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Abstract:Ceramic thermal barrier coatings have been developed for advanced gas turbine and diesel engine
applications to improve engine reliability and fuel efficiency. Blades and vanes of the high-pressure turbine
stages of aero-engines are the most highly stressed parts in engineering components. The blade geometry was
objected to airflow at the temperatures about 800°C. These high gas turbine temperatures can only be
maintained through advanced cooling techniques like electro-beam physical vapor deposition (EB-PVD) and
thermal barrier coatings (TBCs). Such TBCs consist of thin ceramic layers of low thermal conductivity,
yttrium stabilized zirconia (YSZ) which are applied on the blade surface. The coating imparts good adhesion
of the ceramic to the substrate.

In this study, 3-D finite element structural and thermal analyses were carried out on both uncoated (without
coating) and ceramic-coated turbine blade using ANSYS code. A 150 micron super alloy bond coating
(NiCrAlY) was first applied to the turbine blade. Then, the blade was covered by 350 micron thickness of
Mullit (3AI1,03.2Si0,) as a top coating. These analysis were performed for detecting the possible thermally
problem spots. Finally, the blade’s thermal stressed problematic areas were determined by the finite element
simulations which were important for the improving blade and TBC.
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Introduction

For the protection of the blade in hot working conditions by thermal stresses and other effects, TBC was applied on to the
geometry. Different types of coating technologies widely used on the turbine blades. Thermal barrier coating (TBC) systems,
consisting of yttria partially stabilized zirconia (YSZ), thermally grown oxide (TGO) and a metallic bond coat are used in
applications for thermal protection of hot-section parts in gas turbine engines. (R.A. Miller 1987, D.J. Wortman at all 1989,
S.M. Meier at all 1991, R.T. Jones at all 1996, R.D. Jr. Sisson at all 1995, Y.H. Sohn at all 2001)

When the turbine blades are considered, some affects are more important than the others. The important research areas related
to heat transfer of a gas turbine blade include external and internal heat transfer coefficient predictions, metal temperature
distributions, blade cooling methods, rotation effects, and ceramic coatings amongst others. External convection depends upon
the development of the boundary layer on the blade surface, which is a complex phenomenon, and there is considerable
uncertainty associated with both numerical predictions and experimental measurements (] N. Asok Kumar , S.R. Kale 2001).

The thermal barrier coating provides a temperature drop of up to 200°C, due to its low thermal conductivity, which is enhanced
further by the intentionally porous microstructure (Marcin Biatas 2008).

Although the composition of the TBC was created many protective abilities for the blades, some insufficient and troubled
behaviors are still alive. A major weakness of TBC systems is the interface between the metallic bond coat and the ceramic
TBC. At this interface an in-service degradation is observed often leading to a macroscopic spallation of the ceramic layer
(R.A. Miller, C.E. Lowell 1982). The interface regions undergo high stresses due to the mismatch of thermal expansion
between BC and TBC. Additionally, growth stresses due to the development of thermally grown oxide (TGO) at the interface
and stresses due to interface roughness are superimposed. Stress relaxation leads generally to reduce stress levels at high
temperature, but can give rise to enhanced stress accumulation after thermal cycling resulting in early crack initiation at the
bond coat/alumina interface and spallation failure afterwards (A.G. Evans at all 2001, G. Fleury at all 1997, F. Schubert at all
2000)

In this study, finite element simulations of uncoated turbine blade model and also thermal barrier coated turbine blade
geometry were performed with the ANSYS code. For the TBC used geometry, the turbine blade was covered with a super
alloy bond coating (NiCrAlY). Over the bond coating layer, Mullit (3Al,03.2Si0,) was used as a top coating. For the coated
turbine blade; hot air flow was applied to the all top coating layer surfaces and for the uncoated geometry; hot air flow was
applied to the turbine blade surfaces. The results of the thermal simulations were compared, initially with the temperature
distribution of the coated and uncoated turbine blades. Then the equivalent stress profiles of coated and uncoated turbine blade
were matched and evaluated. As a final decision, TBC for the blade geometry is a supporting material for reducing the blade’s

temperature and equivalent stress value.
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Materials

For the base blade material, steel substrate was used. As a bond coating material NiCrAlY was preferred. Mullit was selected
for the top coating layer. See table 1 for materials’ details. Up to the selected materials, thermal and structural properties affect
the turbine blades behaviors. For an appropriate protection; which was originated from the selected materials, chemical and
structural behaviors, coating material types and usage will differ.

For the TBC used geometry, the turbine blade was covered with a 150 micron thickness of a super alloy bond coating
(NICrAlY). For over the bond coating layer, 350 micron thickness of Mullit (3Al,03.2Si0,) was used as a top coating.

Table 1. Material properties of substrate, bond coat and top coating

Material Thermal Thermal Density Specific heat Poisson’s Young’s
conductivity expansion [kg/m’] [J/kg°C] ratio modulus
[W/m°C] 10° [1/°C] [GPa]
Steel
16,2 17,2 7850 434 0,3 200
Substrate
NiCrAlY 16 15 7710 520 0,25 16,8
Mullit 1,2 52 2608 760 0,25 21

Modeling and Analysis

For the thermal and structural simulations of the turbine blades, solid CAD models were used. Solid models of the two
different finite element models of the uncoated and coated turbine blades were modeled in Pro_Engineer CAD program.
Simplified solid models of the turbine blades were sent to ANSY'S code directly, for easy control of finite element model. To
prepare the fine meshed and simple based finite element models, unchanging one section area was applied to the turbine
blades.

Two types of solid elements were used for the thermal and structural analysis in ANSYS code. Each solid element has 20
nodes. “Solid 90 element for the thermal analysis and “Solid 186" element was applied for the structural analysis. In figure 1,
the meshed model of the coated turbine blade can be observed. For the uncoated turbine blade 2900 elements and 13428 nodes;
for the coated model 1100 elements and 5959 nodes were used.
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Figure 1. Meshed model of the coated blade

Initially, thermal analysis was processed for each turbine blade. During the thermal analysis, 800°C air flow was applied to the
top coating surface for a while. For comparing the blades, in the uncoated model, same 800°C air flow was applied on to the
turbine blade surfaces. The simulations were solved under these circumstances. The results of the thermal simulations were
imported into the structural analysis set up data of the turbine blades.

During the structural analysis preparation process, transferred data of all the thermal simulation results was adapted to the
structural finite element models. The thermal element “solid 90” was switched in to the structural element “solid 186 in
ANSYS; but the mesh structure and distribution were not changed. Not changed mesh structure gives valuable advantage for
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the comparison between coated and uncoated turbine blades. All the comparisons were made from the same attitude of the
elements and nodes of the mesh structure. The results of the analysis can be matched between the same node and the same
element numbers for the base turbine blade geometry.

In the structural analysis, thermally simulated models were hold in All DOF from one flat side surface of the turbine blade
geometry. The imported temperature distributions in the turbine blades and the coatings were reflected to the material behavior
to find the stresses of the thermal simulation results. For the imported thermal simulation data, of the coated and the uncoated
turbine blades, were solved. Finally, stress results for the thermally originated structural analysis can be determined for each
turbine blade.

Results and Discussion

After the analysis, results are satisfactory for the evaluation and comparison for the uncoated and coated turbine blades. The
thermal simulation results for the models can be determined from the figure 2. Evaluation of the figure 2 is showed that coating
material was decreased the turbine blade surface temperature from 440°C to 360°C during the process of 800°C air flow. For
the last steps of the analysis of, about 80°C profit was held. Using Mullit as a top coating material, 18% thermal protection was
received for the turbine blade.
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187.497 244.129 300.761 357.393 414.025
215.813 272.445 328.077 385.709 442,341

Figure 2.a. The thermal simulation results in temperatures (°C) for the uncoated blade

T -
155.232 214.372 273.512 332.653 381.793
184.802 243.942 303.082 362.223 421.363

Figure 2.b. The thermal simulation results in temperatures (°C) for the coated blade
For the evaluation of the Temperature-Distance and Equivalent Stress-Distance curves, a distance profile was defined on the

edge of the blade. The distance profile is started at the point which is defined in the figure 3 and 5, below the curves. As it is
mentioned on the figure 3 and 5, arrows define the distance’s trajectory.

Copyright © TOJSAT - www.tojsat.net
53



TOJSAT : The Online Journal of Science and Technology- April 2012, Volume 2, Issue 2

== |Jcoated Blade —s—Cpated Blade

500
450 -
400
350 1
300
250 -
200 -
150 -
100 -
50 -

0 . . . . . . . .

0] 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Temperature (°C)

Distance{m)

Distance Trajectory — Distance Trajectory

—y
Figure 3. The temperature distribution (°C) of the uncoated and coated blades

In the figure 3, the temperature distribution could be observed through the whole process. During the thermal process coated
turbine blade temperature is always smaller than the uncoated one, as it is wanted from the coated turbine blade geometry. For
the critical trajectory, TBC was reduced the blade’s mean temperature about 48°C. To understand the general thermal behavior
of the blades, maximum, minimum and the mean temperature values for the distances of the uncoated and coated turbine
blades are given in table 2.

Table 2. The maximum, minimum and mean temperature values for the trajectory distances of the uncoated and coated blades

Max. Temp. (°C)

Min. Temp. (°C)

Mean Temp. (°C)

Uncoated Blade

442,29

206,68

290,88

Coated Blade

376,35

171,93

242,93

When the figure 4 is considered, stress curves of the uncoated and coated turbine blades can be compared. The uncoated
turbine blade’s maximum equivalent stress value was 3270MPa and the coated one’s maximum equivalent stress value was
2550MPa. Used TBC was reduced the blade geometry’s stress distribution in considerable values as 720MPa which was given
the 22% equivalent stress reduction. More detailed evaluation of the stress behaviors of the uncoated and coated turbine
blades’ stress curves can be observed in figure 5.
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Figure 4.a. The structural simulation of equivalent stress results (Pa) for the uncoated blade

Copyright © TOJSAT - www.tojsat.net
54



TOJSAT : The Online Journal of Science and Technology- April 2012, Volume 2, Issue 2

=

5

.108E+08B

I
L114E+10 L171E+10 L227E+10
.B5BE+09 .142E+10 L199E+10 .Z55E+10

.5TEE+0S
.293E+05

Figure 4.b. The structural simulation of equivalent stress results (Pa) for the coated blade
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Figure 5. The equivalent stress distribution (Pa) of uncoated and coated blade for trajectory distance

As in the figure 3, figure 5 shows that the equivalent stress distribution of the coated turbine blade is always smaller than the
uncoated turbine blade during the process. Little fluctuations can be observed from the curves. For the critical trajectory of the
thermal barrier coated blade was reduced only blade’s mean stress about 963MPa (29.4% equivalent stress reduction). To
determine the stress distribution of the blades, maximum, minimum and mean stress results for the distances of the uncoated
and coated turbine blades are shown in table 3.

Table 3. The maximum, minimum and mean equivalent stress values for the trajectory distances of the uncoated and coated
blades

Max. Stress (Pa)

Min. Stress (Pa)

Mean Stress (Pa)

Uncoated Blade

3,24e9

1,19e9

1,72e9

Coated Blade

1,4e9

4,95e8

7,53e8
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Finally, in this study, used thermal barrier coated blade geometry, with the help of finite element technique, is proved that the
coating decreases the temperatures and the stresses of the turbine blade.

Conclusions
From the present study following results can be drawn:

e In the present study, used TBC reduced the whole blade geometry’s mean temperature about 80°C. Using Mullit as a
top coating material, 18% thermal protection is received for the turbine blade.

e For the critical trajectory, TBC was reduced the blade’s mean temperature about 48°C.

e TBC used blade geometry’s reduced mean stress value of 720MPa was given 22% equivalent stress reduction. The
indicated level of stress reduction is considerable and protects the blade from the thermal stress more than expected.

e For the critical trajectory of the thermal barrier coated blade was reduced only the blade’s mean stress about 963MPa
(29.4% equivalent stress reduction).

e  This study showed that; after thermal and structural finite element simulations for the uncoated and coated turbine
blade, the reduction of the temperatures and stresses are satisfactory and can be determined easily.
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