional thermal-structural finite element analysis. From the results, it was determined that
TBCs are an ideal form of applicants for high-temperature resistance in turbine blades. It was
further determined that interchanging the application of TBCs material on the surface of turbine
blades results in varying heat resistant characteristics. The three-dimensional analysis also proves
that the application of TBCs on the turbine blades provides superior structural protection on the
blades, which increases its service life with higher operating temperatures.
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